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On the basis of a production function, an economic model consisting of three regions and two departments (resources and conventional departments) is constructed to explore the effect of natural resources on economic development and their spatial correlation. Then, we construct resource abundance and resource dependence indicators. Based on panel data of 30 provinces in China from 2004 to 2020, a spatial Durbin model is used to empirically test the theoretical hypothesis. The results demonstrate that the resource curse exists objectively, and its root lies in resource dependence; increased dependence on resource industries in a region can improve the economic situation of its surrounding regions, and the spatial spillover effect demonstrates obvious nearby features. The marginal measurement result of spatial spillover indicates that the economic effects of local resource dependence on surrounding areas peaks at 250 km. Further categorization discussions confirm that the resource curse in China is mainly the energy curse.
Keywords: energy curse, resource curse, spatial spillover, spatial durbin model, nearby features
1 INTRODUCTION
Conventional economics posits that abundant natural resources can provide a strong impetus for economic development. During the Industrial Revolution, the rapid rise of veteran capitalist countries such as the United Kingdom and the United States depended to a certain degree on the dividends of natural resources (Wright, 1990; Sachs and Warner, 2001; David and Wright, 2002). However, since the mid-20th century, the economies of many resource-rich countries have been gradually declining, and countries such as Iran have even experienced negative growth in GDP t (gross domestic produc). By contrast, some countries with relatively few resources have exhibited surprising growth rates. For example, the economies of Japan, Singapore, and Hong Kong have achieved remarkable results. Current empirical data have reversed attitudes toward natural resources, and scholars have begun to reexamine the essential link between natural resources and economic growth.
With vast territory, China’s resource endowments vary greatly by region, and its economic development is not well balanced. Western China is rich in energy reserves but is becoming increasingly poor. In the past 10 years, apart from Inner Mongolia and Chongqing, the per capita GDP of the western provinces did not reach the national average, and the phenomenon of “rich poverty” was obvious. The southern region has a dense water network, but relatively abundant water resources have not hindered its economic development. The prosperity of the Yangtze River Delta and the Pearl River Delta regions is obvious. From this perspective, both the resource curse and the resource gospel appear to be confirmed in China. The reexamination of the resource curse proposition still has practical implications.
With the advancement of resource allocation projects such as the West–East Gas Pipeline and South–North Water Transfer, the liquidity of natural resources has been greatly enhanced, and the influence of resources on the economy is no longer tied to region. Throughout China, the distribution of resource industries has a clear agglomeration effect, and economic development has spatial dependence (Huajun and Zai, 2014). In this context, investigating the spatial spillover effects of natural resources on the economy is imperative. What is the effect of Chinese natural resources on economic development? What is the spatial correlation characteristic of this effect?
2 LITERATURE REVIEW
On the basis of the apparent divergence between the degree of resource abundance and the level of economic development, Auty proposed the resource curse hypothesis, arguing that abundant natural resources reduces the competitiveness of the agricultural and manufacturing sectors, which leads to the stagnation of their long-term growth (Auty, 1993). Subsequent researchers have conducted empirical analyses on the relationship between natural resources and economic growth at the transnational、interregional and microcosmic levels, demonstrating the existence of the resource curse effect (Badeeb et al., 2017; Jiang et al., 2021; Shuai et al., 2021). They explain its causes in terms of trade, government rent-seeking corruption, and the effect of the Dutch disease (Corden and Neary, 1982; Auty, 2001; Adams et al., 2019). Simultaneously, the voice of doubt is endless. Opponents question the measurement of natural resources or refute the universality of the resource curse with the success of resource-oriented economies (Larsen, 2006; Brunnschweiler, 2008). The academic community has not been able to reach a consensus on whether natural resources are a curse or a blessing.
As related research continues to advance, the work of scholars is gradually coming to be no longer limited to confirming or denying the resource curse proposition, and they have begun to realize the heterogeneity of time and region between natural resources and economic development. On the basis of questions regarding natural resource measurement, Feng et al. analyzed the concepts of “point” and “scattered” resources and argued that mineral resources are only part of natural resources and the resource curses demonstrated in past studies are essentially energy curses (Zongxian et al., 2010). Shao and Yang clearly defined the abundance of resources and the degree of resource dependence (Shuai and Lili, 2018). They argued that abundant natural resources by themselves are conducive to economic development and the resource curse stems from excessive dependence on the resource industry. Following this thought, Li and Xu discussed the relationship between the abundance of resources and the development of green economy further (Jianglong and Bin, 2018). These studies have shed light on why countries such as the United Kingdom and the United States have been able to quickly accumulate capital from abundant natural resources to grow their economies, whereas the members of the Organization of Petroleum Exporting Countries (OPEC) are mired in a resource curse. The United Kingdom and United States simultaneously have rich mineral and green resources and do not use resource-based industries as a pillar of their national economies, whereas the OPEC countries are the opposite. By contrast, an increasing number of scholars argue that the effect of natural resources on the economy is variable and actively seek ways to transform the resource curse into a resource gospel. By examining the threshold effect of social capital and technological innovation, Wan and Wang concluded that the accumulation of social capital can weaken the crowding effect of resource development on technological innovation, thus breaking the resource curse (Jianxiang and Shouyang, 2016). Wang et al. believe that the most important reasons for the curse of resources are unreasonable mining, allocation distortion effects of natural rents, and crowding out effects, and the key to realizing the gospel of resources is to adopt a prudent and transparent management method for the mining industry. (Yanli et al., 2021). Zhang et al. attribute the difference between resource curse and resource gospel to the life cycle of resource-based cities (Zilong et al., 2021). These studies have effectively explained that the same economy presents perspectives of the resource curse and resource gospel in different sample ranges.
The aforementioned studies have implied a default condition that natural resources have an effect on only the local economy. Natural resources have characteristics that are different from those of capital and labor. In the era of underdeveloped transportation, natural resources are relatively difficult to transport across regions. In addition, most of the neighboring areas have similar resource endowments, and thus the resource characteristics reflected in the economic development of a region have often been attributed to the local resource situation.1 The research of Song and Chen, which was conducted at the empirical level, also proves that the natural resource endowment in adjacent areas does not have a significant effect on local economic efficiency (Ying and Jiping, 2014). However, we must acknowledge the spatial spillover effect of the resource curse (resource gospel). In fact, spatial spillovers are crucial in regional economic development, and resource industries have obvious spatial agglomeration (Wenqing, 2012). The long-term development of economies is likely linked to the resource endowment situation in surrounding areas (Weiya et al., 2016). Fang et al. found that the richness of natural resources of a city has a positive spillover effect on the economic development of other cities in the province by adding provincial-level dummy variables that reflect natural resource abundance (Ying et al., 2011). Xue et al. used the spatial agglomeration degree of the resource industry to replace the resource dependence index, and found that there is an “inverted U-shaped” relationship between the spatial dependence of the resource industry and economic growth (Weiya et al., 2019).
The discussion of the economic effect of natural resources on surrounding areas remains in its infancy. The relevant research is nonexistent or involves only mechanism analysis at the theoretical level, and mathematical models supporting the hypothesis are lacking. Empirical analysis is also limited to investigating resource endowment status, and the spatial correlation model is extremely simple. The first law of geography states that everything is related to everything else, but the connections between nearer things are much closer (Tobler, 1970). According to this, effectively investigating the spatial dependence of natural resources’ economic benefits by including the resource status of neighbors is impossible. Yang (Lili et al., 2014) applied a spatial measurement method to the resource curse for the first time by using spatial lag and error models to analyze the effect of resource dependence on Chinese provinces’ economic development and demonstrated the positive spatial dependence among provincial economies. Qin and Guo focused on the internal situation of Shanxi Province and analyzed the representation of the resource curse effect of regional spatial structure from the perspectives of spatial differentiation and spatial connection (Zhiqin and Wenjiong, 2016). Although these studies are either limited to one province or focus on economic growth itself (rather than the spatial spillover effect of natural resources on economic growth), it demonstrated the necessity of examining resource curse propositions from a spatial economic perspective.
Current research on the resource curse has the following characteristics: First, the spatial spillover effect of natural resources on economic growth has been neglected by scholars. The few related studies are empirical analyses and are limited to adjacent areas. No systematic investigations of the resource curse involving spatial association have used appropriate measurement models, and even fewer have used mathematical models. Second, by drawing from Cerny and Filer (Cerny and Filer, 2007), the academic community has gradually recognized resource dependence as the core explanatory variable with which to verify the resource curse proposition. However, resource storage is difficult to measure and should not be used as a measure of resource status. This does not imply that resource storage has no effect on economic growth. Removing it from the model is too arbitrary. Finally, although the academic community has recognized that natural resources are not limited to mineral resources, resource dependence differs from energy dependence, and studies have indicated that “distributed resources” such as land also affect the economy (Birdsall et al., 2000), Some scholars have empirically proved the relationship between arable land resources and economic growth (Zhigang, 2018). However, most of the research, on the basis of data availability, still insists on using the relevant indicators of the mining industry to measure overall resource industry dependence while ignoring the prominence of green resources.
In view of this, this paper innovates mainly in the following aspects: First, at the theoretical level, this paper starts with the most basic production function, considers the development of natural resources to be a relatively independent department, and builds three regions and two departments (product departments). The resource sector’s economic growth model clarifies the effect of natural resources on the economic development of the surrounding areas. Second, at the empirical level, this paper introduces a spatial weight matrix and examines the resource curse hypothesis from the perspective of spatial correlation. Third, we consider mineral resources and green resources while measuring resource dependence; construct a comprehensive index involving the mining, agriculture, forestry, animal husbandry, and fishery industries; improve the scientific and systematic nature of indicators; and measure energy extraction to measure resource storage.
3 THEORETICAL MODEL
Assume that the whole society produces only one product Y, with A for technical level, K for physical capital, L for labor, H for human capital, N for natural resource storage, and technical level for exogeneity. We can then use the production function described as follows to describe the state of input and output of the whole society:
[image: image]
When this model incorporates natural resources, they are simply regarded as a factor of production. In other words, natural resources are beneficial, and they can enter the production process without investments in physical capital or labor for development and processing. However, the research in this paper focuses on the effect of natural resources on economic development, and adopting this oversimplified setting is unreasonable. Therefore, we draw from the ideas of Wan and Wang (Jianxiang and Shouyang, 2016) to establish a relatively independent resource department. The resource department is engaged in only natural resource development and use and has no technological progress independent of the product department. We let R represent its output, and the department’s production function can be expressed as
[image: image]
In Eq. 2, we let KR, LR, and HR represent the amount of material capital, labor, and human capital used in the resource sector, respectively, and N still represents the storage of natural resources. Similarly, using KY, LY, and HY to represent the amount of material capital, labor, and human capital used in the product sector and combining Eq. 2 with Eq. 1, a new production function can be obtained:
[image: image]
To differentiate Eq. 3, the superscript “^” indicates the rate of change, and ρ indicates the elasticity:
[image: image]
By simplifying Eq. 4, we can obtain
[image: image]
To simplify the analysis, regardless of special situations such as labor surplus and labor inertia, thus reducing the output level, that is, if the increase of any factor input leads to an increase in output, then the correlation coefficient ρ is always greater than zero. Therefore, we can obtain
[image: image]
By using Eq. 6, we analyze the two different values of the subscript n. Abundant natural resource storage, as with increased physical capital, labor, intellectual capital, and technological progress, plays a positive role in economic development. However, the effect of increased input of physical capital, labor, and human capital in the resource sector on the economy is uncertain. Investing more material capital, labor, or human capital in the resource sector certainly increases the output of the sector, but it will exhaust the input of the corresponding elements in the production sector. Because knowing the exact values of the correlation coefficients is impossible, determining how the output changes under the superposition of the two effects requires further research. In light of this analysis, we postulate Hypothesis 1:
Hypothesis 1. : Abundant natural resources cannot hinder economic development. If the resource curse exists, then the curse should be attributed to excessive dependence on the resource industry.This inference effectively explains why some countries in regions with abundant natural resources can seize the fact that the resource dividend can be used to inform development, while some countries will fall into the quagmire of resource curse. The fundamental reason lies in whether the region takes natural resources as a factor of production to participate in the entire social production, or regards resource exploitation as a pillar industry of the national economy, and invests a large amount of material and human capital in it, so as to crowd out other high-efficiency industries’ industry resources.The above discussion was conducted within the framework of a closed economy. To enhance the effect of the resource curse or gospel, we draw upon the ideas of Levinson and Taylor (Levinson and Taylor, 2008) and construct a three-region partial equilibrium model. According to H1, the following analysis only addresses the dependence of the resource industry and does not consider the problem of changes in the amount of original natural resources.Assume that the country has only three regions (disregarding cross-border trade), which are represented by a, b, and c, and the prices of production factors are given exogenously and consistently. In the initial closed state, region a holds abundant natural resource reserves and developed resource industries, whereas regions b and c have no natural resource storage, and their resource sectors have not yet developed.First, assume that regions b and c are homogeneous. For these regions, under the premise of the previous hypothesis, R produced by the resource department accounts for a small portion of the production sector input. Increasing the input of this factor leads to a large increase in the marginal output. Therefore, on the basis of considerable marginal compensation, regions b and c increase the input of R.Increasing the input of R can occur by two means. One is importing natural resources N to the country and then processing them,2 and the other is importing products from the resource sector directly. We let p represent the price, and [image: image] indicates the addition of transportation costs to the product price. C1 and C2 represent the cost in the two modes, and we can obtain the cost function as follows:
[image: image]
In Eq. 7, i represents the region type, and [image: image]. If [image: image], then the cost for surrounding areas to import original natural resources for processing in the country is lower; by contrast, if directly importing finished products is the optimal solution, only the former will increase the local dependence on the resource industry. To explain this relationship, we constructed the following hypothesis:
Hypothesis 2. : Regardless of whether a region has a resource curse or a resource gospel, a spatial spillover effect occurs. Resource abundance is not only closely related to the local economic situation but also affects resource industry dependence in the surrounding area, in turn affecting its economic development level.Next, we refer to the study of Shen et al. (Kunrong et al., 2017) and relax the homogeneity hypothesis of regions b and c. Region b is assumed to be closer to region a than region c is. The difference in geographical distance directly affects the transportation of unprocessed natural resources. For the convenience of discussion, we use extremes for this distance difference:
[image: image]
Because the resource departments in regions b and c are not developed at the initial stage, even if trade is vigorously developed after opening up, it is backward compared with region a, relatively. The labor and material resources required to produce the finished product R of one resource department unit are greater than those in region a, indicating that
[image: image]
Therefore, the selection of means of increasing the input of R in regions b and c depends on the transportation cost. The specific judgment conditions are as follows:
[image: image]
By simultaneously considering Eqs 8 and 9, and 10, we can conclude that
[image: image]
In accordance with Eq. 11, region b, which is closer to region a, elects to import the finished products of the resource department directly, whereas region c is more inclined to import natural resources for processing. This demonstrates that a large resource endowment in a certain place reduces the dependence of the surrounding area on the resource industry while expanding the local resource industry. Areas closer to the abundant resources enjoy the “revenue” of the resource curse to an extent (the “cost” of the resource gospel), and the areas farther away cannot profit (can be spared). On this basis, we can formulate the third hypothesis:
Hypothesis 3. : Because of the difference in transportation costs, the spatial spillover effect of natural resources on economic development presents a negative and near-trend characteristic.
4 MEASUREMENT OF THE RESOURCE STATUS OF EACH PROVINCE IN CHINA
4.1 Calculation of Resource Dependency
Although the resource curse is concentrated in the energy sector, studies have shown that excessive dependence on green resources (such as forest resources) also has an adverse effect on the economy. Therefore, we use the status of the mining industry and agriculture, forestry, animal husbandry, and to measure mineral and green resources. By using Eq. 5 in the theoretical model, the specific indicators are determined as the proportion of employment in the resource industry to the total number of employed persons, the proportion of fixed asset investment in resource industries to the total stock of fixed asset investment in the whole society, and the ratio of human capital in resource industries to the total human capital stock. Resource industries include the mining, agriculture, forestry, animal husbandry, and fishery industries. These subindicators are used to construct a comprehensive indicator with which to comprehensively examine the degree of dependence of the economy on the resource industry.3 The calculation formula is
[image: image]
In this formula, xi is the indicator, wi is the weight, and the index i is the indicator category. We use principal component analysis to calculate the weight of each indicator. Before calculating the weight, we perform nonclass quantization processing on the data and convert all of them into values between 0 and 100. The formula is [image: image].
The steps of weight calculation are as follows: First, we calculate the variance contribution rate (varn), the eigenvalue (λn), and the load factor (Ain). The subscripts n and i represent the categories of the principal components and indicators, respectively. The calculation results demonstrate that the cumulative variance contribution rate of the first five principal components is greater than 95% and can replace the original five indicators. Second, we calculate the coefficients (βin) of each index in the linear combination of the four principal components. Third, we calculate coefficients (γi) in the comprehensive score model. Finally, γi is normalized to obtain the weights. The specific calculation formula is
[image: image]
In addition, because the cumulative variance contribution rate of the first four principal components exceeds 90% and can reflect the status of each indicator, resource dependence is calculated using the weights obtained using the first four principal components (using the same calculation method) as an indicator of the robustness test, expressed as R2. According to H3, the signs of R and WR are predicted to be opposite. Some calculation results are shown in Table 1.
TABLE 1 | Calculation results of resource dependence degree of each province in China from 2004 to 2020.
[image: Table 1]From Table 1, we can easily capture the spatiotemporal heterogeneity of the dependence status of China’s resource industries. From the perspective of time, in the early years, China’s economic growth was still largely at the expense of resource consumption (including mineral resources and green resources), and resource dependence gradually increased and reached its peak around 2008. Since then, with the increasingly serious environmental and social problems derived from long-term high-load economic growth, extensive economic growth methods have been banned. Under the guidance of the concept of sustainable development, the dependence of economic development on the resource industry has been continuously weakened. From a spatial point of view, Beijing, Shanghai, Guangdong and other places all maintain a reduced degree of resource dependence, while the northeastern and western regions with relatively lagging development show more obvious resource dependence, which confirms the resource curse from the level of economic facts. the existence of a hypothesis.
4.2 Investigation of Resource Abundance
The review of the previous literature review and the analysis of theoretical models both show that although resource storage is not suitable for testing the resource curse hypothesis, it is still one of the influencing factors of economic growth. In accordance with the definition of resource abundance, we should measure natural resource storage. However, natural resource storage is difficult to measure before it is fully developed. Because energy is a representative natural resource, and its production volume is closely related to its storage capacity, we use energy production to measure the resource abundance. For a unified caliber, all energy is converted to standard coal. Relevant data were obtained from the China Energy Statistics Yearbook. On the basis of Eq. 6, this variable is predicted to be positive.
Figures 1, 2 show the resource dependence and energy extraction of each province in China during the sample period, respectively. By comparison, it can be found that the resource dependence and resource endowment of a place do not completely match. Shanxi, Inner Mongolia and other places with the most abundant natural resources also have a high degree of resource dependence, but they are still significantly lower than Heilongjiang, Xinjiang and other provinces; difference. This feature justifies the necessity of incorporating both resource dependence and resource abundance indicators into subsequent measurement models.
[image: Figure 1]FIGURE 1 | Resource dependence degree of each province in China (average value from 2004 to 2020).
[image: Figure 2]FIGURE 2 | Energy extraction volume in China’s provinces (average from 2004 to 2020, standard coal).
5 RESEARCH DESIGN
5.1 Empirical Model
On the basis of the theoretical analysis, we research the effect of natural resources on economic growth and its spatial spillover effects to test H1–H3 empirically. On the basis of H1 and Eq. 5, the following spatial Durbin model is created:
[image: image]
In Eq. 12, the subscripts i and t represent province and time, respectively. The level of economic development (gdp) is the explanatory variable, and R and WR are the core explanatory variables, which indicate the resource dependence of local and neighboring countries, respectively. We use these variables to examine the effect of natural resources on economic development and test H2 and H3. Technical level (tech), fixed asset investment stock (k), employment number (L), human capital stock (hc), and energy production (N) correspond to the technology, material capital, labor, human capital, and natural resource storage described in Eq. 5, respectively. The theoretical model discusses inter-regional trade (rather than cross-border trade), and the analysis is carried out under laissez-faire conditions without considering government factors. However, previous research experience and objective facts show that opening-up and policy institutions There is an important impact on the relationship between resource dependence and economic development. Therefore, based on the theoretical model, we have added openness (open) and government intervention (g) to measure openness and fiscal policies, respectively. Moreover, eit is a random disturbance term, interprovincial effect (ui) controls individual difference factors, and time effect (λi) controls time factors. To balance the reduction of heteroscedasticity and the maintenance of data difference, we perform logarithmization on the absolute number variable, and the relative number variable maintains the original form.
5.2 Data Description
In this paper, we select panel data from 30 provinces in China (excluding Tibet, Hong Kong, Macao, and Taiwan) from 2004 to 2020 as the empirical research sample. The data without special instructions are from the China Statistical Yearbook and the National Bureau of Statistics. Indicator selection and measurement details are described as follows:
(1) Economic development level (gdp). We select GDP to measure the economic development level. As an indicator of the stability test, we also use per capita GDP to indicate the economic development level, expressed as gdp2. To eliminate the effect of price factors, we use the consumer price index to reduce the two (2004 constant price).
(2) Spatial weight matrix (W). We select the spatial weight matrix on the basis of the reciprocal of geographical distance—the shorter the geographical distance is, the closer the correlation between the correlations is and the greater the weight in the spatial weight matrix is. Because a robustness test is an indicator, we also use different methods (based on the square of the geographic distance derivative) to measure the spatial weight matrix, expressed as W2, both of which are line normalized.
(3) Technology level (tech). On the basis of the theoretical model, energy efficiency is used to measure the technical level.4 The calculation formula is GDP/standard coal consumption. The direction is predicted to be positive. The conversion coefficient of standard coal for all types of energy is adopted from the China Energy Statistical Yearbook.
(4) Fixed capital stock (k). We use the perpetual inventory method to estimate the stock of research and development capital. The formula is [image: image]. In this formula, kt, it, and δt indicate the fixed capital stock, fixed asset investment in the current period after the fixed asset investment price index is reduced, and depreciation rate. The formula for fixed capital stock of the initial year is [image: image]. Here, g represents the average annual GDP growth rate in the years until 2004. The depreciation rate follows the general practice of the literature and is uniformly set at 5%. On the basis of Eq. 6, this variable is predicted to be positive.
(5) Number of employed people (L). Compared with the population indicator, the number of employed people can more accurately reflect the status of labor. Data on the number of employed people were obtained from the China Labor Statistics Yearbook. On the basis of Eq. 6, this variable is predicted to be positive.
(6) Human capital stock (hc). In this paper, years of education (no schooling, elementary school, junior high school, high school, and college or above) are set to 0, 6, 9, 12, and 16 years, respectively. The formula is primary school proportion × 6 + junior high school proportion × 9 + high school proportion × 12 + college or above proportion × 16. On the basis of Eq. 6, this variable is predicted to be positive.
(7) The level of openness to the outside world (open). This article uses import and export trade volume to indicate openness level. The relevant data were converted from US dollars to renminbi by using the exchange rate (annual average price) of each year.
(8) Degree of government intervention (g). Drawing upon the idea of Ding and Deng (Junhong and Kebing, 2007), we use the proportion of fiscal expenditures deducting science and education expenditures as a percentage of GDP to measure the degree of government intervention in the economy. Table 2 presents detailed information of all variables.
TABLE 2 | Explanation of variables.
[image: Table 2]6 EMPIRICAL ANALYSIS
6.1 Self-phase Test and Model Correction
In China, economic growth exhibits obvious spatial dependence, and provinces with geographical distances tend to have similar development levels. Based on this fact a nd related research (Ying et al., 2011), we postulate that economic development level has a positive spatial autocorrelation. To confirm this inference, we use the Moran index to test the global autocorrelation of the interpreted variables.5
In Table 3, between 2004 and 2020, the Moran index of the global spatial autocorrelation of the two explained variables rejected the null hypothesis of spatial autocorrelation. Therefore, we can conclude that economic development among provinces has spatial dependence. In addition, the per capita GDP indicators have more obvious and extensive spatial dependence characteristics than the overall indicators do.
TABLE 3 | Results of Moran’s I test.
[image: Table 3]On the basis of the previous analysis, we modify the measurement model established previously in the paper and combine the spatial autoregressive model with the spatial Durbin model to construct the following generalized spatial Durbin model:
[image: image]
6.2 Empirical Results and Discussion
Because the random disturbances of different periods in different provinces may be autocorrelated, we select the clustering robust standard error (rather than the common standard error) for regression. In addition, we select a spatial Durbin model that includes both individual and time effects; hence, the year dummy variables are no longer required. The regression results are presented in Table 4.
TABLE 4 | Regression results of the total sample and robustness test.
[image: Table 4]Resource industry dependence has a significant negative effect on economic growth, whereas the economic effect of energy extraction is the exact opposite. This indicates that abundant natural resources not only hinder economic development but also promote economic growth to an extent, in turn creating resource dividends. However, if a place is relatively resource rich, it invests too many production factors in the resource industry, leading to resource industry dominance, which significantly limits economic growth. This conclusion is consistent with the views of Shao and Yang (Shuai and Lili, 2018) and effectively confirms H1. In China, resource curses exist, but their roots lie in resource dependence rather than resource endowment.
The spatial lag term coefficient of resource dependence is significantly positive, which is consistent with H2 and H3. If other regions’ resource dependence Sincreases, the local economic situation will improve significantly, indicating that the spatial spillover of the resource curse is negative. However, more distant areas have more advantages in terms of transportation costs and occupy a larger proportion of the spatial weight matrix. Therefore, the positive effect on the local economic situation is greater than that of distant regions, and the negative spatial spillover effect of the resource curse has the closest feature. In addition, the positive spatial autocorrelation of the economic development level is confirmed in the model, and the synergy effect of regional development is significant. This is consistent with China’s development trend this year. Provincial economic growth has begun to rely more on the spillover effects of external regions than on local output (Levinson and Taylor, 2008).
Among the control variables, technical level, fixed capital stock, human capital stock, employment and the regression coefficient of openness level are all significantly positive; that is, technological advancement, the increase of labor, the accumulation of fixed and human capital, and the improvement of openness level can all contribute to economic growth. These conclusions are basically consistent with those of Shuai et al. (2013) and our previous predictions. However, because of differences in sample selection and index construction, these results differ from those of Zhang et al. (Wenqing, 2015). Finally, government intervention is negatively correlated with economic growth, indicating that the current government fiscal intervention is inefficient and cannot play a positive role in the economy for the time being. This conclusion is inconsistent with the views of Song and Yang (Zaixu et al., 2015), which may be caused by the difference in data selection and index measurement. Future research will conduct more in-depth exploration of related issues in this field.
6.3 Endogenous Problems
To avoid the adverse effects of endogenous problems on the validity of OSL estimation, we examine the endogeneity of the model. First, regarding the two-way causal relationship, because a higher level of economic development can promote the prosperity of high-technology industries (often nonresource industries) and promote technological progress, this paper argues that economic growth and resource dependence and technology may have a two-way causal relationship. Therefore, we use the Davidson–MacKinnon (DM) test and a generalized method of moments (GMM) distance test (also known as a C test) to examine the endogenous problems that may exist in the model (Mackinnon, 1993; Baum et al., 2003). The first- and second-stage lags of resource dependence and technical level are used as instrumental variables (IV) for IV–GMM estimation, and DM and C-test statistics are calculated. The estimated results of the spatial GMM are displayed in the first column of Table 5. Second, to avoid omitting crucial explanatory variables and measurement errors, we expand the benchmark model. The second column of Table 5 adds a lag in GDP to characterize the possible dynamics of economic development. Specifically, we adopt a differential GMM estimation spatial dynamic panel model with a maximum lag period of 4, an Arellano–Bond test, and a Sargan test. The third column of Table 5 presents the spatial overflow of all control variables, whereas the fourth column only displays the spatial lag term for the control variables with spatial spillover effects. The addition of the spatial lag term facilitates a more comprehensive study of the spatial characteristics of economic development, thereby effectively reducing the potential of set bias in the model.
TABLE 5 | Endogeneity test.
[image: Table 5]6.4 Robustness Test
We conduct a robustness test using the following aspects. First, the spatial lag term is constructed with the spatial weight matrix (W2) based on the square of the geographic distance derivative. The result of the replacement is displayed in the second column of Table 4. Second, per capita GDP (gdp2) and the first four principal components are used in turn. Resource dependence (R2), calculated using the components, replaces the original interpreted variable and the core explanatory variable. The result of the replacement is displayed in the third and fourth columns of Table 4. Finally, 1% of all data are tail finished. Excluding the effect of outliers on the estimation results, the processed regression results are presented in the fifth column of Table 4. The empirical results after the index change and tail-finishing treatment have only slight changes in specific values and significance levels and have not changed the basic conclusions of this article; thus, the regression results are robust.
6.5 Placebo Test
A placebo test is performed because the previous conclusions may be artificially fixed or affected by missing variables. We construct pseudogeographic distances, pseudoadjacent matrices, and random matrices6 and replace them with the original spatial weight matrices for regression. The regression results are presented in Table 6. If the influence of resource dependence on the surrounding area is not the result of artificial setting, then the regression coefficient should be nonsignificant when using the aforementioned spatial weight matrix that deviates from the geographical law. The placebo test effectively supports the spatial spillover effect of the resource curse and its proximity characteristics.
TABLE 6 | Placebo test.
[image: Table 6]6.6 Further Discussion
6.6.1 Boundary Measure of Spatial Spillover Effects
To further investigate the ubiquity and change trend of resource curse spatial spillover and test the geography law of spatial attenuation, we re-estimate the effect of natural resources on the surrounding economy based on various distance thresholds. Specifically, we start at 100 km and regress every 100 km. The resource dependence coefficient lags in each distance threshold and is significant at the 1% level. Figure 3 illustrates the proximity of the source curse spatial spillover effect.
[image: Figure 3]FIGURE 3 | Near feature of the resource curse spatial spillover effect.
In Figure 3, the spatial spillover effect of the resource curse fluctuates as geographical distance increases, which essentially conforms to the general law of spatial attenuation and is consistent with the inferences of the theoretical model. The undersmoothing of the curve may occur because this paper is based on available interprovincial (rather than prefecture-level city) data that cannot capture resource associations within provinces. This limitation can be improved in future research. The economic effect of resource dependence on the surrounding area peaked at 250 km and gradually disappears after 700 km. Although resource-abundant places have no incentive to develop resource industries independently, they often develop industries derived from resource development industries in the region, thereby indirectly increasing resource dependence and resource curse space. The role of spillovers in promoting the economy was partially offset (the distance of 250 km is basically no longer an adjacent province). However, areas with long distances are more inclined to develop resource industries locally (rather than directly importing resources and finished products) because of higher transportation costs; thus, enjoying the “revenue” of resource-rich resource curses is increasingly difficult (the 700 km distance in China often spans several provinces).
6.6.2 Classification of Mineral and Green Resources
In China, is the resource curse fully reflected in the energy curse? To answer this question, this paper discusses the heterogeneity of the economic effect of mineral and green resources. We calculate the dependence of mineral resources and green resources in China’s provinces and regress them separately.7 The regression results are presented in Table 7.
TABLE 7 | Regression results of Classification discussion and robustness test (Green resources and mineral resources).
[image: Table 7]The increase in mineral resource dependence hinders economic development, whereas the economic effect of green resource dependence is nonsignificant. We can explain the heterogeneity by combining the previous theoretical model with current development in China. First, regarding the composition of human capital in the mining, agriculture, forestry, animal husbandry, and fishery industries, the average years of education for personnel engaged in the agriculture, forestry, animal husbandry, and fishery industries are below average, whereas those in the mining industry are the opposite. In other words, the development of the agriculture, forestry, animal husbandry, and fishery industries has a relatively small number of highly skilled workers ([image: image] is smaller) and does not unduly restrict the development of emerging industries. Second, the scale and modernization of China’s agricultural development are increasing, whereas those of the mining industry model remain relatively primitive. The output of the agriculture, forestry, animal husbandry, and fishery units increased significantly ([image: image], and [image: image] are larger), and the required labor force decreased ([image: image] is smaller). Third, some agricultural, forestry, animal husbandry, and fishery products can directly enter the market as final products, whereas the output of the mining industry almost certainly flows into the production chain. The consumption of production factors used in the agriculture, forestry, animal husbandry, and fishery industries is lower ([image: image] is larger) because of processing conversion. In summary, dependence on green resources does not necessarily lead to a reduction in total output ([image: image] is possibly greater than zero). Even if the economic effects of green resource dependence remain negative, this negative effect is also caused by production in the agriculture, forestry, animal husbandry, and fishery industries. The elements are relatively small and nonsignificant. Therefore, green resources unsurprisingly do not cause resource curses.
The regression results of the spatial lag term show that the impact of mineral resources on the economy has a positive spatial spillover, while the impact of green resources on the economy has a negative spatial spillover. This shows that the negative space overflow of the resource curse at the overall level is actually the result of the two offsetting each other. Whether a place’s resource dependence is a curse or a boon to the economy of the surrounding area depends on whether it depends on mining or the curse of agriculture, forestry, animal husbandry and fishery. As far as the mining industry is concerned, excessive reliance on production and mining in one place will not only create an existence for local economic growth, but also hinder the development of surrounding areas. This may be caused by the particularity of mineral resources. The mining industry is less limited by time, and can mobilize a large amount of capital and labor from the local and surrounding areas for production in a short period of time, thus occupying the resources of other industries in the surrounding areas. However, this high-intensity mining cannot be sustained for a long time, and will generate Structural unemployment and other issues have resulted in idle local and neighboring resources, and ultimately affected economic development.
The situation of agriculture, forestry, animal husbandry and fishery is much more optimistic. If local resource industry dependence is limited to the agriculture, forestry, animal husbandry, and fishery industries (rather than mining), then economic improvement in surrounding areas no longer occurs at the expense of economic losses in the region. We attempt to explain this phenomenon from the perspective of industrial agglomeration to improve resource allocation. Generally, areas in the early stages of vigorous agriculture, forestry, animal husbandry, and fishery industrial development often have relatively abundant green resources. Further agglomeration can provide a more favorable environment for the development of local green resource industries, ameliorate labor outcomes and capital thresholds, and thus improve the efficiency of resource allocation (Shuhan et al., 2016). Correspondingly, the surrounding areas (typically also regions with relatively disadvantaged resource endowments) are more inclined to obtain resource products directly from the resource-rich region (rather than self-developing resource industries) because of the geographical relationship, thereby guiding the inflow of production factors. Currently, the output of each region has increased (or at least not decreased), and cooperation between regions has been achieved.
In addition, in the empirical analysis based on mineral and green resource dependence, the direction and significance of each control variable are consistent with the overall level of investigation, further demonstrating the robustness of the previous regression results.
6.6.2 Classification Discussion of Fixed Capital Investment, Employment and Human Capital
The previous theoretical analysis has shown that the resource curse originates from the resource industry’s crowding out of fixed capital, labor and human capital in other industries. So, will this crowding be concentrated in a certain dimension? To answer this question, this paper discusses the heterogeneity of the resource curse in the three domains of fixed capital investment, employment and human capital. We calculated the resource dependence of fixed asset investment, employment, and human capital in each province in China (taking the average values of agriculture, forestry, animal husbandry, fishery, and mining) and regressed them respectively. The regression results are shown in Table 8.
TABLE 8 | Regression results of Classification discussion. (Fixed Asset Investment, Employment and Human Capital).
[image: Table 8]Empirical results show that the excessive injection of fixed assets and labor into resource industries will hinder economic development, but human capital will not. This may be because the entry of high-quality talents into the agriculture, forestry, animal husbandry, fishery or mining industries can greatly improve their business models and production efficiency, thereby making up for their adverse effects on the economy. In addition, looking at the spatial lag term, it can be found that there is no spatial overflow of the resource curse in the employment field, that is, the influx of a large number of local labor into the resource industry will not improve the economic conditions of neighboring areas. caused by restrictions.
7 CONCLUSION
On the basis of a production function, we construct a partial equilibrium model covering three regions and two departments (resources and conventional departments) and discuss the effect of natural resources on economic development and its spatial characteristics. Abundant resource reserves can boost economic development. The reason for the resource curse is excessive resource dependence. However, the effect of resource abundance on economic status is not confined to the local economy, the development of which affects surrounding areas. Development levels are also closely related, and this spatial spillover effect exhibits a negative near-trend feature.
Subsequently, this paper uses panel data of China’s provinces from 2004 to 2020 to construct a spatial Durbin model and validate the proposed theoretical hypothesis. The study demonstrated the following: First, given the interregional spatial correlation, the resource curse hypothesis remains confirmed in China, and the resource-oriented development model curbs economic development. Second, natural resources have a significant negative spatial spillover effect on economic development. If a local economy is dominated by the resource industry, then the surrounding areas reduce their own resource dependence, thus stimulating economic growth in the region. Third, the spatial association of the resource curse has the nearest feature, which conforms to the universal law of spatial attenuation, and the negative spatial spillover of natural resources to economic development is most pronounced in the area of 250 km. Fourth, China’s current resource curse is embodied in the energy curse. In the field of mineral resources, the resource curse hinders economic development in both the local and surrounding areas. In the green resources industry, industrial agglomeration is conducive to Pareto improvement. In addition, the development of various provinces in China shows obvious spatial dependence, and the economic relations between regions are becoming more and more closely. Among the control variables, government intervention has an adverse impact on GDP, and the level of government intervention needs to be further improved; technical level and other controls The impact of variables on economic development is basically in line with the logic of classical economic growth theory.
Based on the aforementioned research results, we conclude the following: First, resource-driven development is not a long-term strategy. Resource-rich regions should gradually reduce their dependence on resource industries and promote diversified industry development. In addition, we must make full use of local resource advantages, actively use resource endowments to resolve resource dependence, and strive to turn the resource curse into a resource gospel. Moreover, based on the effect of natural resources on the economy and its spatial characteristics, China’s current resource industry (particularly the energy industry) still has a beggar-thy-neighbor phenomenon. To avoid blindly abandoning the resource industry and prevent vicious competition between regions, strengthening economic policy coordination in the provinces, considering the role of the resource industry more rationally, and promoting coordinated development among regions are necessary. Finally, the agglomeration of agriculture, forestry, animal husbandry, and fishery industries can effectively improve resource allocation and overall economic status and deepen spatial agglomeration and improve the efficient use of green resources. Thus, we can achieve a win–win situation for economic and ecological civilization development.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
XM: establish topics, collect data and materials, build theoretical models, empirical analysis.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
FOOTNOTES
1Countries such as Saudi Arabia, Iran, and Iraq are close geographically, and their economic development is plagued by abundant oil reserves. However, discussions of the resource curse faced by these countries often involve only the impact mechanism of local natural resources on economic development and ignore the resources of the surrounding areas. Similarly, when studying the role of rich green resources in the United States and Canada in growing the economy, the possibility of neighboring resources as the engine of economic growth is rarely considered.
2Because the threshold of the resource industry is relatively low, here we assume that both regions b and c can independently develop resource industries and need not rely on the assistance of or attract the resource industry of a place to move into the region.
3Because human capital data for the provincial subsectors are unavailable, the allocation of human capital stocks in the provinces is assumed to be homogeneous in the industry. The relevant provincial data are uniformly replaced by the proportion of the national human capital stock in the total human capital stock of the whole society.
4The technical variables in the theoretical model are technical efficiency rather than technical input; hence, using R&D investment to measure the technical level is unsuitable.
5Because the spatial autocorrelation test applies only to cross-sectional data, this paper examines the GDP of each province (per capita). In addition, because the Moran index calculation must use a binary symmetric matrix, the spatial weighting matrix based on the reciprocal of the geographical distance, which was previously standardized by the line, is no longer applicable. To this end, we constructed a 0-1-type spatial weight matrix based on geographical proximity (not standardized).
6Pseudogeographic distance was created by randomly generating the geographical distance of each section and obtaining the reciprocal. The pseudoadjacent matrix was generated by randomly setting the adjacent conditions between provinces (adjacent: 1; not adjacent: 0). The elements of the random matrix are randomly generated natural numbers. This part draws from Deng and Zhao (Huihui and Jialing, 2018).
7The measurement methods of mineral resources and green resource dependence are consistent with the overall resource dependence, involving employment, fixed asset investment, and human capital. The weight of each part is determined by principal component analysis (the first and third columns are the resource dependencies calculated using the first three principal components, and the second and fourth columns are the resource dependencies calculated using the first two principal components).
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Located in the middle reaches of the Yangtze River, Jianghan Plain is an important part of the middle and lower reaches of the Yangtze River Plain, and together with Dongting Lake Plain, it is known as the Two-Lake Plain. It is a well-developed agricultural area and is an important source of grain in China, as well as one of the major cotton-producing areas, and aquaculture is also an important local industry. With the rapid development of urbanization in China, the impact of human activities on the ecological environment of Jianghan Plain has become increasingly obvious in recent years, and how to timely and objectively assess spatial and temporal changes in ecological environmental quality is of great practical significance for the sustainable development of the region and the construction of an ecological civilization. The Google Earth Engine platform was used to optimize the reconstruction of Landsat TM/OLI images of Jianghan Plain from 1990 to 2021, coupled with four indicators of the natural ecological environment such as the Normalized Difference Vegetation Index, WET, Normalized Difference Soil Index, and Land Surface Temperature to construct the remote sensing ecological index (RSEI) and evaluate the spatial and temporal changes in ecological environmental quality on Jianghan Plain. The results showed that the mean RSEI values in 1990, 1998, 2006, 2014, and 2021 were 0.667, 0.636, 0.599, 0.621, and 0.648, respectively, indicating that the overall ecological environmental quality of Jianghan Plain showed a decreasing trend from 1990 to 2006 and an increasing trend from 2006 to 2021. Degradation was most serious from 1990 to 1998, accounting for 44.86% of the total area, and improvement was most obvious from 2006 to 2014, accounting for 26.64% of the total area. Moran’s I values from 1990 to 2021 were 0.531, 0.529, 0.525, 0.540, and 0.545, respectively, indicating that the spatial distribution of ecological environmental quality was positively correlated. The local spatial clustering of the RSEI local indicators of spatial association showed that H-H clustering areas on Jianghan Plain were mainly distributed in the northern and western regions, and L-L clustering areas were mainly distributed in the densely populated eastern regions with frequent human activities. The results can provide a theoretical basis for ecological environmental protection and improvement on Jianghan Plain.
Keywords: ecological environmental assessment, temporal and spatial variation, remote sensing ecological index (RSEI), Google Earth Engine (GEE), Jianghan Plain
INTRODUCTION
Ecological environmental quality refers to the degree of the ecological environment, which is the material basis for human survival and development and reflects the suitability of the ecological environment for human survival and socioeconomic development (Han et al., 2021; Khan et al., 2021; Yu, 2021). With the rapid development of society and the economy, the relationship between human activities and the ecological environment has become increasingly close, thus causing great damage to the global ecosystem, and ecological and environmental problems are becoming increasingly serious (Imhoff et al., 2010). Especially in recent years, rapid urbanization has accelerated the degree of damage caused by human activities to the surface environment, leading to the growing prominence of urban ecological problems, which seriously threaten urban ecological security (Karimi Firozjaei et al., 2021). Therefore, scientific monitoring of the impact of regional ecological and environmental conditions and their spatial and temporal changes and studying their key driving factors to optimize the spatial pattern of the national territory have become important tools and hot research areas for protecting the ecological environment, which has important theoretical and practical significance for coordinating the relationship between human activities and the ecological environment, promoting harmony between humans and nature, and promoting sustainable social and economic development (Feng et al., 2021).
In recent years, the use of remote sensing technology to analyze and evaluate the ecological environment has become an important part of the ecological remote sensing field (Liu, 2021). Many scholars have used remote sensing techniques for urban (Hu and Xu, 2019; Tang et al., 2021; Huang C et al., 2021), forest (Xu et al., 2019; Xiong et al., 2020), mining (Zhu et al., 2020; Nie et al., 2021), basin (Liu et al., 2021; Seelen et al., 2021), and nature reserves (Jing et al., 2020; Ferrario et al., 2021; Su et al., 2022). A large number of studies and applications have been conducted on the evaluation of ecological environmental quality changes in these areas, and richer results and practical examples have been achieved. The ecological environment is composed of complex ecosystems, which are often influenced by a combination of multiple factors. A single ecological quality index can only represent the ecological characteristics of a certain aspect of an ecosystem, and it is difficult to accurately and comprehensively reflect its comprehensive characteristics. In comparison, the comprehensive evaluation method takes the shortcomings of the former into account, but there are disadvantages in the subjectivity and arbitrariness of index selection and weight assignment. The method also suffers various problems in which some of the indices are often unrepresentative, the scope of application is limited, and the evaluation results have difficulty realizing spatial visualization (Wang et al., 2019; He et al., 2021). Some scholars have proposed the use of principal component analysis (PCA) to construct a remote sensing ecological index (RSEI) using the evaluation indices of the normalized difference vegetation index, wetness, normalized difference soil index, and land surface temperature in the ecological environment. This method is convenient in data acquisition, fast in the evaluation process, and objective and reliable in evaluation results, and it has been widely used at various regional spatial scales (Hu and Xu, 2018; Ning et al., 2020).
Some scholars have monitored the changes in ecological environmental quality in 35 major cities in China by using the RSEI (Yue et al., 2019). Zhu et al. (2021) analyzed the relationship between ecosystem quality and ecosystem service systems in the Pingjiang watershed in the red soil hilly region in southern China using the RSEI and ecosystem service index. Ariken et al. (2020) evaluated the urbanization–ecological environmental coupling correlation in Yanqi Basin from 2000 to 2018 by utilizing the RSEI and gray system, and it was found that the urbanization–ecological environmental coupling relationship in Yanqi Basin showed a slow urbanization rate and a moderate imbalance between urbanization and the ecological environment. Qureshi et al. (2020) assessed and compared the spatial and temporal variability of RSEI values for the Gomesan wetlands. Xu et al. (2021) explored the coupling mechanism between urbanization and ecological quality in central and eastern China from 1992 to 2015 using a modified remote sensing ecological index (RSEI-2). Other scholars have used Dongting Lake Basin as an example to evaluate and analyze the spatial variation in ecological quality and its influencing factors from 2001 to 2019 using the RSEI (Yuan et al., 2021).
Existing research shows that vegetation index analysis based on the Google Earth Engine remote sensing cloud platform (Zhou et al., 2019a), land use cover (Liu et al., 2018), and other land use remote sensing information extraction and classification (Wang et al., 2018) has obvious characteristic advantages over traditional remote sensing analysis methods, especially in long-time series and large-scale remote sensing monitoring research. The GEE platform can greatly shorten image processing time and improve work efficiency with the help of cloud computing (Tamiminia et al., 2020). Gao et al. (2021) analyzed the temporal and spatial distribution trends of eco-environmental quality in Yellow River Basin through the calculation of the Landsat OLI/TM cloud layer by GEE and RSEI. Zhang et al. (2021) analyzed the eco-environmental quality of the middle reaches of Yangtze River Basin from 2000 to 2019 with the help of the GEE platform. However, in Jianghan Plain, the research on the application of the GEE platform has just started. Shao et al. (2019) used GEE to monitor the change in the hydrological and ecological environment in Wuhan in Jianghan Plain. There are few research reports on the evaluation of long-term eco-environmental status based on the GEE platform in Yangtze River Basin, especially in Jianghan Plain. There is a lack of research data support for the cognition of the temporal and spatial variations of eco-environmental quality, and the characteristics and mechanism of eco-environmental change in Jianghan Plain are not clear.
In view of the aforementioned problems, as the core area of the Yangtze River economic belt, Jianghan Plain undertakes the important mission of protecting and maintaining the national ecological security of the Yangtze River. As an important grain production base in Hubei and even the whole country, maintaining China’s food security has important ecological and economic value. But at the same time, the rapid change of land and space development patterns has also brought negative results, such as the continuous swallowing of fertile land around cities and towns, the low comprehensive benefits of land use, and the destruction of the ecological environment. A comprehensive evaluation of the spatial and temporal changes in ecological environmental quality and a timely and accurate grasp of the ecological environmental quality status and changing trends on Jianghan Plain can provide a scientific basis for ecological environmental protection and improvement of Jianghan Plain, optimization of the regional territorial spatial pattern, and construction of ecological civilization. Based on the aforementioned statements, the objectives of the research in this study are as follows: 1) to establish the ecological index system and construct the RSEI model using Landsat 5/TM and Landsat 8/OLI on the GEE platform, 2) to carry out an analysis of the spatial and temporal changes in ecological environmental quality on Jianghan Plain from 1990 to 2021, and 3) to explore the spatial differentiation characteristics of ecological environmental quality on Jianghan Plain.
MATERIALS AND METHODS
First, we selected Landsat 5/TM and Landsat 8/OLI remote sensing images for 1990, 1998, 2006, 2014, and 2021 and synthesized five 30-m resolution RSEI image maps on the GEE platform. Then, based on the five RSEI image maps from 1990 to 2021, the spatial and temporal changes in ecological environmental quality on Jianghan Plain were analyzed. Finally, the spatial data exploration (ESDA), the global spatial autocorrelation (Moran’s I), and local indicators of spatial association (LISA) were used to explore the spatial correlation of ecological environmental quality, and the technical roadmap is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Technology roadmap.
Study Site
Jianghan Plain is located in the middle reaches of the Yangtze River, the middle and lower reaches of the Han River, and the south-central part of Hubei Province and is an important part of middle Yangtze River Plain, one of the three major plains in China. It starts from the Yichang Zhijiang River in the west; ends in Wuhan, the largest city in central China; reaches Zhongxiang in the north; and is connected to Dongting Lake Plain in the south. It lies between latitudes 29°26′ and 31°37′ north and longitudes 111°14′ and 114°36′ east, with an area of more than 46,000 square kilometers. It has a subtropical monsoon climate with an annual average of approximately 2,000 h of sunshine and a total annual solar radiation value of approximately 460–480 kJ per square centimeter. The frost-free period is approximately 240–260 days, the duration above 10°C is approximately 230–240 days, and the active cumulative temperature is 5,100–5,300°C. The average annual precipitation is 1,100–1,300 mm, and the higher temperature of April–September precipitation accounts for approximately 70% of the total annual precipitation. Jianghan Plain mainly has eight counties and urban areas, including Jingzhou city, Jingzhou district, Shacheng district, Jiangling County, public security county, supervision city, Shishou city, Honghu city, and Songzi city; three provincial-level cities such as Xiantao, Qianjiang, and Tianmen, and radiates into some areas in the surrounding five prefectures of Wuhan, Xiaogan, Jingmen, Yichang, and Xiangyang and includes Caidian district, Hanchuan city, Yingcheng city, Shayang County, Jingshan city, Zhongxiang city, Zhijiang city, and Yicheng city. Figure 2 shows the location map of Jianghan Plain with data extracted from ASTER GDEM 30 m elevation (geospatial data cloud) and 2020 watershed information (land use).
[image: Figure 2]FIGURE 2 | Location of the study area.
Data and Preprocessing
Worldwide Reference System (WRS-2) paths in Rows 130 and 043 using satellite remote sensing images; three Landsat 5/TM layer images corresponding to 1990, 1998, and 2006; and two Landsat 8/OLI layer images for 2014 and 2021 were selected for the study area to synthesize the spatial and temporal distribution of the RSEI on Jianghan Plain from 1990 to 2021. The layer image months were concentrated from January to March, the image cloudiness was less than 5%, and the quality was good (Table 1).
TABLE 1 | Satellite remote sensing impact data of Jianghan Plain from 1990 to 2021.
[image: Table 1]The Google Earth Engine (GEE) platform was applied to collect and process Landsat 5/TM and Landsat 8/OLI imagery provided by the U.S. Geological Survey (USGS) and perform preprocessing, such as radiometric calibration, geometric correction, and atmospheric correction. Among them, the radiometric calibration was performed using the Landsat Surface Reflectance Code (LaSRC) proposed by Vermote for Landsat 5/TM and Landsat 8/OLI (Vermote et al., 2016), geometric correction using the quadratic polynomial and nearest image element method to control the root mean square error within 0.5 image elements (Chander et al., 2009), and atmospheric correction based on the LOWTRAN model for image correction and calculation of base pixel data such as clouds, water, and snow by CFMASK (Foga et al., 2017). In addition, the thermal infrared (TIR) band (Band 6) in Layer 1 in Landsat 5/TM Series 1 was initially acquired at a resolution of 120 m/pixel and resampled at 30 m using cubic convolution interpolation; two thermal infrared (TIR) bands (Band 10 and Band 11) in Layer 1 in Landsat 8/OLI Series 1 were initially acquired at a resolution of 100 m/pixel and resampled at 30 m using cubic convolution interpolation, pixel resolution, and 30 m resampling using cubic convolution interpolation (Xiong et al., 2021). In this study, the LST was calculated using the single-channel calculation rule (SC) (Gomis-Cebolla et al., 2018), and LANDSAT/LT05/C01/T1_SR and LANDSAT/LC08/C01/T1_SR were selected to calculate the NDVI, WET, NDSI, and LST. The surface temperature was calculated using the radiance of Landsat 5/TM Band 6, the radiance of Landsat 8/OLI Band 10, and the NCEP_RE/surface_wv data (Table 2).
TABLE 2 | Google Earth Engine (GEE)-related data platform selection.
[image: Table 2]METHODOLOGY
Calculation of the Remote Sensing Ecological Index Component
The ecological evaluation index was constructed using four factors reflecting the natural ecological environment: normalized difference vegetation index, wetness, normalized difference soil index, and land surface temperature (Boori et al., 2021). The four remote sensing bands corresponding to the normalized difference vegetation index, wetness, normalized difference soil index, and land surface temperature were combined into a new index image after normalization and then subjected to principal component analysis (PCA), with a PCA range of [0, 1]; after normalization of the four indices, PC1 was calculated using feature analysis (https://developers.google.com/earth). The initial ecological index ([image: image]) can be obtained by subtracting the calculated first principal component (PC1) from 1 and then the remote sensing ecological index ([image: image]) can be obtained by normalizing it. The remote sensing ecological index ([image: image]) was divided into 5 levels to represent 5 ecological conditions by the equal spacing grading method, corresponding to bad [0,0.2], fair [0.2,0.4], medium [0.4,0.6], good [0.6,0.8], and excellent [0.8,1] (Wu et al., 2020), to evaluate the ecological environmental status of Jianghan Plain.
[image: image]
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where NDVI, WET, NDSI, and LST refer to the normalized difference vegetation index, wetness, normalized difference soil index, and land surface temperature, respectively. RSEI0_max and RSEI0_min refer to the maximum and minimum values of the original ecological index, respectively.
Normalized Difference Vegetation Index
The NDVI, as the most widely used vegetation index, is closely related to plant biomass, leaf area index, and vegetation cover (Liaqat et al., 2017). Therefore, the NDVI was chosen to represent the normalized difference vegetation index:
[image: image]
where [image: image] and [image: image] represent the reflectance in the near-infrared and red wavelength bands, respectively.
Wetness
Moisture, greenness, and brightness components of remote sensing tassel cap transformation have been applied in a large number of ecological environmental quality evaluations, among which WET better reflects the moisture of soil and vegetation (Baig et al., 2014). The calculation model is as follows (Polevshchikova, 2019):
[image: image]
where [image: image] represent the reflectance of blue, green, red, near-infrared, shortwave infrared 1, and shortwave infrared 2 wavelengths, respectively, and c1–c6 are the sensor parameters.
Normalized Difference Soil Index
The NDSI consists of the building index (BI) and the bare soil index (SI), which is expressed as the average of the two (Xu, 2008):
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where [image: image] represents the reflectance of blue light, green light, red light, near-infrared, and shortwave infrared 1 bands.
Land Surface Temperature
Surface temperature is closely related to the growth and distribution of vegetation and the evaporation cycle of surface water resources and is one of the important parameters reflecting the surface environment; therefore, LST is represented by surface temperature, and the index model is given as follows (Neteler, 2010):
[image: image]
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where LST is the surface temperature, [image: image] is the temperature at the sensor, λ is the central wavelength of the thermal infrared band, ρ = 1.438 × 10–2 m·K, ɛ is the surface specific emissivity, K1 and K2 are the calibration parameters, and Ltir is the radiation value of the thermal infrared band at the sensor.
Spatial Autocorrelation Analysis
Spatial correlation analysis of ecological environmental quality can be used to describe the spatially homogeneous distribution of ecological environmental quality in the study area (Degefu et al., 2021). In this study, we used global spatial autocorrelation (global Moran’s I) and local indicator spatial association (local Moran’s I) to analyze the spatial correlation of the RSEI.
The global Moran’s I (Moran’s I) index reflects the correlation of attribute values of adjacent spatial units. The closer the absolute value of Moran’s I is to 1, the stronger the spatial autocorrelation. The formula is as follows:
[image: image]
where m is the total number of indicators, Di represents the ecological environmental quality value of location i, [image: image] is the average value of ecological environmental quality of all indicators in the study area, [image: image] is the spatial weight, and Moran’s I ranges from [-1,1]. When Moran’s I is greater than 0, data present a positive spatial correlation, and the larger the value is, the more obvious the spatial correlation will be; when Moran’s I is less than 0, the data show a negative spatial correlation, and the smaller the value is, the greater the spatial difference will be; and when Moran’s I is 0, there is no spatial autocorrelation (Shi et al., 2019).
Local Moran’s I (LISA) index can effectively reflect the correlation between the ecological environmental quality of each grid cell in the territory (Bi et al., 2021). There are five types of local spatial aggregation in the LISA clustering diagram, namely, high–high (H-H), low–low (L-L), low–high (L-H), and high–low (H-L), without significant differences. In this study, H-H indicates a high-ecological quality value of the selected region and spatially adjacent regions, L-L indicates a low-ecological quality value of the selected region and spatially adjacent regions, L-H indicates a low-ecological quality value of the selected region but a high-ecological quality value of the adjacent regions, and H-L indicates a high-ecological quality value of the selected region but a low-ecological quality value of the adjacent regions. If global spatial autocorrelation does not exist, the location of local spatial autocorrelation that may be masked can be found. When global spatial autocorrelation exists, the presence of spatial heterogeneity can be analyzed (Zhou et al., 2019b). The calculation formula is as follows:
[image: image]
RESULTS
Comprehensive Evaluation of Ecological Environmental Quality on Jianghan Plain
As shown in Table 3, the first principal component (PC1) eigenvalues were above 60% in all five images from 1990 to 2021, with PC1 at 62.28% in 1990, 67.09% in 1998, 67.15% in 2006, 63.42% in 2014, and the highest at 71.65% in 2021, indicating that PC1 concentrated the four ecological indices of the main percentage characteristics. From PC2 to PC4, the magnitudes of the characteristic values were reflected in different positive and negative ways. In PC1, the eigenvalues of NDVI and WET were positive, and those of NDSI and LST were negative, which was consistent with the actual situation (xiong et al., 2021).
TABLE 3 | Principal component analysis results of the RSEI from 1990 to 2021.
[image: Table 3]Figure 3 represents the distribution characteristics of the five RSEI values on Jianghan Plain from 1990 to 2021. The mean values of the RSEI corresponding to the five equally spaced years during 1990–2021 were 0.667, 0.636, 0.599, 0.621, and 0.648, respectively, with some RSEI levels between good levels (0.6 and 0.8), except for the lower quartile in 2006, when the RSEI values in the lower quartile were less than 0.4, while the RSEI values in the upper quartile were all greater than 0.8. The RSEI values in the lower quartile were less than 0.4 in 2006, while the RSEI values in the upper quartile were all greater than 0.8. Overall, the ecological and environmental quality of Jianghan Plain showed a decreasing trend from 1990 to 2006 and an increasing trend from 2006 to 2021, when the ecological and environmental quality improved.
[image: Figure 3]FIGURE 3 | RSEI data box diagram of Jianghan Plain from 1990 to 2021.
Figure 4 shows the spatial and temporal variations in the ecological quality of Jianghan Plain (the watershed part was excluded). Red, dark green, brown, light green, and yellow represent “bad,” “fair,” “moderate,” “good,” and “excellent” ecological grades, respectively. The overall ecological quality was good from 1990 to 2021. The areas with poor and moderate ecological levels were mainly distributed in Jingzhou district, Xiantao city, and Hanchuan city, which are subject to the economic radiation effect of the Wuhan city circle, in which urbanization, construction area growth, and human activities are frequent, which in turn leads to the decline of ecological environmental quality in the region. The good and excellent ecological levels were mainly distributed in the southwestern part of Songzi city, the southern part of Jili County, and the southeastern part of Honghu city, mainly due to the high regional forest coverage and low urbanization.
[image: Figure 4]FIGURE 4 | Spatial distribution of ecological environmental quality on Jianghan Plain from 1990 to 2021.
Combined with the temporal and spatial variation characteristics of eco-environmental quality in Jianghan Plain, further evidence research is carried out. Overall, 3,364 sample points are collected from the grid image, which is displayed in arcgis10.0; the eco-environmental quality index is divided into five categories by using the natural clustering zoning method. After taking the average value, they are “bad eco-environmental quality,” “fair eco-environmental quality,” “moderate eco-environmental quality,” “good eco-environmental quality,” and “excellent eco-environmental quality.” The spatial distribution of eco-environmental quality shows that from 1990 to 2021, the grid of good and good eco-environmental quality in Jianghan Plain is mainly distributed in the north and west of the town, and the grid of poor and poor eco-environmental quality is mainly distributed in the surrounding areas of Honghu city in the east. Among them, the overall eco-environmental quality deviation in the east in 2006 is consistent with Figure 4. Therefore, the temporal change of eco-environmental quality reflects the ecological model of Jianghan plain to a certain extent in Figure 5. Jianghan Plain is located in the economic core of the Yangtze River. In recent 30 years, the economic scale, urbanization, and industrialization level of the region have been continuously improved. By 2021, the GDP output value of Jianghan Plain will be 1771.676 billion yuan. The rapid development of the economy and society will inevitably bring corresponding changes to the ecological environment. Especially in recent years, the rapid economic growth the large-scale city construction, and the intensity of development of human activities will inevitably destroy its ecological environment quality.
[image: Figure 5]FIGURE 5 | Regional distribution characteristics of eco-environmental quality in Jianghan Plain from 1990 to 2021.
The area and proportion of each ecological class (bad, fair, moderate, good, and excellent) were calculated based on the five RSEI maps corresponding to 1990, 1998, 2006, 2014, and 2021. Figure 6 shows the proportional changes in each ecological level, with the total proportion of “bad,” “fair,” and “moderate” RSEI gradually increasing from 1990 to 2006 and the total proportion of “good” and “excellent” RSEI gradually decreasing from 2006 to 2021. The overall ecological quality of Jianghan Plain showed a decreasing trend from 1990 to 2006 and an increasing trend from 2006 to 2021. The area and proportion of each RSEI level are shown in Table 4, and we calculated the total proportion of “bad,” “fair,” and “moderate” (PFM%) and “good” and “moderate,” respectively. The PFM% and GE% for 1990, 1998, 2006, 2014, and 2021 were 3.04%/96.96%, 7.1%/92.9%, 16.37%/83.63%, 6.54%/93.46%, and 10.94%/89.06%, respectively, with the highest PFM% and lowest GE% in 2006 compared with the other periods. Related literature shows that the strongest surface rainstorm occurred on the central Jianghan Plain during the night of 24 May 2006, causing soil, water disasters, and ecological imbalances, which in turn affected the quality of the ecosystem in that year (Zhang and Zhang, 2008). Except for 2006, PFM% increased and then decreased, and GE% decreased and then increased in the other periods.
[image: Figure 6]FIGURE 6 | Area distribution of ecological environmental quality levels on Jianghan Plain from 1990 to 2021.
TABLE 4 | Area and percentage changes of each RSEI level in different years.
[image: Table 4]Temporal Variation of Eco-Environmental Quality in Jianghan Plain
Based on the results of the RSEI level grading in 1990, 1998, 2006, 2014, and 2021, the differences in RSEI performance and spatial and temporal area changes in ecological environmental quality on Jianghan Plain are shown in Table 5. The differences in changes were calculated for four periods (1990–1998, 1998–2006, 2006–2014, and 2014–2021). The results were classified into five classes: improvement obvious (IO), improvement slight (IS), invariability (IN), deterioration slight (DS), and deterioration obvious (DO). The results show that the ecological environmental quality was stable in most areas of Jianghan Plain, with the largest proportion of IN levels in each period being 51.38, 71.59, 67.14, and 64.38%, respectively. The proportion of IO and DO change levels was less than 1%, indicating that there was no significant change in ecological environmental quality from 1990 to 2021. The proportions of IS in the four periods were 3.59, 6.60, 26.64, and 16.70%, with the largest percentage in 2006–2014, and 44.86, 21.48, 6.21, and 18.75% in the four periods for DS, respectively, with a decreasing trend in 1990–2014, followed by an increasing trend in 2014–2021. The main reason for this was that the increase in urbanization and the expansion of urban areas led to the deterioration, followed by an improvement in ecological environmental quality on Jianghan Plain.
TABLE 5 | Change detection of the RSEI level from 1990 to 2021.
[image: Table 5]Heterogeneity Analysis of Eco-Environmental Quality in Jianghan Plain
The size of global spatial autocorrelation indicates the spatial convergence of eco-environmental quality in Jianghan Plain. Figure 7 is Moran’s I scatter diagram of eco-environmental quality in Jianghan Plain. The horizontal axis represents the eco-environmental quality index, and the vertical axis represents the spatial matrix weight of eco-environmental quality. Both of them have been standardized, and the slash represents the linear correlation between them. The slope of the slash (Moran’s I) indicates the global autocorrelation of the eco-environmental quality. As can be seen from Figure 7, Moran’s I indexes from 1990 to 2021 are 0.531, 0.529, 0.525, 0.540, and 0.545, respectively, indicating that the spatial distribution of the eco-environmental quality in Jianghan Plain is positively correlated, that is, the eco-environmental quality in Jianghan Plain does not show complete randomness in space. However, it shows strong spatial aggregation, and its spatial connection characteristics are the sampling grid with high ecological environment quality tends to be adjacent to the sampling grid with high ecological environment quality, and the sampling grid with low ecological environment quality tends to be adjacent to the sampling grid with low ecological environment quality. The calculation shows that Moran’s I showed a gradual downward trend from 1990 to 2006. Then it showed an upward trend from 2006 to 2021, of which Jianghan Plain had the strongest positive correlation in 2021. The changing trend of local clustering is consistent with the changing trend of the eco-environmental quality level in Figure 6.
[image: Figure 7]FIGURE 7 | Moran’s I of the RSEI on the Jianghan Plain from 1990 to 2021.
Local autocorrelation statistical variables can identify different spatial correlation patterns (or aggregation patterns) that may exist in different spatial locations, so as to observe the local instability of space and find the spatial heterogeneity between data. The local spatial autocorrelation is represented by Moran's I scatter diagram. In Figure 7, the first and third quadrants of Moran's I scatter diagram from 1990 to 2021 represent positive spatial correlation, and the second and fourth quadrants represent negative spatial correlation. Among them, the first quadrant represents the coverage of high-high units of ecological environment quality (H-H), the second quadrant represents that low-high units of ecological environment quality are covered by low-high units of ecological environment quality (L-H), the third quadrant represents that low-low units are covered by low-low units (L-L), and the fourth quadrant represents that high-low units are covered by high-low units (H-L). This paper uses geoda9 5 analyze the local spatial autocorrelation Lisa value of ecological environment quality of 3364 sampling grids in Jianghan Plain, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | LISA of the RSEI on the Jianghan Plain from 1990 to 2021.
The LISA map of eco-environmental quality index of Jianghan Plain from 1999 to 2021 shows that it is not significant, and it is mainly distributed in some counties and districts of Jianghan Plain, such as Gongan County. H-H cluster areas are mainly distributed in the north and northwest. From 1990 to 2021, the grid cluster of the H-H cluster area with Jiangling County as the central area increased significantly, the cluster centers increased, and the ecological environment was better. The agglomeration area of L-L is mainly distributed around Honghu city in the east of Jianghan Plain. The reason is that this area is close to the metropolis Wuhan, with a dense population and frequent human activities, but the overall agglomeration characteristics have little change. After 1998, L-L cluster areas continued to increase, mainly due to the deterioration of ecological environmental quality caused by the accelerated development of urbanization. The analysis shows that the H-H of the urban edge is high, and the L-L of the urban edge is low. The spatial agglomeration characteristics of the eco-environmental quality of Jianghan Plain are affected by the landform and socioeconomic development to a certain extent. These reflect the characteristics of natural and socioeconomic development of Jianghan Plain to a certain extent. The agglomeration characteristics of LISA of eco-environmental quality in this study are consistent with the actual situation of Jianghan Plain.
DISCUSSION
Based on the RSEI model, the eco-environmental quality of Jianghan Plain from 1990 to 2021 is evaluated and monitored, which largely avoids the influence of human factors, comprehensively and objectively reflects the spatial distribution pattern and evolution trend of eco-environmental quality in Jianghan Plain in the past 31 years and reveals the eco-environmental quality and changes of cities and counties under the original jurisdiction of Jianghan Plain. It verifies the effect of ecological construction in Jianghan Plain and provides a scientific basis for ecological environmental protection and sustainable development in the next stage of Jianghan Plain. From the evaluation of the eco-environmental quality of Jianghan Plain, the overall eco-environmental quality of Jianghan Plain has been significantly improved in the past 31 years, which is consistent with the research conclusion of Su et al. (2021) and Jie et al. (2010) on the ecological comprehensive index of Jianghan Plain. From the evaluation of the eco-environmental quality of each district, city, and county in Jianghan Plain, the improvement of eco-environmental quality of each district, city, and county benefits from the relevant systems and regulations of “eco-environmental protection of the Yangtze River Economic Belt.” Ecological priority and green development. Respect the laws of nature, adhere to the sustainable development concept of “green water and green mountains are golden mountains and silver mountains,” and strengthen the management of urban land resource development and comprehensive monitoring of soil and water loss. We should pay attention to the management and restoration of mountains, water, forests, fields, lakes, grass, and sand, which is helpful to improve the quality of the ecological environment and is very important to further promote the good relationship between man and nature (Huang W et al., 2021; Zhao et al., 2021).
The novelty of this study is the setting of time thresholds for remote sensing images of Jianghan Plain for each year over 31 years to screen the annual cloud-free or lowest cloud images by using cloud removal and image median equalization to improve the original image quality and make the annual RSEI calculation more realistic and objective. In addition, the spatial autocorrelation of ecological environmental quality on Jianghan Plain was analyzed. Although our method demonstrated its effectiveness in the evaluation of spatial and temporal changes in ecological environmental quality, its limitations will be further overcome in future studies. For example, it is still debatable whether the four ecological environmental indicators of the remote sensing ecological index can represent the regional ecological quality comprehensively, and the addition of other indicators about the ecological environment can be considered for optimization in future studies, which is consistent with the direction of improvement of the RSEI in the future. Second, the relationship between ecological environmental quality and land use change needs to be further analyzed, considering the various impacts of land use change on the ecological environment and the trade-off between development strategies and environmental protection in the Yangtze River Economic Belt.
CONCLUSION
Based on the GEE platform and Landsat 5/TM and Landsat 8/OLI remote sensing data, the spatial and temporal dynamics of ecological and environmental quality on Jianghan Plain for the past 31 years were analyzed by using the RSEI, and the spatial differentiation characteristics of ecological and environmental quality on Jianghan Plain were explored. The results showed that the mean RSEI values in 1990, 1998, 2006, 2014, and 2021 were 0.667, 0.636, 0.599, 0.621, and 0.648, respectively. The overall ecological environmental quality was at a good level, with the largest invariance percentages in each time period being 51.38, 71.59, 67.14, and 64.38%, respectively, and the degradation was most serious in 1990–1998, accounting for 44.86% of the total area, and it improved the most in 2006–2014, accounting for 26.64% of the total area. Moran’s I values of ecological environmental quality in 1990, 1998, 2006, 2014, and 2021 were 0.531, 0.529, 0.525, 0.540, 0.545, and 0.545, respectively. It shows that the spatial distribution of ecological environment quality in the study area is positively correlated, with the H-H clusters on Jianghan Plain mainly distributed in the northern and western regions and the L-L clusters mainly distributed in the densely populated eastern regions with frequent human activities. In this study, we used Landsat images to construct the RSEI on the GEE platform, and the research method could assess the spatial and temporal changes in ecological and environmental quality on Jianghan Plain. In the future, combining this method, we can further explore the relationship between human activities and ecosystems more comprehensively and deeply from land use change and population and economic development perspectives.
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China is entering rapid industrialization and urbanization since 1990’s with the urban land use payment reform. Nevertheless, higher rate of industrial land in construction land driving by local government-led industrial double growth competition fuels China the global biggest manufacturing giant and second largest economy on one hand, waste water, liquid and green house gas emission from industrial development has become more and more serious on the other hand, which has aroused a great concern nationally and globally. So low industrial land use efficiency (ILUE) is a big challenge besieging China at present. Whether the market-oriented reform of industrial land supply (MRIL) launched by the Chinese government can optimize the allocation of industrial land resources and improve the ILUE is urgent to be addressed at present. Basing on panel data of 270 prefecture-level cities in China from 2007 to 2019, we first construct marketization rate of industrial land (MIL) and examine the temporal and spatial change in MIL in each prefecture-level city. Then the impact of MIL on industrial land use efficiency (ILUE) is illuminated by super-efficient slacks-based measure (SBM) model including desirable and undesirable outputs. The results show that: 1) The overall level of the ILUE in China’s 270 prefecture-level cities was relatively low, which increase and decrease with the years. 2) China’s MRIL plays a positive role in the ILUE, but the impact is low. 3) The effect of MRIL on ILUE varies regionally, namely higher economic development and higher the effect, and the vice versa. We suggest both the central and local governments should target policy reform regarding the land market development and regional economic development. The research will contribute to ongoing market oriented and economic reform both in China and the transitional economies worldwide.
Keywords: industrial land transfer, marketization of industrial land, industrial land use efficiency, SBM model, desirable and undesirable output
1 INTRODUCTION
China is a newly industrialized country (Madelene and Chen, 2006). Since the founding of the People’s Republic of China, in order to promote the process of industrialization and continuously narrow the gap with developed countries (Madelene and Chen, 2006; Bai et al., 2014), China has been implementing a catch-up industrialization development strategy. Due to long-term implementation of a planned economic system, China’s industrialization process has been advancing for a long time under closed conditions where marketization is backward (Hsieh and Klenow, 2009). After the reform and opening up, China’s economy has developed rapidly under the impetus of marketization, the process of industrialization has also accelerated and great achievements have been made (Madelene and Chen, 2006; Bai et al., 2014; Guo et al., 2016). China’s industrialization has entered a stage of rapid development and has successfully transformed from a large agricultural country to an industrial one (Choy et al., 2013; Huang, 2013; Wu et al., 2014; Wang et al., 2019). However, with the rapid development of industrialization, the amount of industrial land in China has increased rapidly. In 2016, China’s urban industrial land area reached 10,250.60 square kilometers (Huang et al., 2020), an increase of 5,409.06 square kilometers compared with 2000 (Gao et al., 2013). For a long time, China’s industrialization process has been driven by a large amount of industrial land investment (Hamblin, 2009; Wu et al., 2014; Zhang et al., 2017). The extensive development model leads to problems such as disorderly utilization, idle waste, and low plot ratio of industrial land (George and Samuel, 2003; Li and Dewan, 2017). As a result, the industrial land use efficiency (ILUE) is low, and the average output value of industrial land still has a large gap with developed countries (Hsieh and Klenow, 2009). Some scholars predict that China will fully realize industrialization in 2030 (Huang et al., 2016), and the level of urbanization will reach 70% (Zou et al., 2014). At that time, the demand for urban industrial land in China will become more tense and the contradictions between people and land will become more prominent (Wang and Scott, 2008; Deng et al., 2010). Therefore, in the context of a large population, scarce land resources, and the rapid development of urbanization and industrialization, how to optimize the use of urban industrial land, and improve the ILUE has become a major problem that the Chinese government needs to solve urgently (Meng et al., 2008; Kropp and Lein, 2012; Liu et al., 2018a; Bao et al., 2019; Huang et al., 2020). In order to solve this problem, and realize the efficient allocation of industrial land resources, Chinese government has formulated a series of land policy reforms (Edmonds, 1986; Ding, 2003; Liu et al., 2014; Li et al., 2017; Tu et al., 2017). It is the market-oriented reform of industrial land (MRIL) that has received widespread attention.
Before 2007, China’s industrial land was supplied through transfers or agreement transfers, and this transfer method allowed local governments absolutely monopoly on industrial land prices (Ge et al., 2018). Low price for land transfers without a market competition mechanism became the main means of competition for investment promotion among areas. Local governments compete with each other to lower the land price for investment promotion (Needham et al., 2013; Zhang et al., 2017a), a large number of industrial land is sold at very low prices, resulting in extensive utilization of industrial land (Zhang et al., 2017b; Ge et al., 2018). The excessively low price of industrial land encourages the phenomenon of extensive land use by enterprises, and resulting in low ILUE. In order to change the utilization of industrial land, Chinese government issued the Notice of the State Council on Issues related to Strengthening Land Regulation and Control, which requires that China’s industrial land must be sold by bidding, auction and listing (BAL) from 2007 (Friedrich and Nam, 2013; Tu et al., 2014; Liu et al., 2015; Ge et al., 2018). It also stipulates the minimum land transfer price standard, hoping that under the market mechanism, industrial land value will become apparently to improve the ILUE. This policy was put into effect nationwide at the end of 2006, and China’s MRIL officially kicked off. So, can the MRIL formulated by the Chinese government really improve China’s ILUE (Zhao et al., 2016a; Zhao et al., 2016b).
The existing literature on ILUE is diversified, mainly including ILUE evaluation methods, ILUE regional differences, and factors affecting ILUE (Choy et al., 2013; Xie and Wang, 2015; Arabsheibani et al., 2016; Vandermeer and Halleux, 2017; Ge et al., 2018; Jin et al., 2018; Dong et al., 2020). Early market-related reforms related to land focused on whether the market price mechanism can maximize the rational allocation of land resources (Lopez et al., 1994; Hanink and Cromley, 1998; Messner, 2008), it was not until the research of Haque and Asami (2014) provided empirical evidence for the allocation of land elements that the market price mechanism has gradually become main means of allocating land resources in most countries in the world (Dowall, 1993). Most of the current research on market-oriented reform is its impact on local fiscal revenue and economic development. Researches that combine market-oriented reforms with ILUE are mainly carried out from the following aspects: First, from the perspective of industrial resource allocation, the market-oriented reform is connected with the production efficiency of industrial enterprises. The market-oriented reform changes the resource allocation of land production factors by adjusting industrial land price, that is to use the market and price mechanism to optimize the allocation of capital and labor factors to affect ILUE (Hsieh and Klenow, 2009; Li et al., 2016, Lin and Ben, 2009; Shao et al., 2013; Zhang et al., 2017). The second aspect is in terms of the scale of industrial production. Market-oriented reform affect the ILUE by increasing land prices, restricting the entry of low-efficiency enterprises, promoting the agglomeration of high-efficiency industries, and promoting the scale of production (Adams et al., 1993; Lin and Ben, 2009; Choy et al., 2013; Liu et al., 2015; Liu et al., 2018b; Ustaoglu et al., 2020). The third point from the perspective of upgrading industrial structure. Market-oriented reforms change the input and output of industrial enterprises through industrial structure optimization, and influence the ILUE through the use of industrial structure adjustment, transformation, and upgrades (Dowall, 1993; Huang et al., 2017; Tu et al., 2017; Yang and Li, 2018; Zhang et al., 2018; Zheng and Shi, 2018; Shu and Xiong, 2019). In addition, government policies related to land marketization reforms, such as land financing, land property rights and new urbanization construction, as well as the government’s annual industrial land supply policies all have an impact on the ILUE. (Meng et al., 2008; Choy et al., 2013; Gao et al., 2014; Lei and Gong, 2014; Tu et al., 2014; Guo et al., 2016; Albouy and Ehrlich, 2018; Zhang et al., 2019; Ustaoglu et al., 2020). On this basis, some scholars have studied the regional heterogeneity of the impact of marketization reform on ILUE, this type of research studies the impact of the “land finance” formed by different transfer methods of local governments on the allocation of land resources during market reform, and the difference in ILUE caused by the impact of low land price competition on urban economic growth (Tao et al., 2007; Buera et al., 2011; Xiong and Guo, 2013; Guo and Xiong, 2014; Zou et al., 2014; Zhang and Wu, 2017; Chen et al., 2019; Wang et al., 2019). For example, Zhao et al. (2016) used provincial panels to calculate the impact of market-oriented reform on ILUE without undesired output. The results show that there are regional differences. In summary, the current research on the relationship between the market-oriented reform and the ILUE is very scarce, some have only collected provincial-level research data, and no scholar has used industrial land data covering the national prefecture-level cities to study the impact of MRIL on ILUE, this makes prefecture-level city governments lack a practical theoretical basis in formulating feasible policies. What’s more, most of the existing researches on ILUE measurement did not include undesired output, the efficiency measurement results are higher than the actual, and the results are not objective. In order to fill the above gaps and check whether the MRIL formulated by the Chinese government really improve China’s ILUE, this paper tests the MIL based on the industrial land transfer data of 270 prefecture-level cities in China from 2007 to 2019, and uses the SBM model with undesired output to measure the ILUE. In this way, we can comprehensively and systematically study the impact of China’s MRIL process on ILUE, and obtain effective result. We attempt to examine the specific impact of MRIL on ILUE and provide a reference for other countries in the world that are developing in a transitional period to save land resources and achieve sustainable development.
The structure of this paper is as follows: The second part briefly introduces the background of this paper, the characteristics of China’s land marketization, and discusses the impact of MRIL on ILUE. The third part conducts an empirical analysis on the measurement method of MRIL, the measurement model of ILUE, and the measurement model of the impact of MRIL on ILUE. In the fourth part, based on the above-mentioned measurement models, we choose mainland China and its eastern area, central area, and western area as samples and analyze the specific impacts of the MRIL on ILUE. The last part provides the conclusion of the study, and puts forward policy suggestions for the improvement of MRIL and ILUE in the future in China.
2 BACKGROUND AND HYPOTHESES
2.1 Background
2.1.1 Characteristics and Process of Land Marketization in China
At present, China’s land market is divided into the primary land markets and secondary markets (Qian and Mou, 2012; Kok et al., 2014; Chen et al., 2015). Among them, the transfer of state-owned land use rights is considered the first allocation of urban land. It is a land use right transaction between the government and land users. It is called the primary market for land use rights. In the primary land market, the Chinese government transfers state-owned land use rights through administrative allocations, agreements, leases, BAL, or other methods. The market for land transaction activities such as leasing of land use rights among land users is considered to be the re-allocation of land after the primary land market, and is called the secondary land market (Qian and Mou, 2012). The biggest feature of the primary land market is the government’s complete control land supply. In contrast, the secondary land market is closer to a complete market in economics (Tan et al., 2008). The industrial land market covered in this paper is limited to the primary land market mentioned above. Moreover, this study defines the MRIL as the optimization of industrial land transfer methods in the primary land market (Qian and Mou, 2012). That is, the increase in the proportion of “BAL” transfer methods (Zhao et al., 2016; Zhang et al., 2017).
China’s land market appeared relatively late, and its development has not been long enough (Liu et al., 2016). After the reform and opening up in the 1980s, the planned economy was gradually transformed into a market one (Tan et al., 2008; Qian and Mou, 2012). The introduction of market mechanisms was used to optimize the allocation of land resources, and land marketization gradually developed. In 1987, Shenzhen’s first transfer of state-owned land use rights by way of bidding and auction marked the formal entry of the Chinese land market into a market-oriented stage.
The MRIL in China has been slow. Before 2004, China’s industrial land was basically supplied in the form of allocation or agreement transfer. On 21 October 2004, Chinese government issued the Decision of the State Council on Deepening the Reform and Strict Land Management, which stated the need for gradual implementation of BAL for sale. This is the first time that Chinese government has proposed to implement the BAL policy. On 31 May 2006, Chinese government issued the Specifications for the Use of State-owned Land by BAL (Liu et al., 2015), which required that industrial land with competitive requirements should be sold by BAL and this is a tentative attempt at the BAL policy (Liu et al., 2015). On 31 August 2006, Chinese government issued the Notice on Strengthening Land Regulation and Relevant Issues, which claimed that industrial land with competition requirements should be sold by BAL. The BAL policy was officially promoted. On 23 December 2006, Chinese government issued the National Minimum Standards for the Transfer of Industrial Land, which determined the minimum control standards for the transfer prices of industrial land use rights in cities and counties (Ge et al., 2018; Zhang et al., 2017). The BAL policy is completely perfect, and MRIL is fully implemented in China In 2009, Chinese government issued the Notice of the Ministry of Supervision on Further Implementing Industrial Land Assignment System (Guo et al., 2016), which requires that the industrial land assignment system be further improved to improve utilization efficiency from a market perspective (Tu et al., 2017).
2.2 Theoretical Framework and Hypothesis
The main body of resource allocation is related to the efficiency and fairness of resource allocation (Zhao et al., 2016). As a provider of industrial land, local governments’ actions will affect the status of land circulation and resource allocation (Tu et al., 2017). The driving force for the allocation of market resources comes from the self-interested behavior of enterprises in pursuit of profit maximization. From the perspective of industrial land demand, it comes from land users. According to China’s national conditions, we analyze how market-oriented reforms affect the efficiency of China’s industrial land use from the two levels of local government and land users.
As shown in Figure 1 below, during the planned economy period, urban land was also included in the orbit of the planned economy. The administrative allocation system for free use has resulted in low land prices. In China, the main driving force of regional economic growth is investment by local governments. The reform of the tax-sharing system redefines the allocation of financial resources between the central and local governments, and the growth of gross domestic product (GDP) has become the main basis for local government performance evaluation, which has promoted competition among local governments. Under tremendous financial pressure, local governments have adopted various methods to expand public expenditures to promote economic growth. The most direct way is to provide cheap land, labor and various preferential policies, reduce the prices of production factors, attract enterprises to enter, and help capital inflow. Land circulation system before the land market reform provided tools and conditions for this. According to China’s current legal system, local government is the only supplier in the land transfer process. In order to promote regional economic development, local governments use low-cost or even free transfer of industrial land to attract investment and set up industrial parks or development zones in remote areas of the city. A large amount of industrial land has been extensively used. The allocation of industrial land resources is seriously unreasonable, and development model of relying on land element input has resulted in low ILUE. On the other hand, in order to obtain maximum land use benefits, industrial land users use a large amount of cheap industrial land to replace advanced production factors such as capital and technology that require high production costs. The low purchase cost leads to a large amount of low-cost industrial land being put into industrial production, while the backward production technology makes the land yield so low. This extensive production mode of high input and low output makes the ILUE low. With the advancement of market-oriented reforms, price mechanisms have been introduced into land transactions. The market-oriented reforms of industrial land stipulate the minimum standard for the transfer price of industrial land use rights. This measure has improved the transparency of local government land transfers and reduced the transfer of low-cost land such as allocation. The local government’s reliance on selling land at low prices to attract foreign investment was restricted, and the land finance phenomenon was reduced.
[image: Figure 1]FIGURE 1 | Theoretical framework of impact of marketization process on the ILUE.
From the perspective of local government, In the process of land marketization, the advanced production technology brought by foreign investment has promoted industrial production technology and management innovation, improved production conditions, and promoted the development of productivity. Advanced production model brought by foreign investment has gradually changed the extensive production model that local governments used to rely on a large amount of land element inputs. The reform of land marketization has changed the development model of “land development” that local governments used to rely on land finance to stimulate the economy, and improved the use of industrial land. On one hand, market-oriented reforms have vigorously promoted the development of local economy. With the development of economy, advanced production technology has driven the free flow of production factors and the adjustment of industrial structure, which is conducive to broadening the scope of spatial flow of factors such as capital and labor, intensifying the diffusion of advanced knowledge and information, and strengthening technology spillovers between industries and improve the ILUE. On another hand, changes in the amount of land brought by advanced technology, and the continuous upgrading of land use structures such as functional conversion and spatial reconstruction will further improve the ILUE. From the perspective of industrial enterprises, the impact of land marketization reform on ILUE is reflected in the effect of factor reallocation among enterprises and the effect of factor substitution within enterprises (Zhao et al., 2016). On one hand, the scarcity of land resources will be further highlighted in the process of land marketization reform, and the limited land resources can only be sold to enterprises with more efficient production at high prices, some traditional enterprises with extensive land use and low added value have been squeezed out of the local market. The surrounding areas interact with the local market by undertaking locally transferred industries. This process allows the land with better location advantages to be allocated to enterprises with higher marginal output, factors of production gradually flow from marginally low-efficiency sectors to marginally high-productivity sectors, and industries with weak competitive are gradually replaced, the surrounding areas will be affected by the spillover of local knowledge and technology, which will accelerate the adjustment of industrial structure. The trend of rationalization of industrial structure is becoming more and more obvious, which is helpful for the intensive use of industrial land and improving the ILUE. On the other hand, the production factors of industrial enterprises include land, capital, labor and technology. Changes in each factor of production will cause changes in other factors. With the increase of land prices, in order to save production costs, industrial enterprises replace the original land input by increasing the input of non-land elements. Enterprises adjust the ratio of factor input, increase capital, manpower, technology and other factors to replace industrial land investment, reduce dependence on industrial land, and produce factor substitution effects. Production factors such as land and labor are gradually replaced by advanced technology and capital, industrial enterprises have improved the ILUE while keeping output unchanged. In addition, a series of measures taken by industrial enterprises to reduce land production costs, including optimizing land use structure, increasing labor capital concentration and infrastructure investment, promoting industrial scale upgrading and structural transformation. These measures will also promote the intensive use of industrial land and raise ILUE. The above changes in production methods optimize resource allocation, increase industrial land output while reducing industrial land input and improve ILUE. Based on the above analysis, this article proposes hypothesis 1:
Hypothesis 1. In the process of China’s market-oriented reform, local governments and land users changed the ILUE by changing development method and land use method.China has a vast territory, and there are obvious differences between developed and underdeveloped regions in terms of resource endowment, social and economic conditions, industrial structure, and factors of industrial production. The land marketization reform is constrained by various factors such as economic factors, social factors, natural environment factors, political, legal environment factors, cultural environment factors, social psychological environment factors and other factors in different regions, resulting in a regional “Matthew effect”.As shown in Figure 2 below, in the process of promoting land marketization reform, developed regions with higher economic development level can provide better public facilities, more efficient financial and information services, and form better location advantages. In particular, the good railway network in developed areas and the improvement of urban rail transit bring value-added utility to the surrounding land, which can further strengthen the element substitution mechanism brought by the land marketization reform, and strengthen the impact of the land marketization reform on ILUE. At the same time, foreign investment brought by the promotion of land marketization will give priority to supply, allocation and inclination to developed regions with large market demand potential, strong industrial foundation and significant scale benefits. The advanced technology and management innovation brought by foreign capital have promoted the efficient production of enterprises, and the desirable output of industrial enterprises has increased. Undesirable outputs (industrial waste water emissions, industrial sulfur dioxide emissions, and industrial smoke and dust emissions) in industrial production processes are correspondingly reduced. In the process of industrial production, desirable output increases and undesirable output decreases, the resources are optimally allocated, and the ILUE can be significantly improved.In contrast, the situation is reversed in underdeveloped regions. Foreign capital brought by land marketization is less invested in backward areas with poor infrastructure, lower returns and higher risks. Due to the lack of advanced foreign investment and low production technology, industrial production is mostly labor-intensive polluting enterprises. Small enterprises with serious pollution produce more undesirable output and less desirable output in the industrial production process, and there is little room for ILUE to improve. At the same time, the socio-economic conditions, industrial structure, and factors of industrial production in undeveloped area areas are at a disadvantage. Due to the poor external environment, a series of chain effects brought about by the land marketization reform have not been brought into play, and the effect of resource reallocation and factor substitution mechanism has been weakened, making it difficult to convert into advanced productivity. The effect of land marketization reform on ILUE is not as good as in developed areas. Based on the above analysis, this paper proposes a second research hypothesis:
[image: Figure 2]FIGURE 2 | Theoretical framework of MRIL affecting the ILUE in different regions to different degrees.
Hypothesis 2. The ILUE in different regions is affected to varying degrees by the MRIL.
3 DATA AND METHODOLOGY
3.1 Research Area and Data
3.1.1 Research Area
Through data matching, after removing missing and singular values, 270 prefecture-level cities covering 30 province-level administrative regions in China were finally selected as the study area. At the same time, in order to study regional differences, eastern, central, and western areas were selected.
3.1.2 Data
The Ministry of Land and Resources of China stipulates that from 1 August 2006, the land administration department of the Chinese city and county government must publish the prior transfer plan for each state-owned land use right, and announcing the results of the transfer of land on the China Land Market Website (http://www.landChina.com/). The calculated data of the industrial land marketization rate in this paper is the data of industrial land transactions in the “Results Disclosure” column of the land transfer of China Land Market Network (Zhao et al., 2016; Zhou L. et al., 2019). The results include fields such as the local government, geographical location, land supply method and corresponding land supply area, transaction value, transfer time and estimated completion time for each land. The data covers industrial land transfers in 288 prefecture-level cities in China. After excluding duplicate and obviously wrong entries, the data totaled 627,000. The industrial land efficiency measurement data and regression equation panel data used in the research are from China Land Market Network and China Urban Statistical Yearbook (Ge et al., 2018; Zhao et al., 2018).
3.2 Methodology
3.2.1 Market-Oriented Reform of Industrial Land Supply Measurement Method
China’s current industrial land transfer includes bidding, auction, listing, allocation, agreement and other methods. According to the market-oriented reform of industrial land, the three methods of bidding, auction and listing (BAL) are based on the market-oriented reform of industrial land and conducted according to the market mechanism. However, several methods such as allocation and agreement are not carried out according to the market mechanism. According to this feature, scholars have constructed a method for measuring MRIL. Those study defines the MRIL as the optimization of land transfer methods in the primary land market (Qian and Mou, 2012). That is, the increase in the proportion of “BAL” transfer methods (Zhao et al., 2016; Zhang et al., 2017)This paper refers to previous research and uses the MIL to indicate the degree of MRIL. Based on the analysis of China’s land market structure, the static market structure is used to determine the level of marketization of urban land (Zhao et al., 2012; Zhang et al., 2017). The area proportion measurement method is adopted. The “market area for BAL divided by total area for sale” is used as the measurement standard for the degree of MIL. Refer to the calculation formula of Zhang et al. (2017):
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In the formula, MIL is the marketization rate of industrial land; a is the area; [image: image] is the bid transfer; GTAU is the auction transfer; GTL is the listed transfer; AL is the transfer; GTAG is the transfer of the agreement; LE is the lease; OLSW is another way of supplying land, That is, the numerator is the sum of the transferred area of industrial land for BAL, and the denominator is the total area of industrial land transferred (Wu and Qu, 2007; Zhang et al., 2017).
3.2.2 Calculation Method of Industrial Land use Efficiency: Slacks-Based Measure Model Based on Data Envelopment Analysis
The traditional Data Envelopment Analysis (DEA)method directly evaluates the efficiency of the decision-making unit because it does not take into account the slack variables of the input elements of the decision-making unit (Zhao et al., 2014). The measurement results are likely to be biased. To solve this problem, Tone (2001) designed non-radial and non-angle SBM models (Slack-Based Measure, SBM) based on slack variable measures. Putting variables into the objective function solves the above problems well. As a non-parametric method, SBM does not need to set the optimal behavior target of the producer, it does not need to make assumptions on the overall parameters and special assumptions on the form of the production function. The result is better stability. Base on the above analysis, this paper selects the SBM model containing undesired output built on the basis of tone by Zhao et al. (2014), the formula is as follows:
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In the formula, ρ is the efficiency value to be calculated, and N, M, I is the number of inputs, desired outputs, and undesired outputs. [image: image] represents the input-output relaxation vector, [image: image] Is the input-output value of the [image: image] production unit in the [image: image] period. [image: image] represents the weight of the decision unit. Objective function [image: image] strictly decreases with respect to [image: image], [image: image], [image: image].
3.2.3 Panel Data Measurement Model for the Impact of MRIL on the Industrial Land use Efficiency
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In the formula, [image: image] represents the ILUE in period t in region s, and [image: image] represents the MIL in period t in region s. In addition, other control variables [image: image] that affect the ILUE in this paper introduced, and [image: image] represents a random error term. α and β are the parameters to be estimated (Zhao et al., 2016).
3.3 Variable Selection
3.3.1 Input-Output Indicators for the Industrial Land use Efficiency Evaluation
Based on previous studies (Zhang et al., 2009; Yang et al., 2014; Zhang et al., 2017; Ge et al., 2018; Huang et al., 2020), this paper selects the input-output indicators for the ILUE measurement as follows:
Input: the area of industrial land (IL), the number of employees in the secondary industry (ESI), and investment in industrial fixed assets (IFA).
Output: The output includes desired output value and undesired output value. The desired output value is the total industrial output value of the city (IOV), and the undesired output value is three waste emissions from the industrial land use in the city, which are industrial wastewater discharge (IWD), industrial sulfur dioxide discharge (ISD), and industrial smoke and dust emissions (ISDE).
3.3.2 Measurement Index of Marketization Rate of Industrial Land
Referring to the study of Zhang et al. (2017), we use the data of each industrial land transfer in the city as the measurement index of MIL. The data including bidding, auction and listing, agreement and other transfer methods The transfer time is selected from 1 January 2007 to 31 December 2019.
3.3.3 Control Variables
This paper selects five control variables: per capita GDP(PCG), secondary industry structure ratio (SIS), foreign direct investment (FDI), the population density (TPD) and number of industrial enterprises (NIE) (Feinberg and Majumdar, 2001; Cheung and Ping, 2004; Zhao et al., 2016; Ge et al., 2018; Huang et al., 2020). PCG represents the level of economic development in a region (Wang et al., 2007). Regions with relatively higher levels of economic development will pay more attention to the quality of industrial economic development, and high-quality industrial economic development usually requires higher land use efficiency. The change in the ratio of the secondary industry to GDP(SIS)represents the government’s adjustment of the industrial structure. We use it to represent the role of local governments in ILUE changes, and the number of industrial enterprises represents the behavior of industrial enterprises (Wang et al., 2007). After FDI enters the Chinese industrial market, it may stimulate the vitality of the local market, and then promote the transformation of the industrial industry’s development mode and improve the ILUE. Changes in population density will also have an impact on ILUE. PCG variable have been processed with logarithm. All variables are described in Table 1 below.
TABLE 1 | Statistical description of the selected variables.
[image: Table 1]3.3.4 Variable description
4 RESULTS
4.1 Marketization Rate of Industrial Land Change
Based on data calculations, MIL in the 270 prefecture-level cities in this study is shown in the following figure. As shown in the Figure 3 the total area of new industrial land transfer in China from 2007 to 2019 was a N-shape, The same is true for the changes of the area of industrial land sold through “bid, auction and listing”. From 2007 to 2011, the total area of new industrial land increased year by year, after 2012, the total area of new industrial land transfer began to decrease year by year. The MIL was 0.397 in 2007 and 0.959 in 2019, and the overall trend increase and decrease with the years. From 2012 to 2019, there is a U-shaped change.
[image: Figure 3]FIGURE 3 | China’s industrial land transfer and MIL change. Unit (hectare).
At the regional level, as shown in the Figure 4 below, the MIL in the eastern, central, and western areas were 0.30, 0.38, 0.50 in 2007, 0.99, 0.94, and 0.94 in 2019, respectively. The level of MIL was stable after 2017. It does not change much with the year.
[image: Figure 4]FIGURE 4 | Changes in the MIL in the three major areas of China.
4.2 Industrial Land use Efficiency Change
According to the SBM model calculation, as shown in Figure 5 below, the overall level of the ILUE in China’s 270 prefecture-level cities from 2007 to 2019 was relatively low. The ILUE in 2007 was 0.49 and 2019 was 0.39, which is increase and decrease with the years. Among them, the highest ILUE use was 2013, which was only 0.64, and there is still a certain gap with the level of developed countries. In addition, there is a large gap in ILUE in different regions. The ILUE in developed areas is significantly higher than in undeveloped areas. The ILUE in developed cities such as Beijing is estimated to be 1, while the efficiency in remote and backward urban areas is as low as 0.043.
[image: Figure 5]FIGURE 5 | The average change of urban ILUE in China.
At the regional level, China’s ILUE is significantly different, this is consistent with the findings of Zhao et al. (2016). In 2007, the ILUE in the eastern, central and western areas was 0.55, 0.46, and 0.44, respectively. The eastern area was higher than the national average, and the central and western areas were low. To the national average. In 2019, the ILUE in the eastern, central and western areas was 0.46, 0.40, and 0.31, respectively. From 2007 to 2019, the highest and lowest values of ILUE were 0.69 in 2013 in the western area and 0.44 in 2007 in the western area, it shows that at the regional level, the ILUE in the western area has the largest change. The maximum ILUE in three areas all appeared in 2013. It can be seen that the ILUE at the regional level has increased and decreased with time, and the overall improvement in the ILUE has been small.
4.3 Regression Results for the Impacts of MRIL on the Industrial Land use Efficiency
According to the panel model test results, there is no multicollinearity among independent variables. The Hausman test results rejected the random effects model, this paper chooses a fixed effect model for model estimation. That is, models 1, 3, 5, and 7 are the test results of this paper (Zhao et al., 2016; Zhang et al., 2019).
As shown in Table 2 above, at the national level, the MIL in China has a significant impact on ILUE. The result is positively correlated, indicating that the degree of MIL has a positive effect on improving the ILUE, that means MRIL by Chinese government can improve ILUE. This is consistent with our hypothesis 1. However, it can be seen from the regression coefficients that the MIL has little effect on ILUE, which indicates that China’s industrial land market system is still not perfect, and changes in the resource allocation mechanism brought by the MRIL have not been reasonably translated into driving force to improve resource utilization efficiency (Zhao et al., 2016). Among the five control variables, SIS, TPD and NIE are significant, indicating that they play a role in the ILUE. The estimated value of the coefficient of three control variables are positive, indicating that they all promote the ILUE. The regression of the SIS to the ILUE is positively correlated, indicating that the larger the SIS, the higher the ILUE. TPD has a positive impact on ILUE, we analyze this because the larger the TPD, the higher the demand for land, which will promote the intensive use of land and increase ILUE. NIE is also a positive effect, because the more NIE, the more intense the competition among industrial enterprises, this will promote the intensive use of land and increase ILUE. These are in line with China’s current development and prove the reliability of the research results.
TABLE 2 | Impacts of MRIL on the ILUE.
[image: Table 2]At the regional level, the impact of land market-oriented reforms on ILUE varies significantly, which is consistent with our research hypothesis 2. The MIL in the central and western areas has a significant effect on improving the ILUE and has a positive correlationIn the eastern area the result did not pass the significance test and were not statistically significant. We consider that this is due to the unreasonable intervention of the local government in the transfer market. Although the market-oriented reform of industrial land is easy to carry out market-oriented operations from the legal framework, the information asymmetry between the upper and lower governments and lack a relative reward and punishment mechanism. Local governments still have a strong desire to intervene in the transfer of industrial land due to short-term political achievements and competitive investment incentives. Such improper intervention in the land market distorts the market operation mechanism and reduces the efficiency of resource allocation, the effect of re-allocation of factors among departments and the substitution of factors within enterprises will decrease. This will result in a loss of efficiency in the ability of the market mechanism to allocate industrial land resources. The regression coefficient in the central area is greater than that in the western area, it indicating that MIL has a greater impact on ILUE in central area than economically backward western regions, this is for the reason that since the reform and opening up, China’s various policies have basically adopted a model of gradual expansion from the coast to the inland, and the same is true of the promotion of land marketization reform. The economically developed regions took the lead in implementing the opening-up and market economy system. At the same time, as analyzed above, Matthew effect formed by the land marketization reform makes the land marketization reform in the developed central regions have a greater impact on ILUE than in the undeveloped western regions. the geographical advantages of developed regions have strengthened the chain effect brought about by the land marketization reform. It is also related to the differences in the reform demands of different regions for land marketization. On the one hand, the central region is relatively more developed than the western region, and the resource endowment of the developed regions is relatively scarcer. The more economically developed regions, the greater the competitive pressure they face. Under the pressure of competition, in order to obtain excess profits, central region relies on marketization process to accelerate the promotion of scientific and technological research, and promote industrial transformation and upgrading. The central region is more motivated to improve resource allocation through land market reform than the western region and the reform will be promoted faster. Those will lead to a higher degree of impact of the market-oriented reform on ILUE.
Among the controlled variables, the results of TPD’s impact on the three regions are consistent with the national situation. There are obvious regional differences in the other four control variables. PCG has a negative impact on the central region and will reduce ILUE. The results in the eastern and western regions did not pass the significance test and were not statistically significant. The results of SIS’s impact on the central and western regions are consistent with those of the national situation, while NIE’s impact on the three regions has not passed the significant test. What’s more interesting is FDI. Results are different for each region. The eastern region and the western region are just the opposite, FDI in the eastern region has a positive effect on ILUE, while in the western region has a negative effect. The results for the central region, like the national region, fail the significance test.
5 DISCUSSION
China has experienced a long period of planned economy since the founding of the People’s Republic of China. It was not until the advancement of market-oriented reforms after the reform and opening up that the market economy was gradually established. During the planned economy period, China’s industrial economic development was mainly driven by a large number of factor inputs, which consumed a lot of resources. Compared with the planned economy, advanced productivity and technology in the market economy have promoted social development. The intensive mode of low input and high output not only saves production costs, reduces resource consumption, but also reduces pollution emissions and protects the ecological environment. In this study, we tried to construct a theoretical framework to analyze the impact of China’s market reforms on the efficiency of industrial land use. We analyzed how local governments and industrial enterprises affect ILUE in the process of marketization, on this basis, we also analyzed the regional differences caused by land market reforms in different regions of China based on the regional characteristics. Our research results can provide some reference for other developing countries that are in a transitional period of economic development like China to save resources and achieve sustainable development. In addition to theoretical innovation, we have also improved in methods. Most of the previous calculations of ILUE did not include undesired output. Our research took this factor into account when measuring the ILUE. The results include industrial undesired output are more objective. However, this paper also has a limitation when measuring the efficiency of industrial land use. Some other industrial undesirable output such as chemical oxygen demand and ammonia nitrogen are not considered, this is mainly due to a lack of data. This can be the direction for future improvement of this research.
6 CONCLUSIONS AND POLICY IMPLICATIONS
6.1 Conclusions
This paper selects 270 prefecture-level cities in China from 2007 to 2019 as the research object, and measures the MIL in each prefecture-level city through MRIL transfer “BAL” policy. We use the SBM model measures the ILUE of each city that contains undesired output, and uses panel data models to conduct an empirical analysis to study whether the MRIL will affect the ILUE. Through calculation, the following conclusions are reached.
The MRIL launched by the Chinese government can optimize the allocation of industrial land resources and improve the ILUE. The MIL was 0.397 in 2007 and 0.959 in 2019, showing an overall upward trend. The level of MIL has been significantly improved and the MRIL has been advanced well.
We can see that the effect of MRIL on ILUE varies regionally, namely higher economic development and higher the effect, and the vice versa. According to the SBM model calculation, the overall level of ILUE in China was relatively low and the regional differences are obvious, the ILUE was 0.49 in 2007 and 0.39 in 2019, which has a lot of room for improvement. There is still a certain gap with the level of developed countries. At present, China’s MRIL has played a positive role in promoting ILUE, but the overall effect is relatively weak, it indicates that China’s industrial land market system is still not perfect, and the changes in the resource allocation mechanism brought by the MRIL have not been reasonably translated into the driving force to improve resource utilization efficiency (Zhao et al., 2016). We suggest both the central and local governments should target policy reform regarding the land market development and regional economic development.
6.2 Policy Implications
The contradiction between people and land has always been an important limiting factor restricting Chinas economic development (Tan et al., 2008), low land use efficiency is a major problem in China. From 2006 to 2012, the efficiency of building land in most Chinese cities was declining (Chen et al., 2016).
In the context of rapid industrialization, it is of great significance to rationally allocate industrial land resources with a market-oriented mechanism and increase ILUE on limited industrial land resources to achieve the goal of sustainable land resource utilization. Based on the analysis conclusions of the study, this paper proposes the following measures to promote China’s MRIL and improve ILUE.
First, Improve the industrial land market system and its operating mechanism to improve the impact of MRIL on ILUE. Because China’s land market appeared relatively late and the time for MRIL was relatively short, it took some time to transition from a planned economy to a market economy. According to the research results in this paper, although MIL has a positive correlation with ILUE, the impact is relatively weak. Therefore, the marketization reform of industrial land still needs to be further improved. The government must strictly implement the “BAL” system to reduce the proportion of allocations and transfer agreements. Optimizing the allocation of industrial land resources in an environment of full market competition, reduce idle and waste of industrial land resources, and promote the market-oriented operation of industrial land. In addition, improve the minimum price transfer system for industrial land, determine the price of industrial land through market demand, and promote the efficient use of industrial land.
Second, formulate a differentiated industrial land market mechanism to improve the impact of MRIL on ILUE. This paper finds that the level of MIL in the eastern China is generally higher than the central and western areas. To improve the comprehensive level of land marketization in China, we must increase reform efforts in areas with low land marketization (Qian and Mou, 2012). Based on this, in the process of market-oriented reform of industrial land, Chinese government should formulate a differentiated industrial land market mechanism to allocate industrial land indicators, promote industrial land concentration and optimize industrial structure upgrades. At the same time, increase the implementation of market-oriented reforms in the undeveloped area, and improve supporting measures related to market-oriented reforms.
Third, improve the supervision mechanism of MRIL and improve the ILUE. It is necessary to strengthen the supervision of the local government’s industrial land transfer process, improve the “BAL” operating mechanism, and regulate the government’s supplier behavior (Zhang et al., 2017). For land use supervision, a dynamic monitoring mechanism should be established to achieve full supervision of industrial land use.
Last but not least, guide enterprise technology innovation and promote industrial energy conservation and environmental protection (Needham et al., 2013). It can be seen from the research that China’s reform of land cannot significantly improve China’s ILUE. At the same time, Chinese enterprises are accompanied by undesired output from environmental pollution in the production process. Therefore, the Chinese government must continuously improve the industrial production technology and optimize the allocation of production factors to form a sustainable development model.
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Soil erosion is a land degradation process that may threaten the sustainability of ecosystem as well as cause severe social and economic problems. The studies on the effect of ecological restoration policies on soil erosion have been well documented, while the spatial relationships and spillover effects of the policies on soil erosion have been rarely scrutinized, though it is of great policy implications in soil erosion control. Based on the analysis of the spatio-temporal evolution of soil erosion in 107 counties of Shaanxi Province with Revised Universal Soil Loss Equation, this study employs a panel spatial Durbin model (SDM) with multi-source data for 107 counties from 2000 to 2015 to investigate the spatial effects of the Sloping Land Conversion Program (SLCP) on soil erosion control with investment data of SLCP. The results show that during 2000–2015, the average amount of soil erosion exhibited a significant downtrend contributed by the continuous investment of SLCP. The spatial economic results demonstrate that the own effect, as well as the spillover effect of investment on soil erosion control, is significant and positive. A 0.1 billion CNY increase in investment in a county will result in a reduction of the total soil erosion by 288.69 thousand t/a, of which 63% is contributed to the own direct effect on local soil erosion control and the 37% of it is contributed to the spillover effect on the neighbors. Moreover, rainfall has a significant and positive moderating effect on the mitigation effect of SLCP on soil erosion at county scale; the marginal contribution of investment of SLCP on soil erosion control in the county with less rainfall is greater than that with more rainfall. These findings contribute to further our understanding of the long-term effects of ecological restoration policies and transboundary ecological governance.
Keywords: soil erosion, Sloping Land Conversion Program, spillover effect, spatial panel model, RUSLE
INTRODUCTION
Soil erosion is a widespread form of land degradation that severely threatens the ecosystem services, especially the terrestrial ecosystems globally (Pimentel, 2006; Amundson et al., 2015). The total amount of soil erosion caused by land use changes in the world increased by 2.5% from 2001 to 2012 (Borrelli et al., 2017). Similarly, soil erosion has been one of the most urgent environmental problems in China, with an estimated 2–4 billion tons of silt released into the Yangtze River and the Yellow River annually, of which 65% came from the sloping cropland (Bennett, 2008). This phenomenon was particularly obvious in the Loess Plateau, which was once regarded as the most heavily eroded area in the world (Wen and Deng, 2020). Therefore, there are many different forms of strategies including soil management (Cerdà et al., 2017), nature-based solutions (Keesstra et al., 2018), and landscape restoration programs (Kong et al., 2018) conducted to mitigate regional soil erosion around the world. Among them, the Sloping Land Conversion Program (SLCP) is a typical ecological restoration program initiated by the Chinese central government in 1999 with the stated environmental goals of reducing water and soil erosion (Bennett, 2008), also known as the Grain for Green Project in the form of payments for ecosystem services (PES). SLCP had encompassed more than 2000 counties in 25 provinces, benefiting over 41 million rural households and invested $55 billion to increase the forest cover, converting sloping cropland and degraded rangeland back to forest and grassland in the past 20 years (NFGA (National Forestry and Grassland Administration, 2018). Hence, it is significant to evaluate the effect of SLCP on soil erosion with such a huge investment for formulating scientific and reasonable soil erosion management policies and the sustainable development of regional ecosystems.
Revised Universal Soil Loss Equation (RUSLE) is by far one of the most widely applied soil erosion prediction models at a large regional scale around the world due to its simple form and parsimonious parameterization (Renard et al., 1997; Farhan and Nawaiseh, 2015). Besides, a variety of long-term satellite-derived remote sensing data and the development of the integrated geographic information system (GIS) have made it possible to assess the spatio-temporal characteristics of soil erosion with RUSLE at a regional scale more effectively and accurately (Vrieling, 2006; Poesen, 2018; Alewell et al., 2019). Some of the studies evaluated the dynamic spatio-temporal changes of soil erosion and indicated that the policies improved the ecosystem services by increasing vegetation cover and land use conversion (Xu et al., 2018). Although there are several environmental factors including topography, mean annual rainfall, land use and cover, and the soil conservation methods that have significant effects on soil erosion (Nearing, 1997; Zhao et al., 2022), land use still dominates the variation of soil loss and runoff, especially at the large regional scale (Zhao et al., 2022). Wen and Deng indicated that the change in land use and land cover induced by SLCP is the most critical factor that affects the soil erosion in the Loess Plateau after a literature review (Wen and Deng, 2020). The study in southern China’s red soil hilly region indicated that the soil loss was largest for cropland, while grassland and natural shrub have less soil loss and lower sediment values (Chen et al., 2021). Satellite-derived observations used in the studies mentioned above can capture the objective changes of soil erosion at the regional scale, but it is difficult to demonstrate that these changes are only caused by SLCP due to the contributions from the other ecological projects such as National Forest Conservation Program and Soil and Water Conservation Program (Li et al., 2020). While this problem could be solved partly in technic with econometric methods in which the missing variables are represented by the random error term, the research exploring the effect of ecological restoration policies on soil erosion as well as the impact of socio-economic factors with econometric methods is well documented (Rao et al., 2016; Li et al., 2020; Zhou et al., 2021). For instance, the increasing grain yield could mitigate soil erosion by diminishing the substantial demand for farmland and the excessive deprivation of ecological lands (Zhou et al., 2021); however, the area of forest and grassland converted from cropland or the vegetation cover (Kong et al., 2018; Zhou et al., 2021) was used to characterize the SCLP in many studies, which would lead to biases in the evaluation of policy effectiveness. To compensate for this deficiency, the investment of SLCP is used in this study to examine the effect of SLCP on soil erosion from the perspective of cost-effectiveness of investment, which is important for the sustainability and efficiency of the policy (Börner et al., 2017).
Soil erosion has a strong geographical dimension in the formation process whether at the watershed scale or at the regional scale (Ganasri and Ramesh, 2016; Rao et al., 2016); so, it tends to fall into dilemmas when evaluating the impact of the ecological restoration policy on soil erosion with administrative divisions. One of the dilemmas is that the ecological effects of SLCP such as mitigating soil erosion may not only remain in the implementation area but also diffuse into the neighboring area (Lin et al., 2020). Hence, we propose a hypothesis: the marginal effects of SLCP on soil erosion control may be the combination of mitigation effects of the local region with specific characteristics and spatial spillover effects of neighboring regions. However, regional policy and practice often completely ignore external beneficiaries like the adjacent administrative districts, which leave afforestation and management burdens on the local area when the spatial effects exist (Wolch et al., 2014). The classical econometric models are used in the studies mentioned above (Rao et al., 2016; Kong et al., 2018; Li et al., 2020) to examine the influencing factors of soil erosion in China with the omission of the spatial spillover effects of the afforestation, which could result in biased estimations and even undermine the scientific foundations (Jiang et al., 2020). Hence, it is necessary to examine the spillover effects of SLCP on soil erosion and separate the own and spatial spillover effects of afforestation at the regional scale with spatial econometric models for the effective transboundary ecological governance, which improves the cost-effectiveness of ecological governance and the sustainability of green development. Besides, the effect of rainfall on soil erosion is significant for all land use types (Zhao et al., 2022), and the rainfall has a significant threshold effect on the fiscal efficiency of SLCP (Liu and Yao, 2021). However, detailed mechanisms of the interaction role of rainfall and SLCP in soil erosion control are still unclear at the county scale.
Shaanxi Province, in inland northwest China, a pilot and demonstration province for SLCP since 1999 due to serious soil erosion problems in the 20th century, is selected as the study area. Due to the rapid economic development and the large-scale implementation of SCLP, it provides an ideal sample to examine the effect of SLCP on soil erosion. In this study, we employed RUSLE to evaluate the spatio-temporal variations of soil erosion over Shaanxi Province from 2000 to 2015 and then we construct a panel data set that spans yearly data on soil erosion estimated by RUSLE and investment data on SLCP as well as a range of natural and socio-economic variables for 107 counties in Shaanxi Province from 2000 to 2015. Different from most related studies, data that characterize SLCP are the investment of SLCP instead of the area of forest converted from cropland or other satellite-derived observations of vegetation cover. This shift from satellite-derived observations to investment data benefits improves the validity and reliability of the estimation of the marginal contribution of SLCP to soil erosion control. To fill up the knowledge gap mentioned above, the study manages to make two major contributions to the literature with a spatial panel model framework proposed by us with both socio-economic and natural factors concerned. Based on the spatial panel models, we first derive the possibly unbiased estimates for the marginal contribution of SLCP to soil erosion control with the investment variable after accounting for the existence of spatially autocorrelated disturbances. Secondly, we construct first-time empirical evidence regarding the own and spillover effects of SLCP on soil erosion and the direct and indirect paths of how SLCP has a spillover effect on neighboring counties.
MATERIALS AND METHODS
Study Area
Shaanxi Province is located in the inland northwest of China (Figure 1), which spans 105° 29′–111° 15′ E and 31° 42′ –39°35′ N with a total area of 20.58 × 104 km2. There are obvious differences in climate and topography across this area, which divides this region into three sub-regions (Shaanbei, Guanzhong, Shannan). Shaanbei is the typical ecologically fragile area of the Loess Plateau. Guanzhong is a plain with a concentrated population and developed agriculture. Shannan is a mountain area with sufficient rainfall and dense vegetation.
[image: Figure 1]FIGURE 1 | Location of the study area.
SLCP started in Shaanxi Province as a pilot in 1999 to especially mitigate severe soil erosion in the 20th century, since 1999 the project has invested over 400 billion CNY for afforestation in this area, which improved the ecological environment—the statistical data from Shaanxi Forestry Bureau showed that the forest coverage increased from 30.92% in 1999 to 43.06% in 2015 and the sediment transport in the Loess Plateau decreased from 800 million tons in 2000 to nearly 400 million tons at present. Meanwhile, Shaanxi has experienced rapid urbanization and booming socio-economic development. During the period 2000–2015, Shaanxi’s GDP and proportion of the urban population had increased from 180.40 billion CNY to 1789.88 billion CNY and 27.80–53.92%, respectively. Therefore, it is an ideal region to explore the effect of SLCP on soil erosion under the interaction of socio-economic factors, policy, and natural factors.
As shown in Figure 2, we present the analysis procedure of the study for readers’ better understanding.
[image: Figure 2]FIGURE 2 | Flowchart of the analysis procedure of this study.
Revised Universal Soil Loss Equation
RUSLE is used to estimate the potential annual average soil erosion loss. In this study, all the input factors of RUSLE including rainfall, soil, topography, and land use and cover are transformed and calculated on ArcGIS10.5 software in GIS raster form (30 m resolution), with the annual soil erosion loss raster map produced by the tool of raster calculator on the GIS platform. The formula of RUSLE is as follows (Renard et al., 1997):
[image: image]
where A is the estimated average annual soil loss (t∙ha−1∙a−1), R is the rainfall erosivity factor (MJ∙mm∙ha−1 h−1∙a−1), K is the soil erodibility factor (t∙h∙MJ−1∙mm−1), LS is the terrain (slope length and steepness) factor (dimensionless), C is the cover and management factor (dimensionless), and p is the conservation practice factor (dimensionless).
The Rainfall Erosivity (R) Factor
The R reflects the power of soil separation and transportation caused by rainfall, which is the main driving force of soil erosion (Wischmeier and Smith, 1978). Based on the availability of data and the actual situation in the study area, this study calculates the R factor from Eq. 2, which is verified and applied by many similar studies in China (Yu and Rosewell, 1996; Zhang and Fu, 2003):
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where p is the average annual rainfall (mm), R is the average rainfall erosivity (MJ∙mm∙hm−2∙h−1∙a−1) in many years, and α1 (α1 = 0.0668) and β1 (β1 = 1.6266) are model parameters.
The Soil Erodibility (K) Factor
The soil erodibility (K) factor is an index that represents the sensitivity of soil texture to soil erosion, determined by the soil physical properties like soil texture, soil structure, organic content, and permeability (Wischmeier and Smith, 1978). The most common equation is as follows:
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where K (t∙h∙MJ−1∙mm−1) represents soil erodibility, N1 (0.002–0.100 mm) represents the percentage of silt (0.002–0.050 mm) plus very fine sand (0.050–0.100 mm), N2 (<0.002 mm) is the percentage of clay fraction, OM is the soil organic matter content (%), Sc and Pc are the codes of soil structure and permeability. Provided by the National Earth System Science Data Center of China, the K factor used in this study is calculated by the above equations, which are modified by the experimental observation data of the runoff plot.
The Slope Length and Steepness (LS) Factor
Numerous soil erosion studies on slopes or watershed scales show that terrain factors are the direct factors that induce soil erosion, and the LS factor reflects the impact of terrain factors on soil erosion, and its value is between 0 and 1. The calculation of LS in this study is based on the DEM data, using the modified soil erosion model terrain factor calculation tool proposed by Fu et al. (2015) to generate the LS factor map of the study area. The formulas are as follows:
[image: image]
[image: image]
[image: image]
where S is the slope gradient factor, θ is the slope of the grid cell (in degree), Li is the slope length factor of the grid cell i, λout and λin are the slope lengths of the outlet and entrance of the grid, and m is the slope length index determined by slope θ.
The Cover Management (C) factor
In RUSLE, the C factor reflects the impact of vegetation coverage and management measures on soil erosion, considered to be the most sensitive factor affecting soil erosion, ranging from 0 to 1. Based on the related research (Zhou et al., 2006; Yan et al., 2020), this study calculates the C factor with the Normalized Difference Vegetation Index (NDVI) as follows:
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where C is the cover management factor, f is the vegetation coverage determined by NDVI, and NDVIs and NDVIv are the NDVI values for pure bare soil grid cell and pure vegetation grid cell, respectively.
The Conservation Practice (P) Factor
The p factor reflects the impact of conservation practice in different land types on reducing the erosion potential of the runoff; the value of p ranges from 0 to 1.0 means areas where no soil erosion occurs and one means areas where no conservation practice has been taken. This study assigns p values to different land use types according to land use maps and slope gradients based on research in similar areas in China (Li and Zheng, 2012): the p values of built-up land, water land, unused land, forest land, and grassland are 0, 0, 1, 1, and 1, respectively. The value of cultivated land is assigned according to different slope grades as shown in Table 1.
TABLE 1 | The p-value of cultivated land in different slope ranges.
[image: Table 1]In order to validate the model’s regional applicability, we validated RUSLE with the soil erosion area in Shaanxi gathered from the First China Census for Water (Ministry of Water Resources of China (MWR), 2013). The validation results showed that our estimation of soil erosion area in Shaanxi was consistent with the results of the census (the consistency of results reaches 85%). Besides, we further compared the total amount of soil erosion in Shaanbei between our results and the study using the high-precision terrace data (Liu et al., 2019), and the simulations of RUSLE were significantly similar to the corresponding results in the study (the consistency of results reaches 78%). Therefore, we could confirm that RUSLE and its parameters were reasonable for the simulation of soil erosion in the study area based on the two validations above.
Spatial Econometric Methods
Spatial Autocorrelation
In this study, the spatial autocorrelation of soil erosion of counties in Shaanxi is measured by Moran’s I statistics, and then the spatial econometric analysis is employed to avoid biased and inconsistent estimation rather than the traditional econometric analysis (Anselin, 2013). Moran’s I can be expressed as:
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where I is the value of Moran’s I, which ranges from -1 to 1. A positive value of Moran’s I indicates a positive spatial autocorrelation, a negative value implies a negative autocorrelation, and 0 means random spatial distribution. Y represents the variable of interest (i≠j), and [image: image] denotes the arithmetic mean of the variable of interest in all regions. Wij is an element in the spatial weight’s matrix W corresponding to the adjacent relationship or distance between samples. The most common rook spatial weight matrix is used to calculate Moran’s I in this study.
Spatial Econometric Models
We specify a generic spatial panel model as follows:
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where TSEit denotes the total weight of soil erosion in county i in year t, INVit is the investment of SLCP in county i in year t, Xit is a vector of covariates, ci presents the unobserved county fixed effects (FEs) accounting for all time-invariant space-fixed variables whose omission in a typical cross-sectional analysis could lead to biased estimation, dt presents the unobserved time FEs accounting for all time-related effects whose omission could bias the estimates in time-series analysis, uit is a composite error term, and vit is an independently and identically distributed disturbance with zero mean and heteroscedastic variance. The (vectors of) parameters to be estimated in this model are ρ, α, λk, and δ. W is the spatial weight matrix, which is composed of the corresponding element Wij (the squared inverse geographic distance between two counties i and j with row standardized as suggested). Besides, to ensure the robustness of the estimation results in this study, a queen contiguity spatial weight matrix is used as an alternative spatial matrix in the model, in which the elements Wij equal one if there are common boundaries or points between county i and county j, 0 otherwise.
Besides, two interaction terms are added, respectively, to the following new type of soil erosion model:
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where (RAINit * INVit) and (RAINit * NDVIit) are the interaction terms, while the coefficients β1 and β2 for the terms indicate how rainfall moderates the effect of INV and NDVI on soil erosion. The marginal effects of INV and NDVI on soil erosion control are as follows:
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It is difficult to interpret the effect of investment of SLCP on soil erosion by its coefficient estimates (α) when explained variable lag exists. It is obvious that changes in investment in any county will affect the soil erosion in the county as well as the soil erosion in neighboring regions through the spatial lag effect. Therefore, partial differentiation needs to be used to decompose the model results to obtain direct and indirect effects if the coefficient ρ is not 0 (Lesage and Pace, 2010). The direct effect (own effect) refers to the average value of the explanatory variable’s influence on the explained variable in the local county, and the indirect effect refers to the average value of the explanatory variable’s influence on the explained variable in the neighboring counties, that is, the spatial spillover effect. The total effect is the sum of the two items. Hence, the generic spatial panel model can be transformed as follows to get the direct and indirect effects:
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Let [image: image], [image: image], Ad be a matrix with diagonal elements of Ai on its diagonal, and all other elements be 0. The own effects are:
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and the spillover effects are:
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Diagnostic Evaluations for Model Selection
Generally, there are several commonly used spatial econometric models: (17) spatial lag mode (SLM), (18) spatial error model (SEM), and (19) spatial Durbin model (SDM) (Hao & Liu, 2016). Their basic form can be written as:
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where Y denotes the dependent variables, X is a matrix of explanatory variables [image: image] is a constant term, [image: image], [image: image], [image: image], and [image: image] are the estimated parameters of variables, [image: image] is a random error term, W is the spatial weight matrix, and [image: image] is a normally distributed error term.
In this study, we choose SDM with spatial and time-period FEs to conduct the spatial econometric analysis after conducting the diagnostic evaluations like the likelihood ratio (LR), Lagrange multiplier (LM) test, and Hausman test (Khezri et al., 2021).
As shown in Table 2, the LM test’s null hypothesis is dismissed, and this can affirm the SLM and SEM. The Hausman test is used to explore which effects to choose in the model: FEs or random effects (REs), and the result indicates that the presence of FEs is verified at a 1% significance level in the SDM. In order to figure out whether the SDM can be simplified as the SLM or SEM, LR tests are conducted. The results show that the SDM cannot be simplified as the SLM; either the SEM or the SDM is the basis model to explore the effects of SLCP on soil erosion. Then, LR tests are conducted to examine the possibility of the spatial FEs and the time-period FEs in the model, and the results reject all the null hypothesis; the spatial and time-period FEs are chosen to continue with the estimation process.
TABLE 2 | Results of the LM test, Hausman test, and LR test.
[image: Table 2]Data Definitions and Sources
Variable Design
Explained variables are the average soil erosion modulus (SE) and the total soil erosion (TSE) in the county. The calculation result of the integration of RUSLE and GIS is a raster map of the soil erosion modulus, and SE is the average soil erosion modulus of the county obtained by the regional statistical function of the ArcGIS10.5 platform. The total soil erosion represents the total weight of soil erosion in the county, with the area of the region taken into consideration. What’s more, SE is used as the alternative explained variable to enhance the robustness of the model.
Explanatory variable is the total investment (INV) of SLCP. The initial and fundamental goal of SLCP is to alleviate soil erosion by afforestation; so, this study chooses the INV as the explanatory variable to verify the effects of SLCP on soil erosion, especially with the spatial spillover effect of variables. Since rainfall has an extremely important impact on soil erosion, this study chooses rainfall (RAIN) as the natural factor to test the regulating effects in the prevention and mitigation of soil erosion by SLCP.
According to the previous studies (Kong et al., 2018), we account for socio-economic factors on soil erosion by including the following variables as control variables: the urbanization rate (URBR) is the proportion of the built-up land of the total land, the industrial structure (IS) is the ratio of the gross industrial product to the gross domestic product as an indicator for industrialization, the GDP per capita (PGDP) represents the change of economic condition, grain production (CROP) is the total production of wheat, corn, and rice, and the rural per capita annual income (RPI) is the index reflecting the condition of the rural economic development. In addition, reflecting the growth status of vegetation with significant impact on soil erosion, the Normalized Vegetation Index (NDVI) is selected as the natural control variable accounting for regional natural resource endowments.
Data Source
There are 107 counties in Shaanxi as samples on the cross-sectional dimension of the panel data set used in the spatial econometric analysis in this study, and the time period is from 2000 to 2015 with 5 years gap in its time dimension with multiple sources of sample data. Soil erosion data are obtained from the result of RUSLE. The investment data of counties in Shaanxi come from the Central South Investigation and Planning Institute of State Forestry and Grassland Administration; the detailed calculation of these data is shown in the study of Liu et al. (Liu and Yao, 2021). The raster data of rainfall with a resolution of 1 km are from the Resources and Environmental Sciences Data Center of the Chinese Academy of Sciences (http://www.resdc.cn/). Land use and cover data with a resolution of 30 m are from the Resources and Environmental Sciences Data Center of the Chinese Academy of Sciences (http://www.resdc.cn/). The accuracy of land use classification is 94.3% with field verification and error correction (Liu et al., 2010). The soil erodibility factor raster data with a resolution of 30 m are from the National Earth System Science Data Center of China (http://www.geodata.cn/). Administrative boundaries of the counties are obtained from the national 1:1,000,000 database of China Geographic Information Monitoring Platform (http://www.dsac.cn/). The digital elevation model (DEM) data are SRTM data with a resolution of 30 m (http://www.resdc.cn/). The NDVI data are derived from the Chinese Geospatial Data Cloud (http://www.gscloud.cn/) with a resolution of 500 m. The socio-economic data such as GDP, population, and grain yield are all from the “Shaanxi Regional Statistical Yearbook.” The spatial data used in this study are uniformly resampled at a resolution of 30 m with the same spatial coordinate system (Krasovsky_1940_Albers). The design of each variable and the descriptive statistical analysis are reported in Table 3.
TABLE 3 | Variable design and descriptive statistics (in 2015).
[image: Table 3]RESULTS
Spatio-Temporal Characteristics of Soil Erosion
The temporal variations and the spatial distribution of soil erosion over Shaanxi from 2000 to 2015 are shown in Figure 3 and Figure 4. As shown in Figure 3, the total amount of the soil erosion in Shaanxi showed a downward trend from 2000 to 2015. Specifically, the total amount of soil erosion in 2000 was 341.66 million t, of which the largest proportion in Shaanbei was 54.21%, exceeding the sum of the proportions of Guanzhong and Shannan. It decreased to 282.61 million t in 2015, indicating that 17.29% of the soil erosion (341.66 million t in 2000) was mitigated over the 15-year period. And Shaanbei contributed 87.14% to this total mitigation (a reduction of 51.47 million t of soil erosion). Besides, we visualized the spatial distribution of soil erosion changes over Shaanxi from 2000 to 2015, as shown in Figure 3. The soil erosion in Shaanbei was more serious than in other sub-regions; however, the decrease in soil erosion in Shaanbei was also the most significant. Especially in Yan’an City, the soil erosion modulus of most counties was basically reduced by more than 5 t/ha/a. The soil erosion modulus was even reduced by more than 10 t/(ha∙a) in some specific areas with a dark green color in Figure 3. It is obvious that soil erosion had been effectively controlled during the period of SLCP, which is also consistent with similar studies (Liu, et al., 2019). At the same time, the soil erosion modulus of Changwu County, Xunyi County, Chunhua County, and Long County in the northern part of Guanzhong also decreased significantly, while the soil erosion reductions in Shannan were mainly scattered in some areas such as Langao County, Mian County, and Shiquan County. Besides, the spatial distribution of the total investment of SLCP in Shaanxi from 2000 to 2015 is visualized for a more intuitive understanding of the relationship between the total investment of SLCP and soil erosion changes at the county scale (Figure 5).
[image: Figure 3]FIGURE 3 | Total soil erosion in sub-regions of Shaanxi Province, 2000–2015.
[image: Figure 4]FIGURE 4 | Spatial pattern of changes in soil erosion in Shaanxi: 2000–2015.
[image: Figure 5]FIGURE 5 | Spatial pattern of the total investment of SLCP in Shaanxi: 2000–2015.
As shown in Figure 5, counties in Shaanbei like Ansai, Zhidan, Wuqi, and Zichang were the key area of SLCP, which got more investment than other counties, ranging from 0.87 to 1.79 billion CNY. This also coincided with the good performance in mitigating soil erosion in these counties. The investment of Shannan counties like Zhenba, Ningqiang, and Ziyang also reached a high level, more than 0.51 billion CNY, while most counties in Guanzhong had less investment in SLCP than other regions, and the decline of soil erosion modulus in these areas was not obvious either.
To test whether the distributions of soil erosion in Shaanxi counties exist, we conducted Moran’s I statistics on the ArcGIS (Table 4). As shown in Table 4, Moran’s I values are all positive in the study period and are basically greater than 0.6 at a 1% significance level, indicating that there is a strong positive spatial autocorrelation, which means that soil erosion in counties appears to be spatially dependent. Hence, it is necessary to use the spatial econometric methods in the next analysis.
TABLE 4 | Moran’s I test results for soil erosion in Shaanxi, 2000–2015.
[image: Table 4]Results of Spatial Econometric Models
The main results of estimating the factors influencing soil erosion with Eq. 11 are reported in Table 5. Besides, we also report results on estimations of non-spatial economic models adapted from Eq. 11 with conventional panel FEs and pooled OLS. As shown in Table 5, most of the model variables have a significant effect on soil erosion except for RAIN and IS; these results confirm our hypothesis that the heterogeneity in the investment of SLCP (INV), socio-economic, and natural characteristics can systematically explain differences in soil erosion. A highly positive significant coefficient for the spatial lag parameter of soil erosion (W*Y) indicates that a county’s total weight of soil erosion (TSE) is systematically affected by its geographical neighbors’ soil erosion status and the spatial spillover effect of soil erosion is significant; hence, there is an indirect spillover effect of INV in a county on TSE of its adjacent counties through the transboundary spillover of soil erosion. The coefficient of the investment of SLCP indicates a negative link between the investment of SLCP and soil erosion at a 1% significance level, which means that the increase of a county’s investment of SLCP will significantly reduce the TSE in that area. While the coefficient of INV (−23.256) in the panel fixed estimator is also significant but the absolute value of it is larger than that in SDM, which indicates the panel fixed model would overestimate the effect of INV on TSE with spatial effects ignored. The coefficient of INV is significantly negative in the pooled OLS, which contradicts our hypothesis that SLCP has alleviated soil erosion, so the pooled OLS is not suitable for carrying out the regression estimation in this study. As shown in the table, we used SE as the alternative explained variable to enhance the robustness of the SDM model (column 3 of Table 5), and the estimation results show consistent conclusion with the estimation in column 2 of Table 5.
TABLE 5 | Estimation results of the model specified in Eq. 11 with different specifications: panel SDM, panel FE, and pooled OLS.
[image: Table 5]The coefficient estimation for the spatial lag of INV is found to have a significant but positive impact on TSE, but it is difficult to interpret the effect of variables based on the coefficient estimate when the dependent variable lag exists because the coefficient is part of the recursive computation of marginal effects just as Equation 14 shows. Hence, we report the own and spillover effects as well as the average total impacts for the SDM in Table 61.
TABLE 6 | Estimation results of different effects in the SDM.
[image: Table 6]The own effect of INV on TSE is significant and negative, indicating that a county’s expected conditional mean of TSE would be reduced by 183.15 thousand t/a if the investment of SLCP in this county increases 0.1 billion CNY compared with other conditions remaining unchanged. In addition, the coefficient estimate for the spillover effects of INV is also negative and significant at the 1% level, which means the reduction of TSE in a county can be attributed to the afforestation of SLCP in its neighbors even if there is no spatial spillover effect dependence in TSE. Specifically, the conditional mean of TSE in a county would have depreciated by 105.54 thousand t/a less on average if the investment of SLCP in all other counties each increases 0.1 billion CNY. The total effect of INV in a county i represents the overall effect on TSE of county i from changing TSE by the same amount across all 107 counties. Every 0.1 billion CNY increase in the investment of SLCP in every county would, on average, imply a 288.69 thousand t/a lower in TSE.
In line with our expectations, the impact of NDVI on TSE is found to be negative and significant, indicating that the increase in vegetation coverage will slow down the soil erosion in the area. Hence, SLCP can prevent soil erosion by increasing vegetation coverage. Besides, the spillover effect of NDVI on TSE is also significant at the 1% level, which implies that the ecological effects of vegetation can benefit the neighboring areas through transboundary ways. However, we find a negative but insignificant effect of RAIN on TSE in all models mentioned in Table 5, which is contrary to RUSLE (Eq. 1), in which the rainfall has a positive and significant effect on soil erosion. This difference could be explained by the fact that the changes in rainfall are not significant for specific regions, especially in SDM with county FEs (while a significant and positive effect of RAIN on TSE is found in the pooled OLS specification).
The own effect of urbanization on TSE is negative and significant, indicating that urbanization has a positive effect on soil erosion prevention; indeed, other socio-economic factors like RPI and PGDP also have negative and significant coefficient estimates in the model, which means that the development of the regional economy will benefit the ecological environment, especially for the soil erosion. Besides, the coefficient of CROP indicates a positive link between CROP and TSE, implying that although high-intensity farming activities will increase food production, the disturbance to soil will also aggravate soil erosion. We argue that the estimation results of TSE are robust according to the estimation results of the alternative explained variable (SE) [as shown in columns (2), (4), and (6) of Table 6].
To check whether the RAIN moderates the effect of INV and NDVI on soil erosion, we report the estimation results with two interaction terms added in SDM in Table 7. The result of a positive coefficient on the interaction term between rainfall and investment of SLCP indicates that there is a negative moderating effect of RAIN on the alleviating effect of SLCP on soil erosion. As the RAIN increases, in magnitude, the marginal alleviating effect of INV on soil erosion decreases. Specifically, the increase in rainfall will increase the rainfall erosivity, thereby aggravating regional soil erosion, and the mitigation effect of INV on soil erosion will decrease. We also find that RAIN has a negative and significant moderating effect on the alleviating effect of NDVI on soil erosion, which means with the increase in rainfall, the role of NDVI in preventing soil erosion will be weakened. To sum up, the marginal contribution of the investment of SLCP is smaller in the area with more rainfall, like counties in Shannan than those in Shaanbei. The estimation results of the model with SE as the alternative explained variable indicate the robustness of our conclusion [as shown in columns (2) and (4) in Table 7].
TABLE 7 | The estimation results of model specified in Eq. 12.
[image: Table 7]DISCUSSION
Marginal Contribution of SLCP to Soil Erosion Control and the Transboundary Path
The crucial role of SLCP in mitigating soil erosion has been widely recognized worldwide (Borrelli et al., 2017; Chen et al., 2021), but what cannot be ignored is to explore how soil erosion is controlled by SLCP from the perspective of marginal cost and income for the sustainability of the policy. In this study, we use the data of investment of SLCP to characterize the intensity of policy implementation and some indirect observation indicators like vegetation cover or the area of land use change (Rao et al., 2016; Zhou et al., 2021), which can maximally strip out the marginal contribution of the investment of SLCP to soil erosion with a specific SDM. It is of critical relevance for policymakers to figure out the cost-effectiveness of the investment on soil erosion control and make the next decision with reference to the result. Indeed, in research design, we draw upon the study by Kong et al. (2018), who explored the relationships among SLCP, the soil conservation service, and the socio-economic factors using structural equation modeling (SEM) with a cross section of 779 counties. However, their estimation result bias may arise from county heterogeneity. It is widely recognized that soil erosion is local by nature, influenced by both geographical and socio-economic factors (Ganasri and Ramesh, 2016; Rao et al., 2016), which makes it difficult to properly capture by the analysis of cross-sectional data. Hence, the spatial SDM with FEs proposed in this study is conducted to derive possibly unbiased estimates of the investment of SCLP in soil erosion control.
There are many studies exploring the factors affecting soil erosion at the regional scale (Alewell, et al., 2019; Zhou et al., 2021; Zhao et al., 2022), but the results of this article demonstrate that the spatial spillover effect of soil erosion is significant at the county scale, which has so far been overlooked by the literature mentioned above. It is significant to figure out how soil erosion in one region affects soil erosion in the neighboring regions for the effective transboundary ecological governance. According to the results of the panel SDM in this study, the spillover effect, as well as the own effect of investment in SLCP, is significant and positive on soil erosion control, which means soil erosion control in a county benefits not only from SLCP locally but also from the greening efforts of SLCP in its neighbors, and a joint effort in all counties has a much larger marginal effect on soil erosion control than unilateral ecological restoration effort in one county. Obviously, the separation of own from spillover impacts of SLCP on soil erosion provides solid evidence of the necessity of promoting “beneficiary pay” taxes and afforestation subsidies (Schomers and Matzdorf, 2013) in transboundary ecological governance, especially when it comes to this case that the soil erosion of a county has been mitigated by the green intervention efforts of SLCP in its neighboring counties without investing in these efforts by itself. Therefore, we argue that a well-functioning transboundary soil conservation system with collaborative green efforts from all stakeholders in the region is much more crucial and effective than the efforts only focusing on the local interests.
Impact of Socio-Economic and Natural Factors on Soil Erosion Control
Previous studies have highlighted the positive and significant link between urbanization and soil erosion control (Wang et al., 2020; Kong et al., 2018), which is consistent with our estimate results in Table 5. Due to rural–urban migration and the land use change in urbanization, the negative impacts of population on environmental degradation will be mitigated by alleviating the extent of disturbance to soils from farming (Grau and Aide, 2007; Deshingkar 2012), ultimately facilitating the mitigation of soil erosion. However, urbanization might aggravate other ecological problems like water pollution, carbon emission, and air pollution (Peng et al., 2017; Ke et al., 2020); so, it is necessary to balance ecosystem protection and urbanization. In addition, we also found that the economic growth, as well as the growth of rural per capita income, has a significant and positive effect on soil erosion control. The underlying reason may be that the growth of the economy provides enough funds for the government to take action on soil erosion control (Wang et al., 2020), while the growth of the rural economy will stimulate the farmers to depend less on the vulnerable ecosystem and adopt environment friendly farming methods to avoid damage to the environment. These results emphasized that policymakers should attach importance to the social and economic effects and the related interactions on ecosystem services and functions besides the direct goal of the ecological restoration to achieve a win–win situation for ecology and economy.
The rainfall has a significant impact on the cost-effectiveness of the investment in SLCP; for instance, Liu and Yao (Liu and Yao, 2021) pointed out that there is a distinct threshold effect of rainfall on the ecological effects (characterized by NDVI), while from the perspective of soil erosion control, rainfall has a significant moderating effect on the alleviating effect of investment of SLCP on soil erosion. The complexity of the interaction mechanisms lies in the different roles of rainfall in the process of soil erosion. On the one hand, the rainfall benefits the growth of plants, and then the increased vegetation cover will mitigate soil erosion (Chen et al., 2019). On the other hand, the rainfall also increases the erosivity of the soil, especially in Shaanbei and the typical arid and semi-arid areas in the Loess Plateau (Zhou et al., 2006). The results in our specific SDM indicate that the rainfall will weaken the effect of the investment of SLCP on soil erosion control at the county scale. Moreover, when the investment of SLCP is the same, the county with lower rainfall has a greater marginal contribution to soil erosion control than that with higher rainfall. Indeed, the investment of SLCP for soil erosion control should give priority to counties with intense soil erosion and lower rainfall considering its non-negligible direct spillover effects of soil erosion to neighbors and a much greater marginal effect of SLCP on soil erosion control. Therefore, it is necessary to scientifically identify the complex impact mechanism of climatic conditions on ecosystem services to improve the effectiveness and sustainability of ecological restoration policies.
Limitations of This Research
Admittedly, the green interventions of SLCP have a considerable contribution to soil erosion control, while the scale effect of the distribution of soil erosion and its evolution over time may exist due to the spatial heterogeneity within the region. In this study, to ensure the consistency of all multi-source data, we have to use the soil erosion data at the county scale in a spatial panel model framework, which may neglect the scale effect. Indeed, the small watersheds usually have the same physical–geographical features like climatic type, rainfall pattern, soil type, and vegetation (Chen et al., 2019); hence, further research could take our findings as a basic point to investigate the possibilities of integrating county-level statistics and watershed data. Besides, we only examined the effectiveness of SLCP on soil erosion; a question open to further investigation is how to comprehensively evaluate the efficiency of investment in ecological restoration projects with the existence of trade-offs and synergy among various ecosystem services.
CONCLUSION
In this study, we evaluated the effect of SLCP on soil erosion based on the specific spatial panel approach after the diagnostic evaluations in the selection process using the data of investment of SLCP. The conclusions were as follows: (1) the erosion intensity in Shaanxi province, especially in Shaanbei, exhibited a significant decreasing trend from 2000 to 2015 contributed by the continuous and comprehensive investment of SLCP. (2) The spatial econometric results demonstrate evidence of positive and economically meaningful effects of the investment of SLCP on soil erosion control, both locally and spatially in the study area. On the one hand, the investment in a county has a significant own effect on the soil erosion control locally. A 0.1 billion CNY increase in the investment in the county will diminish the expected conditional mean of TSE of it by 183.15 thousand t/a, with other conditions remaining unchanged. On the other hand, the soil erosion will be mitigated by the green efforts of SLCP from the neighboring counties due to the significant spillover effect of investment of SLCP on the soil erosion control and the spatial lag of soil erosion. (3) We confirm the moderating effect of rainfall on the mitigation effect of SLCP on soil erosion empirically at the county scale. The county with less rainfall performs better in soil erosion control with the same investment than that with more rainfall. These results indicate that it is necessary to establish a transboundary collaborative ecological governance system based on the long-term monitoring of both natural and socio-economic factors for improving the effectiveness of ecological restoration policy and the sustainability of the ecosystem.
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FOOTNOTES
1Due to the magnitude of spatial effects, it depends critically on the spatial weight matrix W, which is defined a priori; we also report the estimation results of SDM with a queen contiguity matrix (provided in Appendix Table A1 in the Appendix), which did not lead to a qualitative change on the estimates for the own, spillover, and total effects.
APPENDIX A
TABLE A1 | Estimation results of an SDM with a contiguity matrix.
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The Belt and Road Initiative (BRI) significantly contributes to the world economy. However, the central part of the Belt and Road (B&R) is located in fragile ecological zones that are arid, semi-arid, or sub-humid. Using the entropy method, the economic-social-natural ecological niches and their coupling coordination during 2007–2019 along B&R’s 11 countries were explored along with regional differences and spatiotemporal characteristics. The economic-social-natural ecological niches were low, with a fluctuating upward trend. Additionally, the average annual growth rate of the synthesis ecological niche dramatically improved after the BRI. Further, the BRI facilitated inter-country trade and promoted the economic ecological niche. However, the BRI marginally affected the social ecological position, possibly because the social ecological niche was high pre-BRI. The natural ecological niche showed a negative growth after the BRI. Further, the coupling coordination of economic-social ecological niche and natural ecological niche showed an upward trend, transforming from severe discoordination to advanced coordination. Although BRI promoted advanced coordination, it did not affect internal categories. Policy recommendations for sustainable development in China-ASEAN Free Trade Area were provided. This study can assist policymakers to balance economic-social development and environmental protection.
Keywords: BRI, complex ecosystem, coupling coordination, ecological niche, CAFTA-DR
1 INTRODUCTION
Since the second half of the 20th century, continuous population expansion and rapid economic growth have accelerated both the consumption of natural resources and environmental issues worldwide, further challenging sustainable development (Janjua et al., 2021; Arbolino et al., 2022). To address these problems, international organizations agreed to strengthen international cooperation. The Paris Agreement aims to limit the increase in global average temperature to less than 2°C compared to the pre-industrial period and strive to limit the global temperature increase to less than 1.5°C (Tost et al., 2020). In 2013, China proposed to jointly build the Silk Road Economic Belt and the 21st Century Maritime Silk Road, also known as the “Belt and Road Initiative (BRI)”. It aimed to strengthen mutually beneficial cooperation among countries along the designated route, promote stable regional development, and provide public goods globally (Qi et al., 2019).
The areas of countries in the central part of B&R have expanded to include 39% of the global land area, 31% of the global gross domestic product (GDP), 24% of the global household consumption, and 62% of the global population (Liu et al., 2020). Acting as a promising platform for international collaboration, it has attracted increasing global attention from governments, academics, and businesses worldwide (Laurance William and Arrea Irene, 2017; Ascensão et al., 2018). However, although the emerging countries concentrated in the region receive shared benefits, they face global environmental issues (Saud et al., 2020). According to the World Bank (2020), the GDP of the 57 BRI countries accounted for 32.55% of the total global GDP in 2019, and their carbon emissions from fossil fuel combustion increased from 38.65% in 2000 to 57.06% in 2018, which are likely to increase further as their economies develop. China, having the highest carbon emissions in B&R, had an average annual increase rate of carbon emissions of 5.34% during 1971–2018, which was higher than the average annual increase rate of carbon emissions worldwide (Lu et al., 2020; Yang et al., 2022). With such environmental issues prevailing, attention should be given to the coordinated economic-social-natural development of the BRI (Grecu et al., 2018; Yao et al., 2020; Debnath et al., 2021; Retallack, 2021), and not only its trade and economic development (Huang, 2016; Olander et al., 2018; Chen et al., 2020; Carlucci et al., 2021; Alves and Lee, 2022). However, such a holistic study that can summarize the economic, social, ecological, and environmental issues has still not been well documented.
The BRI should be studied on a large-scale and not just locally; that is, all associated subsystems should be studied. However, the heterogeneity in variables selected for the system and the lack of a uniform indicator make such studies difficult. Therefore, subsystems have often been studied separately (Guinan et al., 2009; Sillero, 2011; Gelviz-Gelvez et al., 2015; Bajocco et al., 2016). Fortunately, the concept of ecological niche provides a unified measurement unit for each subsystem (Rosas et al., 2019; de Andrade et al., 2020). The term “ecological niche” was first coined by Johnson in 1910, who defined it as “different species in the same area can occupy different ecological niches in the environment” (Grinnell, 1917). In 1957, Hutchinson defined an ecological niche as a multidimensional ecological factor space wherein individual organisms or species live freely (Odum, 1983). Unlike natural ecosystems, complex ecosystems are dominated by human activities and comprise several natural, social, and economic subsystems, that are interdependent on and complementary to each other (Castellanos et al., 2019; Chaloner et al., 2020). Because of its vast and complex internal structure, an ecological approach was proposed to study complex economic-social-natural ecosystems, and to explore practical methods of promoting both sustainable cities and human well-being (Chen et al., 2007; Feng et al., 2019). Ecological niches within complex systems can also measure the degree of interaction between the natural environment and human activities and assess the sustainability of complex economic-social-natural systems within the study area (Funk et al., 2013; Casanelles-Abella et al., 2021).
While studying complex ecosystems, the natural subsystem provides a social subsystem with material conditions for secondary processing. The processed products are regulated and distributed through the economic subsystem’s production, consumption, and circulation chains to provide economic benefits. The economic benefits are introduced back to the social and natural subsystems by regulating social resources and improving natural conditions, thus, promoting continuous improvements in the territory of the inhabitants, enhancing the quality of life and living standards, and ultimately achieving human well-being. The social and economic subsystems are essential for the rational and efficient use of natural resources and for improving the living standards of urban and rural residents. Accordingly, we define economic and social ecological niches as the respective level of social services and economic conditions that economic and social subsystems can provide, or can be used by inhabitants in a complex ecosystem (Wang et al., 2011). A high economic and social ecological niche provides a better living environment for the inhabitants. Moreover, studying the economic and social ecological niches requires rational and efficient regulation and distribution of natural resources, and the establishment of a solid scientific basis to achieve sustainable development and human well-being (Figure 1).
[image: Figure 1]FIGURE 1 | Concept map of complex ecosystems.
In addition to unifying subsystem measurement units for complex systems, coupling coordination has attracted research attention (Cui et al., 2019; Cai et al., 2021). If complex ecosystem subsystems are not coordinated, problems, such as irrational allocation of resources, incompatible land use and economic-social systems, and natural environment destruction, which affect the development of the ecological niche system, arise. Changes in any one subsystem will cause changes in the internal economic, social, and natural ecological niche systems; therefore, the regulations of such changes in complex ecosystems can be assessed by constructing economic-social-natural indicators (Pan et al., 2019; Wang et al., 2021). Accordingly, a comprehensive indicator system for complex ecosystems based on the coupling coordination degree model has been built to quantitatively analyse the relationship between economic-social development and natural resources.
Despite the importance of BRI worldwide, countries along its route are predominantly located in arid, semi-arid, or sub-humid fragile ecosystems (Ng et al., 2020), that are both sensitive and show weak self-recovery (Chen et al., 2016; Hughes et al., 2020; Li et al., 2021). Additionally, these ecosystems exhibit regional differences in resource and environmental conditions, such as unevenly distributed water resources (Fang et al., 2021), zonal gradients in soil and vegetation elements (Skokanová et al., 2020; Oiry and Barillé, 2021), and uneven production and consumption (Huang, 2019; Hussain et al., 2020). Consequently, these areas will most likely face several environmental challenges due to global climate change and increased human activity, which may cause negative economic-social and ecological impacts on the ecosystem. For example, severe smog from polluting industries in East Asia has caused widespread public concern and respiratory diseases (He et al., 2017; Akinyemi and Mashame, 2018; Gu et al., 2018). Further, the development of trade and transport networks may increase the risk of biological invasion (Liu et al., 2019), and infrastructure development may cause significant environmental impacts, consequently, exacerbating human footprints and damaging ecosystems (Weng et al., 2021).
In this study, we examined the spatiotemporal changes in the degree of coordinated coupling of complex systems in 11 B&R countries since BRI implementation, using the entropy method and concept map of complex ecosystems. We described economic-social-natural complex ecosystems to assess the development status of the subsystem ecological niche as part of its assessment framework and performed a spatiotemporal analysis of the impacts of the BRI. The following research questions were discussed: 1) What is a complex ecosystem? 2) How is it measured? 3) Does BRI affect subsystems?
The paper has been organised as follows: First, the research background, status, and the concept of economic-social-natural complex ecosystems have been presented. Second, research methods, index selection method, and data sources have been described. Third, the statistical results have been presented, followed by the discussion of the results. Finally, the key findings and policy suggestions have been summarized in the conclusion. The results of this study provide a reference for exploring the impacts of the BRI, and advance the understanding of sustainable development.
2 MATERIALS AND METHODS
2.1 Study Area
The China-ASEAN Free Trade Area (CAFTA) plays a pivotal role in B&R construction (Filipski et al., 2011). It will be a free trade area having the highest population globally. Further, it will rank third globally in the economic scale after the European Union and North American Free Trade Agreement, and will represent the largest free trade area formed by developing countries. Geographically, CAFTA countries are located adjacent to Asia. Economic globalization and regional economic integration have not only prompted the World Trade Organization member countries to establish free trade relations with other relevant countries, but also triggered the development of CAFTA (Kose and Rebucci, 2005). According to The Human Development Report 2019, four CAFTA countries (Brunei, Thailand, Singapore, and China) rank globally in the top 100 countries in terms of the human development index, thus, demonstrating their remarkable success in human social development. However, as trade cooperation strengthens, environmental problems are increasing. Ecological security is the foundation for sustainable development. Regarding ecological balance, measuring the ecological niche of CAFTA’s social-economic-natural complex ecosystems can promote the sustainable development of the CAFTA countries and provide international experience to advance high-quality B&R construction (Cheng, 2016; Jiang et al., 2021) (Figure 2).
[image: Figure 2]FIGURE 2 | Geographical location of the study area and the 11 countries along the B&R route.
2.2 Niche Assessment in Complex Ecosystem
An indicator system to evaluate ecological niches in a complex ecosystem comprises indicators that meet certain principles, such as scientific validity, feasibility, independence, completeness, simplicity, hierarchy, and stability (Kusters et al., 2020).
Drawing on prior research and considering the complexity of ecosystem and the accessibility of indicators, a total of 29 indicators were selected across the three dimensions (economy, society, nature) to construct the indicator system for complex ecosystem (Table 1). The economic ecological niche includes the level of economic development, economic structure, and economic strength (Shi et al., 2021; Tisdell and Seidl, 2004). Economic development represents the size and rate of a country’s economic development and includes three indicators. Economic structure comprises national economy and measures the efficient use of human, material, financial, and natural resources. Economic strength refers to a country’s influence on the global economy and includes three indicators (Table 1). The social ecological niche includes both the quality of life and science and technology (Bardsley and Bardsley, 2014), with seven indicators used to measure the quality of life (Table 1). Due to data availability, two representative categories were selected to measure science and technology. The natural ecological niche represents an integrated measure of how much biologically productive land and water is required to produce the proportion of resources consumed and to absorb the waste generated by corresponding human activities; thus, it includes both environmental protection and resource security (Rees, 1992). Natural ecosystem degradation, environmental quality deterioration, and adverse environmental effects caused by human activities represent environmental problems (Funk et al., 2013; Leidenberger et al., 2015; Kumar et al., 2017; Zou et al., 2021). Compared with other studies (Wang et al., 2011; Hong et al., 2016; Tai et al., 2020), this paper considered people’s quality of life in the selection of social ecological niche indicators. With the development and progress of society, people begin to pay more and more attention to the convenience and comfort of the living environment.
TABLE 1 | Constructed indicator system for assessing ecological niches in complex ecosystems is shown in the table. The “+” refers to positive indicators, and the “−” refers to negative indicators. As explained in the paper, positive and negative indicators are treated differently when normalizing the data.
[image: Table 1]2.3 Data Collection
Data of 11 B&R countries (Vietnam, Laos, Cambodia, Myanmar, Thailand, Singapore, Malaysia, Indonesia, Philippines, Brunei, and China) for 2007–2019 were collected from the World Bank data (https://www.worldbank.org/en/home) to illustrate the post-BRI impact. China first presented the BRI in 2013, and thus, data were divided into two groups: 1) 6 years before BRI and 2) 6 years after BRI, to compare the development impacts in countries along the route. Using the available data from the World Bank, the missing data were interpolated by linear interpolation method. The boundaries of administrative regions and national locations were obtained from the 1:4,000,000 database of the national basic geographic information center and the standard map service website of the State Bureau of surveying, mapping, and geographic information (http://bzdt.nasg.gov.cn/); the downloaded drawing number is GS (2016) 2,885 standard map production.
2.4 Methodologies
2.4.1 Entropy Method
The entropy method is an objective assignment method used to determine the dispersion degree of an indicator. In this study, first, the data were normalized by determining the positive indicators (Eq. 1) and negative indicators (Eq. 2) described in Table 1.
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Second, the weight of the indicator value of the ith evaluation object under the jth indicator was calculated as follows:
[image: image]
Third, the entropy of the jth indicator was calculated using the degree of information redundancy [image: image].
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Where: [image: image], and if [image: image], then the definition is [image: image].
Finally, the weighting of indicators was determined as follows:
[image: image]
2.4.2 Regional Variation Measurement
The coefficient of variation (CV), Gini coefficient (G), and Thiel’s index (T), all of which indicate the overall differences in the level of ecological niches in the complex ecosystem of the CAFTA countries, were calculated as follows:
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Where [image: image] is the combined assessed value of the ecological niche of the economic-social-natural complex ecosystem calculated by the entropy method, [image: image] indicates the combined estimated value of the ith country, and [image: image] represents the average value.
2.4.3 Coupling Coordination Measures
The coupling coordination model can analyse the degree to which elements are interrelated and influence each other and the development of the parameters in the same system. The economic-social ecological niche and the natural ecological niche are independent and interrelated sub-system features of a complex ecosystem. Their coupling degree was calculated as follows:
[image: image]
where coupling C falls in the interval [image: image], and [image: image] and [image: image] represent the average economic-social and natural ecological niches, respectively. Coupling coordination was further refined based on the coupling degree to measure the developmental degree of the level of coupled coordination between subsystems. It was calculated as follows:
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The interval of the coupling coordination D value belonged to the interval [0,1]. As the contributions of the economic-social and natural ecological niches to the comprehensive evaluation of ecological niches in the complex ecosystem can be compared, the coefficients (α and β) to be determined were assumed to be 0.5. We classified coupling coordination into four broad categories and 12 subcategories (Table 2).
TABLE 2 | Classification of the stages of coupling coordination of economic-social-natural complex ecosystems.
[image: Table 2]2.5 Data Analysis
The data were analysed using MATLAB_R2015b and SPSS 24.0 statistical software. Specifically, MATLAB_R2015b was used to standardize the data and assign weights to the indicators derived by the entropy method, and SPSS 24.0 statistical software was used to measure the CV, G, and T values, and determine the coupled coordination of the economic-social and natural ecological niches.
3 RESULTS
3.1 Changes in the Economic-Social-Natural Ecological Niche of the China-ASEAN Free Trade Area Countries
Overall, the economic-social-natural ecological niche of the CAFTA countries showed a fluctuating upward trend from 2007 to 2019. Specifically, during 2007–2012, the average value of synthesis ecological niche in CAFTA countries was 0.3534, and during 2014–2019, it was 0.3928, which was higher than the pre-BRI values. The average economic ecological niche values before and after the BRI were 0.3232 and 0.3450, respectively. The social ecological niche had the highest index values among the three subsystems during 2007–2012 (0.4147) and 2014–2019 (0.5081). The natural ecological niche of the CAFTA countries during 2007–2019 changed marginally, with its value being the lowest in the subsystem before BRI (0.3222) and after the BRI (0.3254).
The spatial distribution of complex ecosystems in the CAFTA countries before and after the BRI is shown in Figure 3. The economic-social-natural complex ecological niches were high in the areas southeast of the CAFTA countries. Before the BRI (2007 and 2010), the complex ecosystem index was significantly higher in China than in other regions. High index values were mainly concentrated in all equatorial countries, except China. Laos had the lowest complex ecosystem index in 2007, but it increased in 2010, whereas Cambodia had the lowest complex ecosystem index in 2010 with no changes in the value in 2013 compared to the 2010 value. Subsequently, Cambodia’s complex ecosystem index increased significantly from 0.1797 to 0.184.
[image: Figure 3]FIGURE 3 | Structure of the indicator system used to assess complex ecosystems. The ecological niche assessment indicator system comprises three levels (objectives, sub-objectives, and guidelines) with four indicators. The figure represents the indicators mentioned in Table 1.
In 2016, the complex ecosystem index decreased particularly in China and Laos. The index remained essentially unchanged in other countries, such as Vietnam, Cambodia, Myanmar, and Singapore. Notably, China’s complex ecosystem index before the BRI was surprisingly higher than that after the BRI. In 2019, the complex ecosystem index rebounded. For example, Indonesia and Singapore showed high complex ecosystem indices. Additionally, other countries, such as Myanmar, Malaysia, Brunei, and China, observed significant increases in their indexes compared to the 2016 values. Overall, the complex ecosystem index increased after the BRI for all countries, except China, which represented the BRI country, thus, indicating that the BRI has an apparent policy effect. While China’s complex ecosystem index in 2016 declined compared to that in 2013, theindex in 2019 increased significantly compared to that in 2016.
3.2 Analysing the Coupling Coordination of Economic-Social and Natural Ecological Niches
In summary, the coordination degree between economic-social and natural ecological niches in the CAFTA countries steadily increased, with C-values increasing from 0.686 to 0.999 and D-values increasing from 0.159 to 0.978. Moreover, coordination degrees developed to the advanced coordination stage. The pre-BRI coupling coordination level increased from Stage IV to Stage II. Further, the internal category was in a state of system balance in all years of the study period, except 2010 and 2012. After the BRI (2014–2017), the coupling coordination level was at Stage II, which was the same as that before the BRI. However, after 2018, the coupling coordination level soared from Stage II to Stage I, achieving an upward spiral. Further, both T and D values increased significantly (values close to 1) after the BRI in 2019. However, the internal category was in the natural ecological niche lag after the BRI.
As shown in Figure 4, the coupling coordination stage of the 11 countries significantly increased from before to after the BRI. The increase in some countries (Vietnam, Laos, Thailand, the Philippines, and Brunei) was mainly due to the increase in the level of coupling coordination and not due to changes in their internal category. The BRI changed the stage of coupling coordination from basic to advanced in Vietnam, Thailand, the Philippines, and Brunei. Such transformation was not observed in Laos, where the internal category showed a natural ecological niche lag. Laos witnessed an advanced coupling coordination before the BRI and its internal category was at the economic-social ecological niche lag level. In other countries, changes were caused due to both coupling coordination and internal categories. In Cambodia and Myanmar, the coupling coordination did not change after the BRI; however, the internal category changed from economic-social ecological niche lag to system balance. In Singapore, Indonesia, and China, the internal category changed from system balance to natural ecological niche lag after the BRI. The coupling coordination in Indonesia and China declined briefly after the BRI and subsequently, increased to the advanced coordination stage since recent years.
[image: Figure 4]FIGURE 4 | Spatiotemporal evolution of the coupling coordination of the economic-social and natural ecological niches and their internal categories (2007–2019). The relative index values were derived from Supplementary Appendix S2. Internal category indicators were divided into three categories and four degrees of coupling coordination. As the binary partition coloured diagram requires that the colour categories of two metrics constitute a 4*4 size, a 0 category was constructed for the internal category, which does not have any significance.
4 DISCUSSION
4.1 Changes in the Complex Ecosystem Index Before and After the Belt and Road Initiative
The average annual growth rate of the complex ecosystem index after the BRI was more significant than the rate before the BRI (Figure 5), indicating that B&R positively contributed to the overall development of the CAFTA countries. Since BRI, trade, primarily of agricultural or processed products, between the CAFTA countries has increased (Merkle and Kaupenjohann, 2000; Zhang et al., 2006; Capriolo et al., 2020). The BRI has been designed to promote shared prosperity in developing countries, and China’s commitment to increasing its foreign investment in infrastructure development. The increase in the social ecological niche index benefited from the policy effects of this initiative. Most CAFTA countries are predominantly agricultural with a single under-developed industrial structure and limited resources. Labour-intensive industries are the major industries in most countries, with labour as their main competitive advantage (Liu and Xin, 2019). However, some studies showed that the BRI has broken trade barriers between the CAFTA countries and promoted the export of complementary products with geographical advantages (Huang, 2016). Compared with developed countries, the backward production technology still delayed the improvement of economic ecological niche during 2007–2019. Rapid and vigorous economic development requires several resources, which consequently, increases active resource exploitation, for example, decrease in arable land area and increase in electricity consumption annually. The crude development model has also caused increasingly severe environmental pollution (Gu et al., 2018). However, the CAFTA countries have realized the importance of sustainable development, changed their development patterns, and have followed a green and low-carbon development approach in recent years.
[image: Figure 5]FIGURE 5 | Trends of social-economic-natural complex ecosystem in the CAFTA countries (2007–2019). The graph contains three subsystems and synthesis ecological niches, with the subsystems represented by bars and the synthesis ecological niches represented by lines.
Based on the increase or decrease in the complex ecosystem index, the 11 countries were classified into three categories. Laos and China showed negative growth due to different reasons. Laos is a predominantly agricultural country with weak industrial infrastructure and negative GDP per capita growth, consequently, placing Laos in the lower ranks among the CAFTA countries regarding development. Further, as China developed the BRI, it excessively invested externally in the infrastructure development of other developing countries to achieve complementary advantages and shared prosperity. However, this investment has affected China’s economic growth (Nugent and Lu, 2021; Alves and Lee, 2022; Ashraf et al., 2022). Moreover, China’s economy has a crude development pattern, consumes excessive energy, and is the world’s largest carbon emitter. It has led to decline in China’s complex system index every year (Supplementary Appendix S1).
The BRI did not influence some countries, that is their complex ecosystem indices have not changed, such as Vietnam and Brunei. These countries have been economically dependent on oil production and export, and their drivers of economic growth have not changed from their original state. Although the Philippines is mainly developed in agricultural and manufacturing sectors, it is still in the ‘middle-income trap’ since 1982 (Quitoras et al., 2018). Therefore, the BRI did not affect the economic growth of the Philippines (Figure 6).
[image: Figure 6]FIGURE 6 | Spatial distribution of economic-social-natural complex ecosystem in the CAFTA countries (2007–2019). The complex ecosystem index values were derived from Supplementary Appendix Table S1.
The remaining countries were positively affected by the BRI. Chinese investment in extensive infrastructure and energy projects in Myanmar since the implementation of BRI has contributed significantly to energy extraction and transportation technologies (Cox et al., 2019), thereby, demonstrating significant positive impacts. Singapore is the wealthiest country among the CAFTA countries. With rapidly increasing economy, the industrial structure of Singapore has been optimized, and its economic system has become more rational. This explains the high levels of composite complexity indices of Singapore. China has a long history of diplomatic relations with Thailand with cooperation extended in communications, railways, and tourism (Ghafoori Kharanagh et al., 2020). Consequently, Thailand’s subsystem indices showed stable growth trend. Further, Malaysia has recently expanded rice cultivation to reduce its over-reliance on tropical crops (Akinyemi and Mashame, 2018). Malaysia has gradually ranked first by adjusting its industrial structure and economic development model to reduce its dependence on import and export. Cambodia and Indonesia have increased their annual complex ecosystem index by virtue of their water transport networks and BRI provides trade opportunities for the two countries (Supplementary Appendix S1).
4.2 Changes in the Ecosystem Coupling Coordination Before and After the Belt and Road Initiative
After the BRI, environmental conditions continued to improve, and the ecological adaptability of economic development continued to increase, therefore the coupling between the natural and economic-social niches continued to be optimized. However, the natural systems still lagged the economic-social ecological niche (Table 3). Specifically, during the dysfunctional development phase (pre-BRI), the CAFTA countries were dependent on agriculture, and had a simple development approach (Nie et al., 2022). The development advantages of their industries have not yet been fully emphasized, while the economic contribution of the tertiary sector has always been low and economic development has been slow. Further, problems in the natural environment exist, such as the depletion of natural resources, high prevalence of hazardous substances, and low arable land per capita. Breaking the contradictory pattern of economic and social development and environmental restoration is difficult, consequently, causing a weakened degree of coordinated development of the complex system. However, the coordinated degree showed a gradual improvement trend. Essentially, after executing basic coordination after the BRI, various countries started attaching importance to ecological development in ecological governance, environmental protection systems, and ecological security (Debnath et al., 2021). Consequently, the economic-social systems of CAFTA countries are developing, natural ecosystems are being restored, and complex systems are entering a new period of coordinated development. In the advanced coordination stage, the forest area of the CAFTA countries has increased, while energy consumption per unit of GDP has been gradually decreasing. In economic terms, the level of per capita income is increasing, thus, indicating that the development dynamics of regional natural systems and the benefits of economic development are simultaneously increasing. Generally, the industrial layout and operational efficiency of the economic-social system are continuously optimized (Gu et al., 2018). After the BRI, the regional natural system weakened the economic-social system, thus, showing economic-social dominance. Moreover, promoting the synchronous development of the natural system and economic-social system is a vital issue that needs attention to ensure the sustainable development of the CAFTA countries (Alves and Lee, 2022).
TABLE 3 | Coupling coordination of economic-social and natural ecological niches (2007–2019).
[image: Table 3]Vietnam, Thailand, the Philippines, and Brunei have experienced rapid economic development in recent years, with significant increases in GDP per capita and internet influence. Owing to the BRI, coupling coordination has reached advanced coordination (Supplementary Appendix S2). However, CO2 emissions and electricity consumption in these countries have increased significantly compared to the previous levels, some researches indicated that industrial development has increased the consumption of natural resources and minerals (Kose and Rebucci, 2005), and economic development has been achieved at the cost of the environment and resources. Consequently, internal category has been lagging behind the natural ecological niche.
Laos is a predominantly agricultural country with a weak industrial background. Although it is rich in mineral resources, the current technology stage does not allow their exploitation (Nie et al., 2022). This has resulted in a downward trend in coordination and resulted in stagnant state of an economic-social ecological niche lag. Development agreements among the CAFTA countries have encouraged Cambodia and Myanmar to traditionally follow a green development path; therefore, their economic growth model was adjusted after the BRI. Additionally, their internal categories have shifted from economic-social ecological niche lag to system balance. Some studies indicated that rapid economic development has caused environmental damages, such as environmental pollution from industrial wastewater and gaseous emissions, which does not favour sustainable economic development (Grecu et al., 2018). This in turn has caused a lag in the natural ecological position in Singapore, Indonesia, and China. Nevertheless, some scholars found that China has restructured its economy after the BRI to achieve a two-wheel-drive development comprising economic growth and ecological resilience (Alves and Lee, 2022), despite a high annual growth rate of over 9% (Huang, 2016). However, this growth was mainly driven by increased investment and the growth model was relatively crude. Blind investments and low-level repetitive construction in some industries have increased the output value but at the cost of consuming excessive resources and energy, which is not conducive to the adjustment and optimization of industrial structure (Gu et al., 2018). Moreover, such large-scale investments of resources have caused serious wastage of resources. Studies have shown that China’s waste generation and energy consumption per unit of GDP are much higher than those of developed countries (Lu et al., 2020).
4.3 Implications
To promote sustainable development of the countries along the B&R, we propose several development suggestions based on the above findings. The results showed that although countries pay more attention to natural niche after BRI, the development trend of natural niche subsystem before BRI is not optimistic. Countries with fragile ecological environments should conserve and manage their environment. Additionally, while pursuing sustainable regional development, they must adhere to green growth and reduce the emission of industrial pollutants, continuously optimize the industrial layout, and limit the development of highly polluting enterprises. The economic and social ecological subsystems can improve the composite ecological niche and play a vital role in supporting regional sustainable development. In particular, the size and growth of GDP per capita, people’s standards of living, and quality of life contribute extensively to the development of other aspects of the region. Lastly, investments in these areas should be increased.
5 CONCLUSION
Here, we assessed the ecological niches of the complex ecosystem and the stage of coupling coordination. In recent years, the ecological niche of a complex ecosystem has been rapidly promoted. Moreover, the economic and social ecological indices showed an upward trend. Further, the economic ecological niche showed a marginally upward trend, but the social ecological niche increased considerably. Conversely, the natural ecological niche decreased marginally, with a relatively flat trend. Furthermore, the coupling coordination between the economic-social ecological niche and the natural ecological niche of the CAFTA countries increased and advanced. Its internal category level changed from a system balance to natural ecological niche lag, indicating an inverse relation between natural resource exploitation and environmental protection. In general, these results suggested that it is imperative to improve the coordination of the natural environment to promote the quality of economic growth and social development.
The most important limitation lies in the indicators affecting the economic-social-natural complex ecological niche in the established system. Therefore, although the present study results show a development trend, they do not indicate sustainable development of each country and the impacts of the B&R construction. Future research should comprehensively examine the sustainable development status of the countries along the B&R.
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In the Guangdong-Hong Kong-Macao Greater Bay Area (GBA), a series of natural environmental, economic, and social issues have emerged sequentially in the process of rapid economic and social development. Therefore, for the sustainable development of the GBA, how to closely integrate nature protection with economic and social development to improve the sustainable development level of the social-economic-natural compound ecosystem, and realize the coordinated development of the system is particularly important. Based on the perspective of complex network and the theory of compound ecosystem, this study proposes a set of sustainable development evaluation model based on complex network modeling to evaluate the sustainable development level of compound ecosystem in GBA from 2014 to 2018, and further analyze the coupling coordination degree. The major findings include: 1) For the sustainable development in the GBA, the development of the natural subsystem is an important foundation, and the synchronous development of the social and economic subsystems are the main driving force. 2) The sustainable development level in the GBA shows an overall steady upward trend; the average level of the compound ecosystem’s coupling coordination development is in a “good” state, and it shows an evident upward trend. 3) Whether it is within the GBA or the GBA and its surrounding regions, there are problems of unbalanced and insufficient regional development. Policy recommendations include increasing the emphasis on the sustainable development of the natural subsystem, promoting the coordinated development of the economic, social, and natural subsystems, and promoting the balanced development of cities within the GBA, as well as the GBA and surrounding regions.
Keywords: Guangdong-Hong Kong-Macao Greater Bay Area (GBA), social-economic-natural compound ecosystem, sustainable development, coupling coordination degree, complex network, node importance
1 INTRODUCTION
Sustainable development has become global issue. In 2015, the United Nations Sustainable Development Summit officially adopted “Transforming our World: The 2030 Agenda for Sustainable Development”, establishing a global sustainable development goal system (The United Nations Sustainable Development Summit, 2015). As the core area of the world’s population concentration and an important entity for sustainable economic, social, and environmental development, the issue of urban development is more complex (Uchiyama and Mori, 2017). China is paying increasing attention to the sustainable development of cities, and the government has adopted multiple strategies and new urbanization models to promote the healthy and sustainable development of cities (Bai et al., 2014). In December 2016, the State Council issued “China’s implementation of the 2030 Agenda for Sustainable Development Innovative Demonstration Zone Construction Plan” to promote sustainable urban development. With the development of economic globalization and urbanization, competition between cities has begun to shift from single cities to urban agglomerations (Fang and Yu, 2017). Urban agglomerations have become the most dynamic and potential areas in the economic development of all countries in the world, and are at the core strategic position in the country’s sustainable development (Tan, 2016). However, in the process of rapid development, most urban agglomerations have over-emphasized economic development and pursued short-term benefits; consequently, they are generally faced with environmental pollution (Liang et al., 2019), resource shortages (Guo et al., 2020; Prabha et al., 2020), greenhouse effects (Han et al., 2018; Song et al., 2019), and other issues, which bring many unstable factors to their sustainable development.
The Guangdong-Hong Kong-Macao Greater Bay Area (GBA) is the fourth largest bay area in the world after the New York Bay Area, the San Francisco Bay Area, and the Tokyo Bay Area. It is also a world-class urban agglomeration of China’s national strategic significance and an important space carrier to participate in global competition. In 2019, the “Outline Development Plan for the Guangdong-Hong Kong-Macao Greater Bay Area” was released. The outline proposes adherence to the basic principles of “green development and ecological protection” to provide residents with a good ecological environment and promote the sustainable development of the GBA. However, with rapid population growth and economic development, the GBA is facing increasing social and environmental pressures. In particular, the nine cities in Guangdong Province (i.e., the Pearl River Delta) in the GBA are the first areas in Chinese mainland to open to the outside world. They experienced urban population gathering and rapid expansion of construction land, which caused a series of resource and environmental problems (He and Li, 2020). Therefore, what is the current level of sustainable development of the social-economic-natural compound ecosystem in the GBA? How is the coupling coordination degree between the three subsystems of economy, society, and nature? How does the development level compare with surrounding regions, such as the East, the West, and the Mountainous Regions in Guangdong Province? These are important issues to be considered for the sustainable development of the GBA. The most appropriate development path can be formulated according to local conditions, only by further understanding the weaknesses of the GBA’s sustainable development. Therefore, it is necessary to scientifically evaluate and analyze the sustainable development level of the social-economic-natural compound ecosystem in the GBA. Based on the perspective of complex network and the theory of social-economic-natural compound ecosystem, this study proposes a set of sustainable development evaluation model based on complex network modeling. The key of the model is to use the evaluation of the importance of complex network nodes and the TOPSIS method to determine the index weight. Then, it uses the model to evaluate the sustainable development level of the social-economic-natural compound ecosystem in the GBA from 2014 to 2018, and further analyze the coupling coordination degree of the compound ecosystem. This study further explores the application of complex network method in sustainable development evaluation, and the research results provide a scientific basis and reference for the sustainable development management decisions in the GBA.
The main contributions of this study are as follows. First, based on the perspective of complex network and the theory of compound ecosystem, this study proposes a set of sustainable development evaluation model based on complex network modeling to evaluate the sustainable development level of compound ecosystem in GBA. The key of this model is to use the evaluation of the importance of complex network nodes and the TOPSIS method to determine the index weight. This model not only avoids the subjective error caused by qualitative analysis method to determine the weight to a certain extent, obtain more objective, accurate and reasonable results, but also explores the application of complex network method in sustainable development evaluation.
2 LITERATURE REVIEW
Ma and Wang (1984) first stated the view that a compound ecosystem is composed of society, economy, and nature systems; these systems have mutually causal constraints and complementary relationships. Modern city is a social-economic-natural compound ecosystem. In this complex system, the natural system supports human economic and social development through different forms of natural capital and ecosystem services. The economic value and social well-being created by human society also have certain positive and negative effects on the natural system (Wang et al., 2016). Many scholars have explored the factors affecting environmental sustainability. It is found that energy development (Khan et al., 2022), financial development (Tang et al., 2022), information and communication technology (Zhang et al., 2022), education (Zafar et al., 2020), and many other factors will affect the sustainable development of the natural environment. For sustainable urban development, it pursues the high harmony of social prosperity, economic development, a beautiful environment, and the full integration of technology and nature (Zhang et al., 2005). Sustainable urban development can only be ensured by clarifying the complex interactions between social, economic, and environmental factors, and planning and management according to ecological principles (Wang et al., 2011). Therefore, the issue of sustainable urban development is not only for a specific aspect, but mainly focuses on the balanced development of social progress, economic growth, ecological construction, and environmental protection (Sun et al., 2017).
In recent years, scholars have studied sustainable urban development from the perspective of compound ecosystems. Based on energy theory, Wang et al. (2016) proposed a method to measure the regional sustainability of the Yellow River Delta based on a social-economic-natural ecosystem, and analyzed the sustainability of Dongying in 2009. Sun et al. (2017) evaluated the sustainable development level of 277 cities in China based on the economic-social-natural ecosystem. The results show that to achieve sustainable development, attention must be paid to the synchronous and balanced development of economic, social, and ecological infrastructures. Sara et al. (2018) constructed an index system from three aspects of environment, society and economy, and proposed a comprehensive multi-standard method tool to evaluate the sustainability of Spanish cities. Feleki et al. (2018) proposed a set of suitable indexes from the three systems of environment, society, and economy and conducted sustainability evaluations on European cities. Starting from the three pillars of sustainability (social, economic, and environmental), Rama et al. (2020) evaluated the sustainable development level of 31 representative Spanish cities through multiple sustainability indexes. Based on the analysis of the social-economic-natural compound ecosystem, Tai et al. (2020) constructed a coal mine city vulnerability evaluation index system, and evaluated the vulnerability of coal mine cities that produced more than 10 million tons of coal in 2015. Peng and Deng (2020) took Guiyang as the study object, and calculated sustainable development based on relative carrying capacities of natural, economic, environmental, and social resources from 2003 to 2017.
With the acceleration of urbanization, urban agglomeration has gradually become an important development model, and more and more scholars have studied the sustainable development of a certain region or urban agglomeration (Tan et al., 202; Zinatizadeh et al., 2017), mainly focusing on China’s Yangtze River Delta urban agglomeration (Huang et al., 2020), Beijing-Tianjin-Hebei urban agglomeration (Chen et al., 2019), Chengdu-Chongqing urban agglomeration (Cheng et al., 2020), the Yangtze River urban agglomeration (Gu et al., 2015; Luo et al., 2021), etc. In addition, in recent years, research on the sustainable development of foreign urban agglomerations has gradually emerged (Butsch et al., 2017). Rahayu et al. (2018) discussed the strategic challenges in development planning for Denpasar City and the coastal urban agglomeration of Sarbagita. Karima et al. (2020) used DEA model to conduct double decoupling analysis on the environmental performance of urban agglomerations, and evaluated the urban agglomerations with the best performance in urban sustainability.
Since research on sustainable development issues must consider the development background and actual conditions of the specific study area, different evaluation methods have also been applied to different backgrounds and different purposes (Zhang et al., 2021b; Swain and Ranganathan, 2021). The main methods in the field of sustainable development evaluation include the AHP (Choi and Koo, 2017; Ye, 2019; Irfan et al., 2022), the full permutation polygon synthetic indicator method (Pan et al., 2019), entropy method (Ding et al., 2019; Tai et al., 2020), and ecological footprint method (Liu and Yang, 2020; Luo and Wang, 2020). Among them, the AHP belongs to the subjective evaluation method, and personal subjective factors of the experts have a certain influence on the scientificity of evaluation results. the full permutation polygon synthetic indicator method is simple to calculate, but it cannot reflect the contribution rate of each index to the comprehensive evaluation result. The entropy method is an objective evaluation method; although it can effectively avoid the deviation of human factors, to some extent, it ignores the importance of the index itself. The ecological footprint method is difficult to fully reflect the sustainability status of the system. It is mainly applicable to global- and national-level assessments, and it is difficult to promote to a small regional scope (Sun and Ma, 2018). Therefore, exploring new sustainable development evaluation methods is an important direction to promote and enrich the field of sustainable development. A complex network is defined as a dynamic evolution system with an irregular structure, which provides an intuitive and effective method for describing the structure of complex system. It is easy to construct and can also clearly reflect the internal relationships of the complex system (Nazempour et al., 2018). Considering the shortcoming of traditional methods in single and one-sided analysis of the evaluation object, the complex network analysis uses the statistical characteristics of nodes to construct a complex multi-factor evaluation index system that conforms to actual research, and then use evaluation index as nodes to study the evaluation objects in a complex network structure diagram (Zhang et al., 2018; Xue et al., 2020). Some scholars have introduced complex networks to explain the interrelationships of the social-economic-environmental system of resource-based cities on multiple scales, and to analyze the sustainable development mechanism of complex urban systems (Jing and Wang, 2020).
Based on the above related research (Table 1 lists these studies), this study mainly expands on the following aspects. First, in terms of research objects, existing studies on the sustainable development of urban agglomerations in China mainly focus on the Beijing-Tianjin-Hebei urban agglomeration and the Yangtze River Delta urban agglomeration, etc., but few studies have analyzed the sustainable development in the GBA. The construction of the GBA is a major national development strategy. The “Outline Development Plan for the Guangdong-Hong Kong-Macao Greater Bay Area” clearly states that the development in the GBA should follow the basic principle of “green development and ecological protection”. Therefore, based on this basic principle, this study selects the GBA with one country, two systems, three separate customs territories as the research object, and to study its sustainable development. Second, in terms of research content, on the one hand, most research focuses on the evaluation of the overall level of urban sustainable development, ignoring the essence of the city as a social-economic-natural compound ecosystem, and failing to explore the coordinated development degree among subsystems. On the other hand, most of the existing research data are annual cross-sectional data, making it difficult to reveal the long-term dynamic variation rule of the research object’s sustainable development. Based on the dynamic perspective, this study selects panel data to examine the sustainable development level in the GBA urban agglomeration, and to deeply analyze its coupling coordination development. Third, in terms of research methods, different from traditional evaluation methods, this study begins with the interrelationship between the evaluation indexes, proposes a set of sustainable development evaluation model based on complex network modeling. The key of the model is to use the evaluation of the importance of complex network nodes and the TOPSIS method to determine the index weight. This model not only avoids the subjective error caused by qualitative analysis method to determine the weight to a certain extent, obtain more objective, accurate and reasonable results, but also explores the application of complex network method in sustainable development evaluation.
TABLE 1 | Overview of relevant studies.
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3.1 Study Area
The GBA is an urban agglomeration composed of nine cities in the Pearl River Delta, including Guangzhou, Shenzhen, Zhuhai, Foshan, Huizhou, Dongguan, Zhongshan, Jiangmen, and Zhaoqing, and the special administrative regions of Hong Kong and Macao. In February 2019, the Central Committee of the Communist Party of China and the State Council issued the “Outline Development Plan for the Guangdong-Hong Kong-Macao Greater Bay Area.” This outline referred to the development of a “vibrant world-class urban agglomeration” as one of its strategic positioning and proposed building a beautiful bay area with ecological security, beautiful environment, social stability, and cultural prosperity. However, according to the strategic positioning of a world-class urban agglomeration and the development vision of building a beautiful bay area, the GBA faces many economic, social, and natural environmental issues during the rapid urbanization process, which poses major challenges to sustainable development. In this study, we consider the GBA cities and the other Guangdong cities around the GBA that have strong social-economic relations with it. Therefore, the spatial scope of this study includes the GBA, the East Region (Chaozhou, Shantou, Jieyang, Shanwei), the West Region (Zhanjiang, Maoming, Yangjiang), and the Mountainous Region (Shaoguan, Qingyuan, Heyuan, Meizhou, Yunfu); a total of 23 cities at or above the prefecture level (see Figure 1), that is, the “21 + 2” pattern of “one province and two special administrative regions” in Guangdong province plus Hong Kong and Macao special administrative regions.
[image: Figure 1]FIGURE 1 | Cities of and around the GBA.
3.2 Data Source
In this study, a total of 23 cities in the GBA and the East, West, and Mountainous regions of Guangdong Province are selected as research objects. The data on the index system of sustainable development of the social-economic-natural compound ecosystem are collected, and the sample span was from 2014 to 2018. Specific indexes are based on data from the “Statistical yearbook of Guangdong,” “Hong Kong Annual Digest of Statistics,” “Macao statistical yearbook,” and “China City Statistical Yearbook.” Part of the data comes from the relevant yearbooks and environmental bulletins of 21 cities in Guangdong Province issued by the National Bureau of Statistics, and relevant survey data published on official websites, such as the Hong Kong Census and Statistics Department and the Macao Statistics and Census Bureau. The missing data for some years was replaced using the linear trend method. This study unifies the currency units of the main economic indexes of Guangdong Province, Hong Kong, and Macao, and uses the annual average exchange rate for conversion. The exchange rate uses the official average exchange rate of the Hong Kong dollar and Macao Pataca to RMB for that year.
4 EVALUATION INDEX SYSTEM AND METHODS
4.1 Evaluation Index System
Establishing an appropriate index system is the premise and important basis for the scientific evaluation of the sustainable development of a compound ecosystem. At present, there are different standards for the construction of sustainable development evaluation index system in different countries and regions. The comprehensive index system for sustainable development established by the US Environmental Protection Agency covers 12 categories, including economy, education, environment, government, and health (Hart, 1999). The urban sustainability index jointly launched by United Kingdom’s National Bureau of Statistics and Department for Environment Food and Rural Affairs include the four major indexes of sustainable production and consumption, climate change and energy, natural resources and environmental protection, and sustainable development of communities and the world equality (Department for Environment Food and Rural Affairs. 2009). The index system of sustainable development proposed by China’s National Bureau of Statistics and Management Centre of Agendum in the 21st Century includes six major systems: economy, society, environment, resources, population and science and education (Lu et al., 2003). The Sustainable Development Goals (SDGs) proposed in the 2015 United Nations Development Summit have also been widely adopted by the international community and many countries, which cover the three dimensions of economy, society and the environment, including 17 sustainable development goals and 169 items (Shao et al., 2021). In addition, due to the difference of evaluation objects, scholars at home and abroad have different opinions on the construction of evaluation index system of urban sustainable development, and there is no unified evaluation index system up to now. However, when constructing the evaluation index system of sustainable development, most existing studies almost include three important elements of social, economic and natural environment (Ding et al., 2016; Wang et al., 2016; Jing and Wang, 2020; Tai et al., 2020).
The compound ecosystem is a form of harmonious symbiosis between man and nature. It is composed of three subsystems: society, economy and nature (Jiang, 2018). Cities are the most intensive areas of human activities. Cities integrate various social, economic, environmental, and cultural factors and conflicts to form a typical social-economic-natural compound ecosystem (He and Li, 2020). From this perspective, referring to the various sustainable development evaluation standards mentioned above and the research of domestic and foreign scholars, combined with the actual situation of the GBA and the availability of index data, this study selects 21 indexes to construct the evaluation index system for the sustainable development of GBA. The specific index system is shown in Table 2. Among them, the explanation and description of each index are as follows.
TABLE 2 | Index system for sustainable development of compound ecosystem in the GBA.
[image: Table 2]For the social subsystem, the essence of sustainable social development lies in improving living standards and guarantees of people, and creating a harmonious and stable social environment. A1 and A2 reflect living standards. The higher the consumption expenditure and disposable income, the higher the living standard of residents will be. A3 reflects the urbanization level of a city, and the growth of the urbanization level will promote the further development of society. A4 and A5 reflect the city’s emphasis on education and culture. A6 and A7 reflect a city’s current health and employment situation.
For the economic subsystem, sustainable economic development must consider the level of economic development and the rationality of the economic development structure. A8 and A9, as important economic development evaluation indexes, reflect the “quantity” and “speed” of urban economic development. A10 refers to the ratio of GDP to the total employed population, reflecting the overall economic development strength of a city. A11 reflects the modern level of industrial structure. A12 and A13 reflect the consumption of energy and water resources in urban economic activities. A14 reflects a city’s emphasis on scientific research.
The natural subsystem mainly involves two aspects: natural resource endowment and environmental pollution. A15 and A16 reflect the forest resources and water resources of a city. Due to differences in the statistical calibers of cities in Guangdong Province, Hong Kong and Macau, Hong Kong’s and Macao’s forest coverage rate are replaced by the ratio of the forest area to land area and ratio of green area to land area, respectively. A17 shows the greening coverage within urban areas. A18 and A19 reflect the air quality. A20 and A21 reflect urban solid waste discharge and sewage treatment capacity.
4.2 Evaluation Model
4.2.1 Constructing Complex Network of Index System
A complex network is a unified whole that contains multiple nodes. In this study, each node represents an index in the index system, and there are complex correlations between these nodes. The complex network of the index system is constructed through the following steps (Wang et al., 2017).
Step 1. By using the index data of 23 cities from 2014 to 2018, the Pearson correlation coefficient among indexes is calculated to form the correlation coefficient matrix. A significant correlation test was conducted at a confidence level of 0.05 to obtain the corresponding significant p-value among the indexes.
Step 2. Defining the complex network as [image: image], where[image: image] is a node set, where each node represents an index in the index system;[image: image] is the set of edges between nodes [image: image] and [image: image];[image: image] represents the adjacency matrix, where [image: image] represents whether there is an edge between nodes [image: image] and [image: image]. [image: image] implies that there is an edge between the two nodes, and [image: image] indicates that there is no edge between the two nodes; the value of [image: image] depends on:
[image: image]
where [image: image] is the p-value of the correlation coefficient between [image: image] and [image: image].[image: image] is a weighting matrix, where [image: image] represents the weight of the edge between nodes [image: image] and [image: image], and the value of [image: image] depends on:
[image: image]
where [image: image] is the correlation coefficient value between [image: image] and [image: image].
Step 3. Inputting the weighted complex network adjacency matrix and using R software to output the complex network structure diagram.
Step 4. In complex network, the importance of a node is usually described by the concept of centrality (Yang et al., 2021). Using R software to calculate the four attributes used to measure the node importance: degree centrality ([image: image]), betweenness centrality ([image: image]), closeness centrality ([image: image]), and eigenvector centrality ([image: image]). Among them, [image: image] refers to the degree to which a node is connected to all other nodes in the network, [image: image] refers to the number of times that a node acts as an intermediary to help any other two nodes to contact each other in the shortest path, [image: image] refers to the closeness of a node to all other nodes in the network, [image: image] considers not only the number of neighbors but also the importance of neighboring nodes connected to it.
4.2.2 Calculation of the Index Weight based on the Node Importance
The TOPSIS comprehensive evaluation method was used to calculate the node importance (Du et al., 2014; Hu et al., 2016). It is more comprehensive to determine the importance of a node by integrating multiple node attributes than analyzing the importance of a node based on a single attribute, and the determination of index weight is more accurate and reliable.
Step 1. Constructing a decision matrix X with N rows and m columns:
[image: image]
where N is the number of nodes in the above complex network, [image: image] is the set of corresponding decision scheme, m is the number of node attributes of the decision scheme, [image: image] is the attribute set corresponding to the decision scheme, [image: image] represents the [image: image] th index of the [image: image] th node.
Step 2. Normalizing the matrix X and marking the normalized matrix as [image: image].
[image: image]
Step 3. Using the AHP method to calculate the subjective weight [image: image] of each attribute. Using (0, 1, 2) three scales to perform pairwise comparisons of the attributes and construct the comparison matrix A (Zhang et al., 2021a). The comparison matrix A is constructed based on the following factors: Degree centrality (DC) reflects the local characteristics of nodes, and its importance is lower compared with other indicators considering that there are few network structures factors. Considering the influence of neighboring nodes, eigenvector centrality (EC) is more important than DC, but less important than betweenness centrality (BC) and closeness centrality (CC); Compared with the other 3 indicators, betweenness centrality (BC) can accurately find the “bridge” nodes in the network, while the other 3 indicators do not have this function. Thus, BC is given a high value in the comparison.
[image: image]
Among them, 0 suggests attribute [image: image] is more important than attribute [image: image]; one means attribute [image: image] is as important as attribute [image: image]; two indicates attribute [image: image] is more important than attribute [image: image]. Then, the sum-product method is used to transform the comparison matrix A into a judgment matrix and pass the consistency test to obtain attribute weight ([image: image] of degree centrality ([image: image]), betweenness centrality ([image: image]), closeness centrality ([image: image]), and eigenvector centrality ([image: image]).
Step 4. The objective weight ([image: image]) is determined by the coefficient of variation method. The formula is as follows:
[image: image]
[image: image]
Step 5. Combining the weights obtained by the two assignment methods, which can simultaneously reflect the different advantages of the two types of weights. According to the principle of minimum relative entropy, the combination method is used to obtain the combination weight:
[image: image]
[image: image]
Using the Lagrangian multiplier method to get the combined weight of each attribute [image: image], the solution is as follows, and the normalized decision matrix F constitutes the weighted normalized matrix R.
[image: image]
[image: image]
Step 6. Determining the positive ideal point [image: image] and negative ideal point [image: image] of the indicator.
[image: image]
[image: image]
Step 7. Calculating the distance from each plan [image: image] to the positive ideal point [image: image] and the negative ideal point [image: image].
[image: image]
[image: image]
Step 8. Calculating the closeness [image: image] of each decision scheme to the ideal solution, which reflects the importance of each node in the complex network.
[image: image]
Step 9. Calculating the index weight in the evaluation system [image: image] through [image: image]:
[image: image]
4.2.3 Calculation of Comprehensive Evaluation Results
Step 1. The original indexes values are used to construct the initial matrix [image: image], with [image: image] evaluation indexes and n objects to be evaluated.
[image: image]
Step 2. Standardizing the initial matrix [image: image], [image: image] is an index value in the initial matrix, and the standardized value is recorded as [image: image], and each index weight is added to form a weighted standardized matrix [image: image].
[image: image]
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Step 3. The weighted summation formula is used to calculate the comprehensive score of sustainable development [image: image] of each city.
[image: image]
4.3 Coupling Coordination Degree Model
Step 1. The coupling degree directly reflects the coordination of multiple systems, and the specific calculation formula is as follows (Hashim et al., 2020):
[image: image]
[image: image] is the coupling degree of the [image: image] systems. In this study, the economic, social, and natural subsystems are coupled, so [image: image]. The value range of the coupling is [image: image].
Step 2. Calculating the coupling coordination degree based on the coupling degree (Li et al., 2020):
[image: image]
where [image: image] is the coupling coordination degree, [image: image], and [image: image] is the score of the sustainable development level of the social-economic-natural compound ecosystem. [image: image] is the coupling degree. Under a certain level of social and economic development and the natural environment, the greater the composite benefits of society, economy, and natural environment, the more coordinated the overall development of the system. Therefore, the closer D is to 1, the higher is the coupling coordination degree of the system; otherwise, the coupling coordination degree of the system is lower. In this study, the coupling coordination degree is divided into four levels: [image: image], low-level coupling coordination; [image: image], moderate coupling coordination; [image: image], good coupling coordination; [image: image], high-quality coupling coordination.Moreover, the flowchart of constructing the evaluation model is presented in Figure 2. This evaluation model uses the evaluation of the importance of complex network nodes and the TOPSIS method to determine the index weight, which can not only avoids the subjective error caused by qualitative analysis method to determine the weight to a certain extent, obtain more objective, accurate and reasonable results, but also further explores the application of complex network method in sustainable development evaluation. In this study, the feasibility of the evaluation model is verified by applying it to GBA sustainable development evaluation.
[image: Figure 2]FIGURE 2 | Flowchart of evaluation model.
5 RESULTS
5.1 Index Weight Analysis
Based on the adjacency and the weighting matrices, the R software is used to draw the topological diagram of the 21 nodes (indexes) of the compound ecosystem, as shown in Figure 3 (the size of the node indicates its importance). The social, economic, and natural subsystems exhibit a very close coupling relationship. There are complex correlations between nodes, and the turbulence of any node will have an impact on the entire system. On this basis, according to formulas (3)– (17), the index weight is determined based on the node importance of each node in the compound ecosystem network. The specific index weight results are shown in Table 3.
[image: Figure 3]FIGURE 3 | The influencing factors topological diagram of the social-economic-natural compound ecosystem in the GBA.
TABLE 3 | Node importance and index weight.
[image: Table 3]In terms of specific indexes, except for A7 (unemployment rate) and A20 (per capita solid waste discharge), which rank the last two, the weight of most of the other indexes is between 0.03 and 0.05. The top three indexes are A19 (annual average concentration of SO2), A21 (urban sewage treatment capacity), and A18 (annual average concentration of PM2.5). The weights of these three indexes are 0.162, 0.113, and 0.103, all of which are greater than 0.1. Their weights are far exceeding other indexes, demonstrating that they have the greatest impact on the compound ecosystem. Meanwhile, these three indexes are closely related to environmental pollution, which shows it is the primary factor restricting the sustainable development of the social-economic-natural compound ecosystem in the GBA. Second, A4 (the education expenditure as a proportion of fiscal expenditure) has a weight of 0.086, which shows that the emphasis on the development of education is important for the sustainable development of the social-economic-natural compound ecosystem in the GBA. From another perspective, indexes with higher weights also have high node importance in the network and are connected with most other nodes; therefore, their change will cause a change in many other nodes in the network, which has a high impact on the compound ecosystem network.
In terms of the weight of each subsystem, the natural subsystem has the highest weight (0.483), the economic subsystem has the lowest weight (0.252), and the social subsystem’s weight (0.265) is almost the same as the economic subsystem. The natural subsystem is the most important subsystem in the social-economic-natural compound ecosystem in the GBA. However, there is still a large gap between the ecological environment quality in the GBA and the strategic goal of building a world-class bay area and urban agglomeration. High energy consumption and pollutant emissions also increase the pressure on the natural environment in the GBA. Therefore, the GBA must pay more attention to the sustainable development of the natural subsystem and promote environmental governance in depth, instead of focusing solely on economic benefits. It can also be seen from the weight of the subsystems that the economic and social subsystems are almost equally important, indicating that the sustainable development of the compound ecosystem cannot be separated from the simultaneous development of economy and society. The GBA is currently transitioning from the development of the port and industrial economy to the service and innovative economy. To achieve sustainable development, we must further emphasize scientific development, strive to achieve the simultaneous development of economic and social benefits, and accelerate the formation of a new cross-regional development pattern with simultaneous economic and social development.
5.2 Sustainable Development of the Compound Ecosystem in the GBA
Based on the weight of each index determined by the importance of each node in the compound ecosystem network, the sustainable development level of the social-economic-natural compound ecosystem (SDC), the coupling coordination degree of social-economic-natural compound ecosystem (DC), the sustainable development levels of the social subsystem (SDS), the economic subsystem (SDE), and the natural subsystems (SDN) in the GBA from 2014 to 2018 are calculated according to Eqs 18–23. Table 4 lists the mean values of each city. In addition, Figures 4–7 visually analyzes the sustainable development level and trend of the social-economic-natural compound ecosystem in the GBA.
TABLE 4 | Results of the sustainable development level of the compound ecosystem in the GBA.
[image: Table 4][image: Figure 4]FIGURE 4 | Sustainable development level of the compound ecosystem in the GBA.
5.2.1 Sustainable Development Level of the Compound Ecosystem
From the mean value of the overall SDC shown in Table 4, Hong Kong, Shenzhen, Macao, Guangzhou, and Zhuhai are the top five among the GBA urban agglomeration; the sustainable development levels of compound ecosystem are higher than the mean value of the GBA. The remaining six cities are all lower than the mean value of the GBA, of which Zhaoqing (0.369) ranks last. In addition, the sustainable development levels of Macao’s social and economic subsystems are ranked second and first in the GBA, but its comprehensive ranking is ranked third. Further analysis shows that the sustainable development level of its natural subsystem ranks seventh in the GBA, indicating a big gap and deficiency in the level of natural sustainable development of Macao. The levels of sustainable social and economic development of Shenzhen have not yet reached that of the Hong Kong and Macao. However, the sustainable development level of its natural subsystem ranks first in the GBA, indicating that Shenzhen has a solid foundation for sustainable development and will have a stronger development momentum in the future.
Figure 4 shows that the SDC in Hong Kong, Shenzhen, Macao, and Guangzhou far exceeds other cities. In terms of development trends, Hong Kong began to show a slight decline after reaching its peak in 2017, and Macao began to steadily rebound after experiencing a decline in 2015. Among the nine cities in the Pearl River Delta, except for Huizhou and Zhongshan, which showed a small decline and fluctuation, the sustainable development level of the other cities showed a gradual upward trend, among which Guangzhou, Shenzhen, Foshan, Jiangmen, and Zhaoqing showed a noticeable upward trend. In general, the SDC of cities in the GBA shows a stable and positive trend. Guangzhou and Shenzhen form the first echelon with Hong Kong and Macao and have a high level of sustainable development, but there is still a big gap between other cities and them. Therefore, there are certain problems of uneven development in the GBA.
5.2.2 Sustainable Development Level of Subsystems
According to the mean value of SDS shown in Table 4, Hong Kong, Macao, Guangzhou, and Dongguan rank as the top four in the GBA, and their sustainable development level is higher than the mean value (0.121). The remaining seven cities are all lower than the mean value, with Zhaoqing ranking the lowest (0.086). Figure 5 shows that the sustainable development level of the social subsystem in Hong Kong and Macao is much higher than that of other cities in the GBA, and they are at a high level. In terms of development trends, the SDS in Hong Kong and Macao showed a steady upward trend. Among the nine cities in the Pearl River Delta, except Guangzhou and Shenzhen, which show a distinct upward trend, most cities show a certain fluctuation or decline. Among them, the sustainable development level of Zhongshan’s social subsystem decreased significantly, but it began to increase in 2018. In general, there is still a large gap between the nine cities in the Pearl River Delta and Hong Kong and Macao in terms of the level of social sustainable development.
[image: Figure 5]FIGURE 5 | Sustainable development level of the social subsystem in the GBA.
From the mean value of the SDE shown in Table 4, it can be observed that among the GBA, Macao, Hong Kong, Shenzhen, Guangzhou, and Zhuhai are the top five, in a leading position, with their economic sustainable development level are higher than the mean value (0.137). The other six cities are all lower than the mean value, and Zhaoqing (0.100) ranks lowest. Figure 6 shows that Hong Kong, Macao, Shenzhen, and Guangzhou are at a high level, followed by Zhuhai, Foshan, Dongguan, and Zhongshan. In contrast, the SDE of Huizhou, Jiangmen, and Zhaoqing lags behind. In terms of development trends, except for Macao’s significant decline in the export of gaming and tourism services in 2015, which led to a significant decline in economic development, the sustainable development level of the other urban economic subsystem is almost in a stable state, with slight rises and falls. This indicates that the economic subsystems of cities in the GBA are relatively stable from 2014 to 2018.
[image: Figure 6]FIGURE 6 | Sustainable development level of the economic subsystem in the GBA.
From the mean value of the SDN shown in Table 4, it can be observed that in the GBA, Shenzhen, Hong Kong, Guangzhou, Huizhou, and Zhuhai are the top five, which is higher than the mean value (0.242). The remaining six cities are all lower than the mean value, and Foshan (0.162) is the lowest. As shown in Figure 7, Shenzhen, Guangzhou, and Hong Kong are at a high level. In particular, the SDN in Shenzhen is much higher than that of other cities, while the SDN in Foshan, Zhongshan, Jiangmen, and Zhaoqing is relatively low. This result shows that the sustainable development level of the natural subsystem in the eastern cities in the GBA is relatively high, while the sustainable development level of western cities in the GBA is generally low. In terms of development trends, the SDN in the GBA has shown an overall upward trend, with a noticeable increase in Guangzhou, Shenzhen, Foshan, Jiangmen, and Zhaoqing. This result indicates that with the government’s emphasis on energy conservation, emission reduction, and environmental protection, the quality and environmental protection of the natural environment are constantly improving, thus improving the level of natural sustainable development.
[image: Figure 7]FIGURE 7 | Sustainable development level of the natural subsystem in the GBA.
5.2.3 Coupling Coordination Degree of the Compound Ecosystem in the GBA
From the mean value of the DC shown in Table 4, it can be observed that among the GBA, Macao (0.787), Hong Kong (0.777), Shenzhen (0.725), Guangzhou (0.695), and Dongguan (0.602) ranks the top five, with an average coupling coordination degree between 0.6 and 0.8, which is at high-quality coupling coordination. The mean value of the coupling coordination degree of the other six cities is between 0.5 and 0.6, which is at moderate coupling coordination. In general, the mean value of the DC in the GBA is 0.623, which is at moderate coupling coordination and has not reached high-quality coupling coordination. Figure 8 reveals that the level of coupling coordination degree of Hong Kong and Macao is significantly higher than that of other cities, and is followed by Guangzhou and Shenzhen, which belong to the second echelon; there is a large gap between the other five and these four cities. In terms of development trends, the coupling coordination degree of most cities in the GBA shows a slow upward trend and is basically in a stable stage. This shows that the coupling coordination of social, economic, and natural environment in the GBA has been improving in recent years.
[image: Figure 8]FIGURE 8 | Coupling coordination degree of compound ecosystem in the GBA.
5.3 Comparison Between the GBA and Three Surrounding Regions
Table 5 lists the sustainable development of the social-economic-natural compound ecosystem in the GBA, the East, West, and Mountainous regions from 2014 to 2018.
TABLE 5 | Sustainable development of the compound ecosystem in the GBA and three surrounding regions.
[image: Table 5]5.3.1 Comparison of Sustainable Development Level of the Compound Ecosystem
Based on the mean value of the SDC in the four regions from 2014 to 2018 (see Table 5), the levels of the GBA, the East Region, the West Region and the Mountainous Region are 0.500, 0.376, 0.401 and 0.367, respectively. In general, the GBA has a strong performance in sustainable development and has a leading advantage over other regions. The sustainable development level with obvious advantage also lays a solid foundation for its strategic positioning of building a world-class urban agglomeration. In terms of development trends, the sustainable development level in the GBA has always been higher than that of the three surrounding regions from 2014 to 2018, which has shown an upward trend year by year. After 5 years of development in the three regions of the East, West, and Mountainous regions, the sustainable development level has gradually become the same. However, there is still a large gap between these three regions and the GBA. Although the mean value of sustainable development in the East Region is lower than that in the West Region, the trend is gradually increasing annually. Since 2016, the sustainable development level of the West Region has shown a downward trend, and it was lower than the East Region in 2018. The sustainable development level of the Mountainous Region has greatly improved from 2014 to 2018, and it was almost the same as that in the West Region in 2018. The sustainable development of the West Region shows a downward trend. The sustainable development level of the three cities in the West Region fluctuates and declines, with Zhanjiang declining the most.
5.3.2 Comparison of Sustainable Development Level of Subsystems
Based on the mean value of the SDS in the four regions from 2014 to 2018 (see Table 5), the levels of the GBA, the East Region, the West Region and the Mountainous Region are 0.121, 0.090, 0.088, and 0.07, respectively. The SDS in the GBA ranks first and far exceeds the other three regions. In terms of development trends, the GBA experienced a slight decline in 2015, and then showed a relatively stable and slow upward trend. The SDS in the East Region has shown a clear downward trend and has gradually lagged behind the West Region since 2016. The SDS in the Mountainous Region has increased significantly in the first 4 years, but there is still a certain gap with other regions.
Based on the mean value of the SDE in the four regions from 2014 to 2018 (see Table 5), the levels of the GBA, the East Region, the West Region and the Mountainous Region are 0.137, 0.095, 0.090, and 0.074, respectively. The SDE in the GBA surpasses that of the other three regions. In terms of development trends, except for small fluctuations in the West Region, the other three regions are in a relatively stable and slowly rising trend, and the GBA has the largest increase.
Based on the mean value of the SDN in the four regions from 2014 to 2018 (see Table 5), the levels of the GBA, the East Region, the West Region and the Mountainous Region are 0.242, 0.193, 0.222, and 0.217, respectively. Although the SDN in the GBA is not much higher than that of other regions, it surpassed the Western Region in 2015 and became the first, and it has always been on a steady rise. In terms of development trends, the GBA and East Region showed a relatively noticeable rise, while the West Region has declined since 2016, and fell from the first place in 2014 to the last place. Although there is a certain fluctuation in the Mountainous Region, the overall trend is increasing.
In general, the sustainable development level of the social, economic, and natural subsystems in the GBA is higher than that of the other three regions, and it is in a leading position. In particular, the sustainable development levels of the social and economic subsystems have been in the top position from 2014 to 2018, and much higher than those in other regions. In terms of development trends, the SDS, SDE, and SDN in the GBA have shown a gradually increasing trend. Among them, the SDN has risen the most, indicating that the government has attached great importance to the ecological and environmental protection of the GBA in recent years, and has achieved remarkable results in environmental pollution control and environmental quality improvement.
5.3.3 Comparison of Coupling Coordination Degree of the Compound Ecosystem
Based on the mean value of the DC in the four regions from 2014 to 2018 (see Table 5), the levels of the GBA, the East Region, the West Region and the Mountainous Region are 0.690, 0.592, 0.603, and 0.565, respectively. This result shows that the social-economic-natural compound ecosystem coupling coordination level in the GBA surpasses that of the other three regions. In addition, the DC in the GBA reached 0.711 in 2018, and the coupling coordination level approached high-quality coupling coordination. Among them, the mean value coupling coordination level in the GBA and the West Region is good (coupling coordination degree is greater than 0.600), while the remaining two regions is at a moderate coupling coordination level. In terms of development trends, the DC in the GBA and the East Region is increasing gradually but at a slow rate. The East Region has reached a good coupling coordination level since 2017, and the development trend is stable and positive. The coupling coordination level of the Western Region has transitioned from a moderate to a good level, but it has returned to a moderate level due to a certain degree of decline in 2018. The DC in the Mountainous Region has always been at a moderate level, but it shows a slow growth trend, and the gap with other regions is gradually narrowing.
6 CONCLUSION AND POLICY RECOMMENDATION
6.1 Conclusion
In order to explore issues related to the sustainable development of the social-economic-natural compound ecosystem in the GBA, this study proposes a set of sustainable development evaluation model based on complex network modeling to evaluate the sustainable development of compound ecosystem. This model not only avoids the subjective error caused by qualitative analysis method to determine the weight to a certain extent, obtain more objective, accurate and reasonable results, but also explores the application of complex network method in sustainable development evaluation. Specifically, this study uses this model to evaluate the sustainable development level of the social-economic-natural compound ecosystem in the GBA from 2014 to 2018, and analyzes the coupling coordination degree of the compound ecosystem. On this basis, we also compare and analyze the sustainable development of the compound ecosystem in the GBA and the surrounding regions (the East, West, and Mountainous regions). The main conclusions are as follows:
First, for the sustainable development in the GBA, the development of the natural subsystem is an important foundation, and the synchronous development of the social and economic subsystems are the main driving force. It was found that in the compound ecosystem, the weight of the natural subsystem is 0.483, indicating that the natural subsystem has the greatest impact on the sustainable development of the compound ecosystem, which confirms its position as an important basis for sustainable development. In addition, the weights of the social and economic subsystems are 0.265 and 0.252, respectively. The social and economic subsystems are almost as important to the compound ecosystem, suggesting that to develop a sustainable compound ecosystem, we must adhere to the concept of scientific development and promote the synchronization of the economic and social subsystems. To a certain extent, economic and social development can bring benefits, reduce environmental pollution and promote conservation.
Second, the sustainable development level in the GBA shows an overall steady upward trend. From 2014 to 2018, the sustainable development level of the natural subsystems rose significantly, and the quality of the natural environment continuously improved. Meanwhile, the development of social and economic subsystems has been relatively stable. Overall, the sustainable development level in the GBA has been improving annually, whether it was the compound ecosystem or the social, economic, and natural subsystems. In addition, the coupling coordination degree of the social-economic-natural compound ecosystem in the GBA is at a good level, and it also shows a significant upward trend (the coupling coordination degree reached a maximum value of 0.711 in 2018), transitioning from a good to a high-quality coupling coordination stage.
Third, the GBA has the problem of unbalanced and insufficient regional development. in terms of the cities in the GBA, the four cities of Guangzhou, Shenzhen, Hong Kong, and Macao have created a large gap with other cities in terms of sustainable development level or the coupling coordination degree of the compound ecosystem. Guangzhou, Shenzhen, Hong Kong, and Macao are developing at a high level, while other cities are in a disjointed state of unbalanced and inadequate development. In terms of the comparison between GBA and the surrounding regions, the sustainable development level in the GBA is significantly better than the East, West, and Mountainous regions, and the problem of insufficient development between regions is severe. The gap between the GBA and the other three regions continues to widen in terms of development trends.
6.2 Policy Recommendation
Based on the above conclusion, this study draws the following policy recommendations.
First, the government should strengthen ecological and environmental protection in the GBA and further enhance the sustainable development level of the natural subsystem. The construction of the GBA should give priority to the sustainable development of the natural subsystem, and consolidate an important foundation of sustainable social and economic development. On the one hand, it should implement the most stringent environmental protection system, fight for air, water, and soil pollution prevention; strengthen ecological protection and restoration, and achieve sustainable development of green cycles. On the other hand, Guangdong, Hong Kong, and Macao should carry out more in cross-regional environmental governance, and confirm a legislation to jointly promote the improvement of the ecological environment in the GBA.
Second, further promoting the coordinated development of the economic, social, and natural subsystems of the GBA, and pushing forward the compound ecosystem to move towards a stage of high-quality coupling coordination. Above all, referring to the development experience of the world-class bay area, the GBA should rely on technological innovation to drive the social and economic development to achieve sustainable social and economic development. Specifically, it should proceed from two aspects: consolidating the talent base for innovative development and increasing the investment in R&D. Then, while ensuring the improvement of the economic development level, government should pay attention to people’s livelihood and welfare, continuously improve people’s living standards, and resolve inequalities in people’s livelihood security and social governance. Finally, the relationship between economic and social development and ecological and environmental protection should be properly handled; government should play an active role in promoting green transformation of economic and social development in an all-round way. It is necessary to set high standards to force the green transformation of the industry and promote green and low-carbon development, but also to carry out in-depth energy-saving, emission-reduction, and carbon-reduction actions for all citizens to form a common sense of green development and ecological protection.
Third, promoting the balanced development of cities in the GBA, as well as the GBA and surrounding regions. On the one hand, within the GBA, the development gap between other cities and the four cities of Guangzhou, Shenzhen, Hong Kong, and Macao must be narrowed. The efforts to accelerate cracking the institutional barriers in Guangdong, Hong Kong, and Macao, optimizing the allocation of resource elements and the spatial layout of productivity, promoting the complementary advantages and orderly division of labor between cities, and sharing various production resource elements are essential in narrowing the development gap between cities. On the other hand, for the East, West, and Mountainous regions in Guangdong Province surrounding the GBA, the development gap with the GBA should be narrowed. This can be achieved by implementing a precise differentiation strategy, emphasizing the division of functions and industries, giving the ecological environment a clear priority, and promoting the green development and revitalization of the East, West, and Mountainous regions. We should focus on building the coastal industries in the East and West regions, linking with the coastal areas of the Pearl River Delta to form a coastal economic belt. The Mountainous Region will be an ecological development zone, guided by ecological priority and green development, to achieve high-quality development in high-level protection.
However, there are some limitations in this study. First, as the research object is the GBA, due to the limitations of data acquisition, the selected evaluation indexes are not comprehensive, resulting in the evaluation index system fails to fully reflect the sustainable development of the compound ecosystem, which affects the evaluation results to a certain extent. Second, the research period of this paper is relatively short, and only 5 years’ data are selected. In future, a longer period can be selected to better reflect the sustainable development of the social-economic-natural compound ecosystem in the GBA.
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Mandatory land expropriation, resettlement and welfare loss of landless peasants have received increasing research attention. However, in most previous analyses, the loss of psychological welfare of landless farmers is often neglected, which may lead to biased land requisition compensation and resettlement programs and incomplete policy recommendations. This study attempts to use a three-dimensional framework of place attachment to analyze the causes of psychological welfare loss. China’s land expropriation and centralized resettlement cut off the material and emotional ties between farmers and land. Farmers’ dependence on land, or their dependence on land-dependent farming lifestyle, has been neglected in the process of land acquisition and resettlement, resulting in the loss of farmers’ psychological welfare. Based on a comparative analysis of the existing methods, this paper chooses the contingent valuation method (CVM) to measure the loss of psychological welfare of landless peasants via monetization. The feasibility of the model has been tested at a small scale in nine cities. The results show that 1) farmers have strong place attachment on agricultural land, although centralized land expropriation and resettlement have neglected this dependence and caused psychological welfare losses to landless peasants; and 2) the loss of psychological welfare of landless peasants can be measured by the CVM and presented in monetary units. The monetization measurement method in this paper still has some shortcomings and its feasibility requires more empirical tests. However, as a rare monetization measurement study, this paper can direct academic and policy attention towards this psychological welfare loss.
Keywords: place attachment, land expropriation, centralized resettlement, land expropriated farmers, psychological welfare loss, contingent valuation method (CVM)
1 INTRODUCTION
In recent decades, to meet the needs of urban construction, China has requisitioned a large amount of farmland, which has resulted in a large number of landless farmers (Lian et al., 2016). The welfare of farmers after land loss has always been the focus of scholarly research. Most welfare studies focus on whether compensation is sufficient to compensate for the loss of the material welfare of landless farmers (Li et al., 2015; Peng and Bai, 2016; Huang et al., 2017; Wang et al., 2017; Cao et al., 2018). However, land has always represented more than a simple means of production and livelihood for most farmers in China (Li et al., 2015). Even if the loss of material welfare of farmers is fully compensated via policy, the resettled landless farmers still face cultural, psychological and social networking losses due to the difference between the urban and rural dual structure in China (Hui et al., 2013). Research on the loss of psychological welfare of landless peasants has gradually increased, especially with regard to the satisfaction of peasants, and such work illustrates the deteriorating psychological status of peasants (Liang, 2015; Liang and Cao, 2015; Liang and Zhu, 2015; Chen et al., 2016; Qian 2017; Cao and Zhang, 2018; Cheng et al., 2018). However, the causes and measurement of psychological welfare loss, especially monetization measurements, have not been fully discussed.
In view of this shortcoming, this paper aims to reveal the emotional loss of land-lost peasants in China in an attempt to explain the loss of psychological welfare of land-lost peasants with the concept of place attachment. After analyzing the merits and demerits of the existing psychological welfare measurement methods, a monetized psychological welfare loss measurement method is proposed to provide a reference for perfecting the land expropriation system and quantitatively evaluating the psychological welfare loss of landless peasants. The structure of this paper is as follows. The next section will review the relevant research on the psychological welfare of landless farmers. In the third part, we use the Scannell and Gifford (2010) tripartite organization framework to analyze the causes of psychological welfare loss of landless farmers. The fourth part focuses on the evaluation of various psychological welfare measurement methods and shows that the contingent valuation method (CVM) can measure the loss of psychological welfare of landless farmers. A pilot study to verify the feasibility of the measurement method is presented in Section 5. The importance and limitations of this study are discussed in Section 6, and the conclusions of this paper are presented in the final section.
2 LITERATURE REVIEW
Reviewing the relevant literature on the loss of psychological welfare of landless peasants shows that scholars mainly discuss it from three perspectives: sociology, psychology and economics. First, from a sociological point of view, scholars prefer the qualitative description of psychological welfare and mostly focus on the social adaptation of landless farmers, such as urban adaptation (He et al., 2017), social identity (Zhang and Tong, 2006; He and Xue, 2014; Bao et al., 2017), cultural adaptation. Zhang and Tong (2006) found that due to passive urbanization, most landless peasants’ self-identities were imbalanced, which led to anxiety. Believes that the process of urban adaptation of landless farmers is also the process of cultural adaptation from a traditional farming culture to modern urban culture. Psychological estrangement and social barriers lead to inferiority and a sense of loss, anxiety and insecurity caused by the sudden loss of land, which results in a lack of self-confidence among landless farmers and a deviation in the identity of “new citizens”. Research on the urban maladjustment of land-lost peasants shows that these peasants suffer from a loss of psychological welfare due to land expropriation (Wang et al., 2019; Xie, 2019; Zhou, 2020; Nanhthavong et al., 2021).
From a psychological point of view, the two most typical welfare concepts are based on hedonic and Eudaimonic schools (Ryan and Deci, 2001; Lent 2004), and from these two research orientations, subjective well-being and psychological well-being are derived. There are overlaps and differences between the two conceptual models (Cooke et al., 2016). Since welfare is largely subjective well-being and many studies on the welfare of landless farmers have select subjective evaluation indicators to evaluate welfare (Peng and Bai, 2016; Shi, 2016), we discuss subjective well-being in detail. According to Diener (1994), the measurement of subjective well-being includes three parts: life satisfaction, positive emotion and negative emotion. Scholars mostly study the subjective well-being and influencing factors of different groups, such as landless farmers, migrant workers, rural residents and migrants (Nielsen et al., 2010; Hu et al., 2014; Liang and Wang, 2014; Liang and Zhu, 2015; Berry and Hou, 2016; Xia et al., 2018; Wang et al., 2019). Liang and Zhu (2015) used a positive and negative emotional scale and life satisfaction scale to measure the subjective well-being of landless peasants in relatively developed cities. Moreover, the subjective well-being of most landless peasants was lower than the midpoint, and as their negative emotions increased, the subjective well-being would decrease. Wang et al. (2019) found that land expropriation increased the family income of landless farmers but reduced the personal well-being. Due to differences in the land system and economic environment, few studies have been performed on land-lost farmers in foreign countries. However, from the relevant literature, the study of involuntary resettlement has a strong reference value. In the Impoverishment Risks and Reconstruction (IRR) Model (Cernea, 1997), involuntary immigrants face eight displacement risks. Obviously, landless farmers also face these risks, especially landless, unemployed and homeless farmers. Land-lost peasants face involuntary immigration in a sense. The government’s land expropriation behavior leads to the involuntary loss of land by rural residents, who are forced to relocate to urban centralized resettlement communities. Many scholars at home and abroad have verified the negative impact of involuntary migration on subjective well-being, even if resettlement improves the material welfare of forced migrants (Hwang et al., 2011; Day, 2013; Kaida and Miah, 2015; Herath et al., 2017; Vanclay, 2017). These studies reflect the fact that the subjective well-being of peasants is reduced and their psychological welfare is damaged after they are separated from their land. However, the measurement of subjective well-being has always been biased towards the self-report scale (Pavot and Diener, 1993), which is vulnerable to subjective factors, such as memory bias, attitude tendency etc. Moreover, subjectivity is observed in the evaluation of psychological welfare loss.
From the perspective of economics, especially welfare economics, most of the literature has focused on the welfare changes of landless peasants as shown in Table 1. Using Amartya Sen’s functioning and capabilities welfare theory and taking economic conditions, social security, living conditions, living environment, psychological status and social participation as the welfare evaluation indicators, the welfare changes of land-expropriated farmers after land expropriation were measured from different perspectives (Li et al., 2015; Peng and Bai, 2016; Ding et al., 2017). Many studies used the fuzzy comprehensive evaluation method to confirm that the welfare level of land-lost farmers decreases after land expropriation. Only a few studies have shown that the overall welfare level of landless peasants has improved slightly, although the overall level is still at a low level. Such welfare improvements are mainly due to the improvement of living conditions; however, the psychological status of landless peasants was deteriorated in the study (Cai and Yuan, 2012; Li et al., 2015). Through the construction of the fuzzy evaluation system of the welfare status of land-lost farmers, the welfare changes before and after land expropriation were measured and a quantitative analysis was performed. However, certain problems remain (Bao et al., 2018). In these studies, farmers’ psychological well-being represents an integral part of the evaluation system and is difficult to differentiate; thus, it cannot be assessed separately. Moreover, the welfare indicators and calculation methods used by different scholars vary, which increases the difficulty of comparing the welfare levels calculated by different studies and does not provide an accurate picture of the welfare losses of landless farmers.
TABLE 1 | Summary of the literature on welfare changes of landless farmers from the perspective of welfare economics.
[image: Table 1]In summary, although scholars have studied the psychological welfare of landless peasants from different disciplines and provided qualitative descriptions and performed quantitative exploration, they have not further analyzed the underlying causes. The subjectivity of psychological welfare makes its measurement subjective and ambiguous. Farmers’ maladjustment, low happiness and deteriorated psychological status cannot be directly measured by these language descriptions, nor do they attract the attention of scholars, the public and policymakers. We hope to find a more appropriate measure, such as monetization, to accurately and intuitively measure the size of the loss. In this way, when generating compensation plans, policymakers can reasonably compensate landless farmers to make up for their psychological welfare losses.
3 LOSS OF PSYCHOLOGICAL WELFARE OF LANDLESS PEASANTS
3.1 Performance
Since 2000, the standards of compensation and resettlement for land expropriation have been greatly improved in most areas. Especially after the implementation of new socialist countryside construction, standardized centralized placement has become increasingly popular. The advantages of centralized resettlement in standardizing construction, land protection, unified gas supply and unified water supply are regarded by local governments as an important method of promoting urbanization and modernization and important indicators in the cadre of assessment systems in China. Overall, the living conditions of landless farmers have improved significantly (Li et al., 2015). However, even if the living conditions have been significantly improved, a large number of in-depth interviews and reports by scholars and social media on the centralized resettlement of landless peasants point out that centralized resettlement causes psychological welfare losses to landless peasants. Farmers who are forced to resettle spontaneously change their resettlement community space to the traditional rural life they are familiar with (Li et al., 2016). From countryside to city, the land is separated from the life of a peasant, and the social and geographic relationship of land is broken. The centralized resettlement of landless peasants leads to anxiety as they attempt to rebuild their living environment and reshape their traditional lifestyle, etiquette, custom culture and neighborhood relations. Land-lost peasants reclaim nearby wasteland, erect shacks for weddings, funerals, and other ceremonies, abandon the use of natural gas and reburn firewood (Li et al., 2016; Guo et al., 2017; Lv and Pan, 2018). Other studies have pointed out that the mental health of landless farmers is worrying. The deteriorated mental state and behaviors associated with environmental renovation lead to the infringement on the rights of others, thus indicating that the psychological welfare of these peasants has suffered a loss.
In recent years, the problem of land-lost peasants reclaiming public green space privately in centralized resettlement communities has been repeatedly reported by the Chinese media. We searched Baidu (www.baidu.com) using the keyword “land-lost peasants + green land reclamation” and obtained nearly 1,400 relevant news reports, some of which are listed in Table 2. Most of the studies on the unsuitability of landless peasants in China also mention this phenomenon. Therefore, this paper argues that cultivating public green space is a typical manifestation of the damaged psychological welfare of farmers displaced from their land. By occupying public land, landless peasants try to rebuild their farming living environment and then restore their emotional relationship with farmland. However, this type of rebuilding behavior is often in conflict with the local government’s management system of centralized resettlement communities. Managers often believe that such actions destroy the public environment and infringe on public power (Li et al., 2016; Lv and Pan, 2018). Therefore, managers often have disputes with farmers.
TABLE 2 | Report on green land reclamation by landless farmers in centralized resettlement areas.
[image: Table 2]3.2 Explanation of Causes
Many scholars have attempted to eliminate the prejudice towards “uncivilized and low-quality landless peasants” and understand the motivation behind such behavior from social or cultural dimensions. However, the relevant research generally focuses on the perspective of “people” to explore how the characteristics of the vulnerable group of landless farmers affect their behavior (Bao et al., 2017) while ignoring the perspective of human-land interactions (He et al., 2017). The human-land relationship is an important perspective for understanding human land-related behavior, especially irrational behavior. One of the popular interdisciplinary theories is “place attachment”, which refers to the emotional bond between individuals and special places (Scannell and Gifford, 2010). Place attachment has been widely studied based on different people, farmers, the elderly, immigrants, and refugees as well as different places, motherlands, towns, neighborhoods, communities, farmland or even football fields (Lewicka, 2011). Site dependence also has a wide range of impacts on individuals who range from psychological, nostalgic, stressful, distrustful, fearful, and satisfied to behavioral issues, such as regression, recovery and reconstruction; moreover, they can manifest as constructive environmental concerns for land and forest protection and revisiting to destructive ideas, such as land use conflicts, development protests or resettlement resistance (Lewicka, 2011). Site dependence is an important concept in explaining certain land use behaviors, such as agricultural permanence (Hinojosa et al., 2016), landscape protection (Walker and Ryan, 2008), and conservation (Gosling and Williams, 2010). In China, place attachment is used to explain neighborhood participation (Zhu and Fu, 2017; Lu et al., 2018), environmental attitudes (Cheung and Hui, 2018), migration return (Du, 2017) and tourist destinations (Xu and Zhang, 2016). Compared with the all-embracing concept of place attachment, land attachment is a narrower concept based on place attachment, and it focuses on the emotional relationship between landless farmers and farmland. Despite the increasing importance of place attachment in explaining people’s land-related behaviors and emotions, few studies have focused on landless farmers in China; thus, the current work presents a certain degree of novelty.
Specifically, we use the Scannell and Gifford (2010) three-dimensional organization framework of people, processes and locations to analyze the land dependence of landless farmers and explain the loss of psychological welfare of landless farmers (Figure 1).
[image: Figure 1]FIGURE 1 | Three-dimensional model of place dependency (proposed by Scannell and Gifford).
The first element is people. The population of landless peasants in China is heterogeneous. Over the past 2 decades, a large number of farmers, mainly young people and men, have migrated seasonally from rural areas to urban areas for work. However, a large number of farmers, especially the elderly, still make a living via traditional agriculture. After land expropriation and centralized resettlement, the former will move to the city seasonally again and only the latter will live in the resettlement community full-time. These lifelong farmers have two important characteristics: farming and older age. Farmers have long been regarded as highly dependent on land (Cheshire et al., 2013; Hinojosa et al., 2016; Baldwin et al., 2017). Although there are few studies on the land dependence of Chinese peasants, topophilia is a common phenomenon in Chinese literary works with the theme of peasants and rural areas. Age is also thought to increase place attachment (McHugh and Mings, 1996; Rollero and De Piccoli, 2010). These elderly peasants acquired almost all of their knowledge from the land and devoted their lives to the land. Because of their attachment to farmland and agriculture, many farmers still engage in agricultural activities after retirement, which not only allows them harvest agricultural products but also to satisfy their life value (Grubbström and Eriksson, 2018).
Land has multiple functions in the life of Chinese peasants. Mainly, land can provide farmers with livelihoods that are not affected by inflation. China’s formal urban and rural security system is incomplete, and land can be understood as having a social security function (Cai and Zhang, 2006; Chen et al., 2009; Ho, 2014). Land is also an important social arena for farmers. Farming is the best time for farmers to socialize with their neighbors because they can show others what they are growing and share advice, which can greatly expand the farmers’ communities. Farmers can maintain friendships via mutual assistance and exchanges with their neighbors. Good crops win praise from others. All of these factors have greatly contributed to the formation of farmers’ social identities. In material terms, farming is not only the work of these elderly farmers but also their only exercise and recreation because they seldom have other sports or entertainment enjoyed by urban residents.
The last factor is the psychological process, which constructs the relationship between farmers and land through emotion, cognition and behavior. Local dependence is based on emotions as evidenced by the literature on involuntary immigration. Residents who are forced to leave their homes never cease their attachment to their old homes. In contrast, attachment will continue to rise, and they will mourn for their lost homes and places for many years, especially if they have not adapted to their new homes (Boğaç, 2009). Involuntary relocation can lead to the destruction of place attachment, and only when the dependence is destroyed will the people associated with the place actually realize their place attachment (Brown and Perkins, 1992). Involuntary relocation is often sudden, and these sudden changes may be overwhelming for those who have strong place attachment (Brown and Perkins, 1992), resulting in mental health problems such as sadness, anxiety and depression (Schweitzer et al., 2011; Richardson et al., 2016), which results in the loss of psychological well-being. Kaida and Miah (2015) indicated that the subjective well-being of rural-urban migrants is lower than that of urban resettlers while local attachment is higher than that of urban residents. The relocated landless peasants’ emotional attachment to land is consistent with involuntary immigration. Baldwin et al. (2017) argued that cognitive attachment is enhanced by learning and reflecting on the production dynamics of the environment and landscape. According to media reports, peasants who cultivate green land are nearly 60 years of age or older. These peasants have basically taken farming as their only occupation since childhood and have been living with farmland for a long time, constantly strengthening their memory of farmland and constantly learning farming production knowledge. Long-term farming experience has made farmers feel strongly about land (Li et al., 2016). Farmers are associated with land because land represents who they are. Finally, place attachment is manifested by behavior, including proximity-maintaining behavior. For example, in a case study of involuntary migrants in the Three Gorges Project, Li and Rees (2000) found that most of the migrants who lost their land preferred to settle near their homes because they still used previous farming techniques and management experience to produce agricultural products in familiar land environments. Another type of behavior is the reconstruction of place. Site dependence is not static, and processes, time expenditure, site size, ownership status, and sudden changes are considered to affect dependency (Lewicka, 2011). If people cannot make changes in their environment to support their desired identity and goals, dependency will be undermined (Brown and Perkins, 1992). When people are dependent on leaving places (large change of state and small change of community) and experience various psychological injuries, they will adopt various ways of “self-treatment”, such as consuming typical food commodities from their hometown, listening to music from their hometown (Cai and Liu, 2013; Wang et al., 2018), or rebuilding the environment of their hometown (Scannell and Gifford, 2010), such as decorate the garden and house into a familiar scene (Mazumdar and Mazumdar, 2012; Li et al., 2016). This kind of “reconstruction” or treatment is very close to the green land reclamation behavior of land-lost peasants, although the former is a legitimate act in private space while the latter is a violation of public space.
The theory of place attachment can better explain the “green land reclamation behavior” of landless peasants: compulsory land expropriation suddenly cuts off the relationship between peasants and cultivated land as well as the farming habits formed by the dependence on cultivated land, thus resulting in a strong land dependence of peasants and consequently a loss of psychological welfare. The centralized resettlement model fails to take into account such psychological loss (Kaida and Miah, 2015) and fails to leave open space for farmers. Therefore, farmers occupy public space and try to restore the human-land relationship by rebuilding their farming environments. Furthermore, policymakers should consider this loss and take action to compensate for it as much as possible, provided that it can be measured.
4 MEASUREMENT OF PSYCHOLOGICAL WELFARE LOSS
4.1 Method Selection
Welfare is a concept with a wide range of connotations. Economists of different stages and schools have different views of welfare and equate welfare with utility, preference and well-being. Therefore, many welfare measurement methods have been developed based on different disciplines and different welfare theories. Pigou (1929) holds that a person’s welfare is implied in his satisfaction, which can be attributed not only to the possession of property but also to other factors (such as knowledge, emotion, desire, etc.). Such attribution leads to measurable benefits with broad implications. Thus, Pigou’s research is limited to the narrow sense of welfare that can be measured directly or indirectly via money, i.e., economic welfare. However, scholars have carried out in-depth studies from the perspective of sociology and psychology, such as subjective well-being, psychological well-being and quality of life studies. Regards welfare as mental or psychological welfare, which is mainly measured by subjective evaluations and defined as psychological welfare. Many types of psychological welfare measurement methods have been developed.
The first method is self-reporting from a psychological perspective. Well-being has four conceptual branches in psychology: subjective well-being, psychological well-being, quality of life, and wellness (Cooke et al., 2016). After decades of development, scholars have hardly reached a consensus on the concept and measurement of psychological well-being. Based on different research perspectives, they have developed many measuring tools with obvious differences, such as from a single dimension to multiple dimensions. The main measuring method is the self-reporting method, in which data from respondents are mainly collected via questionnaires and quantitative information is obtained via rating scales. This method has the advantages of a simple explanation, abundant information, motivation reports and strong operability. However, this method also has fatal shortcomings. First, psychological welfare measurement results will differ because of the different scales used by scholars and changes in the item order; therefore, the results of different studies are difficult to compare. For example, Kaida and Miah (2015) used a satisfaction with life scale to measure subjective well-being; Liang and Zhu (2015) also used the life satisfaction scale and included a Positive and Negative Affect Schedule to measure subjective well-being; Nielsen et al. (2010) used an eleven-point Personal Well-Being Scale to measure subjective well-being; Xia et al. (2018) only used five-point; and Wang et al. (2019) used a single-dimensional scale to measure subjective well-being. Second, the validity of the measurement tools will also affect the measurement results. Finally, this measurement method is susceptible to subjective factors, such as memory bias and attitude tendency.
The second method includes welfare evaluation systems based on function and ability welfare theory. Sen (1993) regards welfare as a combination of welfare functions and welfare capabilities, considering not only material economic benefits but also potential viable benefits, and incorporating noneconomic benefits into the assessment. This theory focuses on individual freedom, makes up for the defect in which the former measurement only focuses on objects, and improves the accuracy of welfare measurement. A literature review showed that scholars who use this method to study the welfare of landless peasants regard psychological welfare as one of the dimensions and focus on qualitative descriptions of increases or decreases in the welfare of landless peasants. Moreover, Sen did not clearly define the criteria of viability, which led to inconsistency among welfare indicators selected by different scholars and differences in the calculation methods, which made it difficult to compare the welfare levels calculated by different studies and increased the difficulty of cross-regional comparisons.
The third method includes evaluations of resources and environment value. This method evaluates the economic value of resources and the environment by measuring people’s preferences for environmental goods or services, which are usually identified based on monetary values. The monetary unit is the most suitable index for measuring the damages and benefits associated with resources and the environment. From a new welfare economics, the two terms economic value and welfare change can be used interchangeably. Therefore, we believe that the method of value assessment is feasible for measuring the loss of psychological welfare of landless farmers. In general, economic valuation methods can be divided into three categories: direct market valuation approaches, revealed preference approaches and stated preference approaches (Kumar, 2012; Damigos et al., 2016). Agricultural land is a combination of natural, economic, and social attributes, which present use value and nonuse value. Specifically, we have drawn a structural chart of farmland value and the evaluation method (Figure 2).
[image: Figure 2]FIGURE 2 | Structural chart of the farmland value and evaluation method.
The above chart clearly shows that farmland value assessments can be divided into market value assessments and nonmarket value assessments. Direct market valuation approaches rely on production or cost data, which are not applicable if there is no market for the goods or services studied (Kumar, 2012). In our view, the loss of farmers’ psychological welfare caused by the elimination of land dependence belongs to the nonmarket value of farmland because there is no market price. We tend to choose the latter two evaluation methods. Among them, the travel cost method (TCM), the hedonic pricing method (HPM) and the CVM are three classical nonmarket value assessment methods. After a comparative analysis, we choose the CVM method because it is more suitable for this study. The specific analysis of the above methods is described as follows.
The HPM is a special regression technology to study the relationship between heterogeneous commodity characteristics and commodity prices. In the aspect of farmland value evaluation, the HPM determines farmland value by analyzing the relationship between marginal changes in the farmland characteristics and real estate price, and its hypothesis is that the property price is related to the characteristic attributes of farmland. Imperfections in the market and policy failures will affect monetary value estimates of farmland (Kumar, 2012); therefore, the HPM is more widely used in developed countries with perfect market economy systems.
The TCM method is mainly used to evaluate the recreational value of scenic spots and environments with landscape function. As far as farmland is concerned, scholars mostly focus on the study of farmland landscapes (Fleischer and Tsur, 2000; Cai et al., 2008; Huang and Wang, 2015; Qiu and Fan, 2016). Revealed preference approaches (TCM and HPM) are ex-post valuation methods based on real market transactions, and although their measurement results are more reliable, they depend on actual or observed behavior and cannot estimate nonuse value (Kumar, 2012; Damigos et al., 2016).
The CVM method can assess use value and nonuse value and is more suitable for ex-ante evaluations (Kumar, 2012). In welfare economics, CVM is used to measure individual preferences without market prices. Scholars measure individual preferences for the environment or ecological facilities and investigate the effects of dependence on these preferences (Lee et al., 2013; López-Mosquera and Sánchez, 2013; Keske and Mayer, 2014; Nielsen-Pincus et al., 2017). In fact, many scholars have used CVM to evaluate the use value and nonuse value of agricultural land resources (Bowker and Didychuk 1994; Cai and Zhang, 2007; Cai et al., 2008; Jin et al., 2013; Huang and Wang, 2015; Bani and Damnyag, 2017), and it is also used to assess welfare changes (Knetsch, 2010; Rakotonarivo et al., 2018). CVM uses two methods to construct contingent schemes: willingness to pay (WTP) and willingness to accept (WTA). Therefore, we select CVM to monetize the loss of psychological welfare of landless farmers. According to Hicksian welfare theory, the values of WTP and WTA are theoretically equal (Horowitz and McConnell, 2002); therefore, each method can be used to investigate the welfare losses of the respondents. Discussions on the differences and comparative advantages between WTP and WTA continue in practice (Kim et al., 2015). Considering the possibility of overestimating the WTA (Knetsch, 2010; Soguel and Silberstein, 2015), this paper adopts the more commonly used WTP.
4.2 Measurement Process
In the previous analysis, we show that Chinese farmers, especially elderly farmers, have a strong dependence on their farmland, although land expropriation and centralized resettlement have completely cut off their relationship with their farmland. The resulting loss of psychological well-being is manifested in many aspects, and although it is a well thought out, loss and other psychological conditions suitable for the use of the master scale are difficult to measure by monetization. In contrast, the scope and monetization of public green space are typical parameters that are easy to monetize. Therefore, our measurement chooses to assess the contingent value of green space occupancy and how much these farmers are willing to pay for the legal period required to balance their psychological welfare losses. It should be emphasized that the term “payment” in the WTP does not imply any value judgment for all welfare rights. Based on the NOAA CVM Survey Design Principles, we accurately designed the survey questions for this study on the basis of group discussions and predictive surveys. Compared with the bilateral dichotomy, in the guidance mode of the WTP, guidance technology is more effective than the single boundary (Calia and Strazzera, 2000; Freeman et al., 2014). This study used the bilateral boundary model to investigate the respondents’ WTP for their agricultural land.
The DBDC-CVM model does not directly query the respondents’ WTP but rather estimates the WTP by constructing a functional relationship between the bidding value and respondents’ response probability, and it then measures psychological welfare losses. Specifically, we divide this model into five steps (Figure 3).
a) Assume scenarios. The core issues are shown in Figure 3.
b) WTP boot. The survey team provided the respondents with two consecutive bid values. The second bid value depends on the answer to the first bid value. The initial tender value and the range of tender amount are determined through pre-investigation. Respondents expressed the amount of WTP randomly given by the survey team by answering “yes” or “no”. If the first bid value (T) is accepted (Y), then the higher bid value (TH) is provided; however, if (T) is rejected (N), the lower bid value (TL) is provided. The guidance process is also shown in Figure 2.
c) WTP formula derivation. The respondents’ answers ultimately had four possible outcomes: Y-Y, Y-N, N-Y, and N-N. The response probability of each result can be calculated using a stochastic utility model (McFadden 1973):
[image: image]
where G (·) is the cumulative distribution function (CDF).
[image: image]
[image: Figure 3]FIGURE 3 | Flow chart of estimating the psychological welfare loss via the DBDC-CVM model.
The above equation includes the constant item, the bid value coefficient, the K explanatory variable and the corresponding explanatory variable coefficients.
When the WTP is greater than or equal to 0, according to Hanemann (1984), the average WTP of bilateral boundary dichotomy can be obtained by following mathematical expectations:
[image: image]
In the above equation, the regression coefficients of constant items, bid values, average values of variables affecting respondents’ WTP, and explanatory variables (except the bid values) are the regression coefficients.
d) Construction of Multinomial Logit Model (MNL). Among the many econometric methods used to explore the influencing factors of WTP, the Multinomial Logit Model is widely used (Balogh et al., 2016; Yaylali et al., 2016). For the disordered response variable f = 1,2,.. F, we have the MNL model:
[image: image]
In our study, there are four reaction combinations: Y-Y, Y-N, N-Y, and N-N. N-N was selected as the reference group; thus, we have the following:
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Based on previous research and practical experience, factors that may affect the WTP, such as dependence, age, and gender, were selected. Second, a regression analysis was carried out on the MNL model of WTP and explanatory variables and K was calculated to explain the influence degree of different explanatory variables.
e) WTP estimation. WTP can be obtained by substituting the parameter estimation results into formula (3).
5 FEASIBILITY STUDY OF THE MODEL
5.1 Pilot Study
To verify the feasibility of the DBDC-CVM model to measure the psychological welfare loss of landless peasants, the research team conducted an empirical study in nine cities, including Haikou, Wuhan and Chengdu, during summer vacation from 2016 to 2018 (Figure 4). Among the cities, 200 questionnaires were distributed in Haikou, whereas the scale of the survey was reduced in the other cities due to time and cost problems. Eighty surveys were conducted. Due to space limitations, this paper only reports the situation and results of the Haikou survey in detail. In the past 30 years, Haikou has experienced rapid development and urbanization, which is similar to other provincial capitals in China. Haikou City is praised as the pioneer of land expropriation system reform in China’s land management system and a model of standardized and centralized resettlement of landless farmers. The mass media in Haikou frequently reported the reclamation and cultivation of public green space. We select Liuzhen, Mayor of Haikou, and Lingshan Town, which each have more than 1,000 families, as two centralized resettlement communities and randomly surveyed 100 families.
[image: Figure 4]FIGURE 4 | Study area location.
In Haikou, 98 males and 102 females (SD = 0.501) had a uniform gender distribution. The participants’ ages ranged from 36 to 45 years old (p = 35%) and 46–55 years old (p = 31%) with the youngest under 25 years old (p = 4.5%). The educational level of the respondents was generally below junior middle school (p = 80%), and the proportion of undergraduates and above was the smallest (p = 4.5%). Half of the respondents were temporary workers after land expropriation. In addition, only 6.5% of the land-expropriated peasants have an annual income of more than 50,000 yuan (RMB, approximately 6.9 RMB for a dollar).
5.2 Empirical Results
5.2.1 Distribution of Payment Schemes
In the pre-investigation, we determined the initial tender value and the range of the tender amount, which are 5, 10, 25, 50, 100, and 200 yuan, and formed four payment schemes (10, 25, 5) (25, 50, 10) (50, 100, 25), and (100, 200, 50). According to the WTP guidance process, the response distribution of the respondents in the formal survey is shown in Table 3. In total, 167 respondents (83.5%) showed a willingness to pay, and most of them chose to pay a small price for land. The fourth plan, i.e., the maximum plan, was often rejected twice, partly because of the low income of landless farmers (the study inquired about the reasons for zero payment, trying to distinguish protest payment from “real zero” in order to reduce deviation). The results showed that after land expropriation and resettlement, the connection with land has been cut off and psychological welfare losses are widespread.
TABLE 3 | Distribution of respondents’ answers.
[image: Table 3]5.2.2 Estimation Results of the DBDC-CVM Model
According to expert suggestions and previous studies (Bani and Damnyag 2017; Jin et al., 2018; Jin et al., 2019; Liu et al., 2019), the explanatory variables of the MNL include five social demographic variables: gender, age, and education level, annual family income and current work; and two psychological variables: land dependence and moral judgment. Breakdown (Table 4). This study used the four-point self-report scale of Hinojosa et al. (2016) and Soguel and Silberstein (2015), i.e., “Do you depend on your farmland”, to measure the dependence of landless farmers on farmland. According to the Richter Four-Point Self-Report Scale, 20% of the respondents had a strong place attachment on farmland, and 40% of the respondents had a strong dependence on farmland. Only 2.5% of respondents said that they did not depend on farmland. The proportion of respondents in other cities who believed that there was a very strong and strong dependence on agricultural land was more than 50%. This result confirms the dependence of landless farmers on farmland.
TABLE 4 | Variable definitions in the Multinomial Logit Model.
[image: Table 4]The average result of the MNL (Table 5) is substituted into Eq. 3, and the WTP value is 51.62 yuan/month, approximately 600 yuan/year and 89.69 dollars/year. This value is the price paid by Haikou farmers who want to own arable land and then partially rebuild their farming habits. According to the previous analysis, we have reason to think that this result represents the psychological injury caused by the forced expropriation and centralized resettlement of peasants. Thus, this price can represent the loss of peasants’ psychological welfare to a certain extent.
TABLE 5 | Parameter estimation results of the Multinomial Logit Model in HaiKou.
[image: Table 5]5.2.3 WTP in Other Research Areas
The loss of psychological welfare of landless peasants measured according to the survey results of nine cities is summarized in the lower column chart (Figure 5). The table shows that there are great differences in the loss of peasants’ psychological welfare among cities. The highest loss of peasants’ psychological welfare in Wuhan is 73.09 yuan per month, which is more than three times that in Chengdu, and the lowest loss of peasants’ psychological welfare is 22.73 yuan per month. The average value of each city is 47.72 yuan per month, which is equivalent to 82.91 yuan per year.
[image: Figure 5]FIGURE 5 | Psychological welfare losses in different regions.
6 CONCLUSION
Compulsory land expropriation not only cuts off the material and economic relations between expropriated peasants and the land but also cuts off the strong emotional relationship between the expropriated peasants and the land and farming habits they developed in the long-term farming process. This dependence hinders the rapid integration of these farmers into urban life, resulting in the loss of their psychological well-being. A common behavior of farmers after centralized resettlement is to reclaim public green space as vegetable fields, which also occurs because vegetables can be planted to reduce the cost of living. Interdisciplinary place attachment theory provides us with a new perspective for understanding this behavior. The theory of place attachment points out that some people will try to restore the human-land relationship by rebuilding the environment of their original place. Farmers’ behavior of reclaiming green space can also be understood as their attempt to reconstruct the farming living environment at a small scale and alleviate the psychological welfare losses caused by land expropriation and centralized resettlement.
Compared with most studies on the extent of psychological loss reported by self-rating scales, we used the CVM method to monetize the loss based on farmers’ reconstructing environmental behavior. Empirical studies on different scales of nine cities, such as Haikou, have proved the feasibility of our model and the value of further application of this model in other cities in China. We measured the average psychological welfare loss of the respondents in nine cities at approximately $82.91 per year. Although this value is not surprising, it is not small for landless farmers. Our research has confirmed that compulsory land expropriation and centralized resettlement have resulted in the loss of psychological welfare of land-expropriated farmers to a certain extent. Policymakers and researchers should pay more attention in terms of policy and academic research to this loss, especially to further optimize the placement strategy to improve the material welfare of land-expropriated farmers as well as their spiritual welfare through participatory community planning.
7 DISCUSSION
Abundant evidence shows that frequent compulsory land expropriation and centralized resettlement in China have dramatically changed the material and psychological welfare of landless farmers. Most of the literature focuses on the debate about whether the material welfare of farmers is getting worse or better, although research on changes in farmers’ psychological welfare is also increasing. An increasing number of researchers has realized that cultivated land is not only a means of production and an important asset for farmers but also a “basic element” of farmers’ life. There are intangible but key emotional attachments between farmers and land that affect their sense of place after migration (voluntary or involuntary) and their identity after urbanization (Qian and Zhu, 2014).
The phenomenon of transforming public green space into vegetable land has been reported frequently after land-expropriated peasants settle in centralized resettlement communities. Contrary to the view that this type of behavior is caused by the low quality and uncivilized behavior of peasants, some studies believe that it is based on the peasants’ inadaptability to urbanization. Based on the interdisciplinary “place attachment” theory, our study interprets this behavior as follows: after mandatory land expropriation cuts off the relationship between farmers and cultivated land and based on the farming lifestyle of cultivated land, farmers have strong land dependence and attempt to rebuild their original living environment in their new community in green spaces. The land use of such spaces is transformed to arable land to restore the human-land relationship. The widespread observation of this type of behavior indicates that Chinese peasants have suffered psychological welfare losses due to land expropriation. We further believe that this loss of psychological well-being can be approximately monetized by the farmers’ willingness to pay for the legitimacy of rebuilding activities (green land to arable land). We constructed a DBDC-CVM model and conducted empirical studies on different scales of land-expropriated farmers’ centralized resettlement communities in nine cities, such as Haikou. The survey proved the rationality of our explanation from two aspects. The first is the self-reports on land dependence from the questionnaire. The respondents in nine cities think that the proportion of people who have very strong or strong dependence on land is more than 50%. Second, according to the questionnaire, farmers have an obvious willingness to pay for the cultivation of green space, and the price ranges from 22.73 yuan per month to 73.09 yuan per month.
The results of different cities are quite different. On the one hand, the differences may be because of regional differences. On the other hand, the differences may be because of our empirical investigation, which was limited by time and funds and small in scale. However, the purpose of our research is not to accurately measure the loss of psychological welfare of land-expropriated peasants in cities or in China as a whole but rather to show that land-expropriated peasants do have a willingness to pay for the cultivation of public green space. Thus, restoring the relationship between people and land and explaining that the loss of psychological welfare of peasants should be prioritized in the process of land expropriation. Although differences in prices occurred, the average price is 47.74 yuan per month, which represents considerable wealth for farmers. The minimum standard of old-age insurance for landless farmers in many areas is only 260 yuan per month, which further illustrates the strong willingness of farmers to rebuild their farming environment and restore human-land ties.
Our model measures the farmers’ willingness to rebuild farming environment, which is only part of the loss of psychological welfare caused by land expropriation, a typical explicit form. Farmers also suffer from dissatisfaction, depression and subhealth caused by land expropriation (Zhang and Tong, 2006; Richardson et al., 2016). These unobserved losses have not been measured in our model but represent a future research goal. If these problems are further studied, the monetized value of psychological welfare losses caused by forced land expropriation may increase significantly. Of course, the farmers’ reclaiming public green space is not only because of the loss of psychological welfare but also because of the reduction of food expenditures. Although we have stated that the hypothesis of the CVM survey was only the willingness to pay for a very small public green space and asked the respondents not to consider the value of vegetable production, the loss of psychological welfare may have been overestimated because willingness to pay includes economic value.
There is some controversy in monetizing nonmarket values or loss by the CVM or other methods (Venkatachalam, 2004), even if we adopt the more advanced bilateral boundary dichotomy method and model and measure it strictly according to the methodology. However, this attempt also has its unique advantages. Monetization can more easily arouse the attention of policymakers, researchers and other groups about the importance of issues associated with expropriation (Jin et al., 2013; Liu et al., 2019). Farmers’ material welfare may be improved by considering issues associated with land expropriation and centralized resettlement, such as housing, transportation, drinking water, garbage disposal, etc. However, policymakers should further determine whether farmers are satisfied with their new life and whether nonmaterial requirements are met. Although our study focused on a monetized measure, our point of view is not to provide monetary compensation for these psychological welfare losses. In contrast, we believe that the needs of farmers should be more respected in the design and planning of communities rather than transferred to the values and aesthetics of external designers.
It is worthwhile to further optimize our measurement model and conduct a larger empirical survey, although such work will be expensive. However, such work can more accurately measure the loss of farmers’ psychological well-being and provide for further analyses of why the loss of farmers’ psychological well-being in different regions is quite different. Such differences may be related to the level of regional economic development, urbanization, and urban level; the prevalence of farming culture; the level and mode of government compensation and resettlement, etc. In addition, individual differences are also worth considering because farmers’ gender, education level, age and income may affect their degree of psychological welfare loss. The relationship between certain factors and psychological welfare loss is reflected in Table 5, although this paper does not extend this analysis. Further research on individual differences can help policymakers formulate more differentiated and targeted resettlement programs so that farmers in a more disadvantaged positions can receive more help.
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The period from 2010 to 2020 is a period of rapid economic development in China, with the increasing population and the urbanization level reaching 63.89%. Cultivated land plays an extremely important role in China’s food security. In order to grasp the spatial and temporal distribution and change of cultivated land use in China in time, based on GlobeLand30 data in 2010 and 2020, this study studied the spatial and temporal change characteristics of total cultivated land resources, cultivated land development and utilization degree, dynamic change degree of cultivated land utilization rate, and cultivated land use center and direction by using GIS technology, reclamation index, cultivated land utilization rate dynamic change degree model, cultivated land center shift model and standard deviation ellipse model. The results show that: ①The cultivated land area in China has changed greatly during 2010–2020, with the largest increase in cultivated land area in Inner Mongolia and Xinjiang, while the largest decrease in cultivated land area in Shandong, Jiangsu, Hebei, Guangdong, Henan and Zhejiang; ②The areas with the highest degree of cultivated land development and utilization are mainly concentrated in Shandong, Jiangsu, Henan, Anhui and other provinces in the east, while Qinghai, Tibet and Xinjiang have the lowest degree of cultivated land development and utilization; ③The regions with the highest dynamic change degree index of cultivated land utilization rate are mainly concentrated in Inner Mongolia, Xinjiang, Tibet and Qinghai, while the dynamic change degree index of cultivated land utilization rate in Liaoning, Hebei, Shandong, Jiangsu, Shanghai, Zhejiang and Guangdong shows obvious negative changes; ④The spatial and temporal migration of the center of gravity of cultivated land use in China shows the trend of “moving westward to northward”, and the spatial distribution direction of cultivated land use roughly presents the overall characteristics of northeast-southwest direction. This study can effectively reveal the temporal and spatial variation characteristics of cultivated land use at provincial level in China based on GlobeLand30, and provide a scientific reference for further rational development, utilization and protection of cultivated land resources in China.
Keywords: GlobeLand30, land cover, cultivated land use, temporal and spatial change, spatial distribution
1 INTRODUCTION
According to the data of China’s seventh national population census in 2020, China’s current population exceeds 1.41 billion, an increase of 5.38% over the total population in 2010, ranking first in the world population. Food security is the top priority of China’s economic and social sustainable development, and food self-sufficiency needs sufficient cultivated land resources as a guarantee (Huang et al., 2021). Under the background of increasing population, decreasing per capita cultivated land and great challenges to food security in China, it has an important practical significance to study the overall distribution and temporal and spatial changes of cultivated land resources in China (Deng et al., 2015). As a mountainous country, China’s terrain is high in the west and low in the east, with complex and diverse terrain, mainly mountainous areas, with plain areas accounting for only about 12%. Cultivated land resources in China have great spatial distribution differences and temporal and spatial variation characteristics both in quantity and quality. Therefore, it is of great practical significance to study the spatial distribution and temporal and spatial variation characteristics of cultivated land use in China for coordinating the overall utilization of cultivated land resources and land management policies in China.
In the previous studies on cultivated land use in China, most of the research data come from the statistical data of the country and provinces and cities, but the statistical data are limited by the statistical caliber and statistical methods. With the increase of research time span and the continuous adjustment of administrative divisions at all levels, the comparability of statistical data in temporal and spatial analysis is very poor (Liu et al., 2009). Remote sensing satellite image data can solve this problem well. With the continuous development of Earth observation technology, remote sensing technology has become an important means to investigate and monitor land cover change with its advantages of strong timeliness, wide coverage area and low cost (See et al., 2015). High-precision remote sensing satellite data can objectively record the real situation of land cover, and at the same time, it is convenient to obtain long-time series historical image data for comparative analysis. GlobeLand30 is a mainstream data source for land cover research at present. Scholars such as Qiong Hu (Hu Q. et al., 2018), Di Chen (Chen et al., 2018), Mingtao Xiang (Xiang et al., 2018), Yuqiao Long (Long et al., 2018), Li Zhang (Zhang et al., 2018) and Juanjuan Cao (Cao et al., 2018) used this data to study the global and continental cultivated land use change characteristics from 2000 to 2010 from the perspectives of the world, Asia, Europe, America, Africa and Oceania. Jun Chen (Chen et al., 2015) Carried out statistical analysis of spatial distribution changes of urban and rural construction land on a global scale based on GlobeLand30. The research on cultivated land in China based on GlobeLand30 mostly focuses on the period from 2000 to 2010 (Hu J. et al., 2018). Yang Yang studied the loss process of cultivated land based on GlobeLand30 taking Bohai Rim for instance from 2000 to 2010 (Yang et al., 2016). Jiayue Wang analyzed the spatial-temporal variations of cultivated land and grain production in China based on GlobeLand30 from 2000 to 2010 (Wang and Xin, 2017). With the generation of the latest GlobeLand30 data, the research on the new characteristics of cultivated land use change in China in recent 10 years has a strong research trend.
Therefore, based on the GlobeLand30 land cover data in 2010 and 2020, this study studies the spatial distribution pattern of cultivated land use, the degree of cultivated land development and utilization, the dynamic change degree of cultivated land utilization rate, and the spatial and temporal variation characteristics of the center of gravity and direction of cultivated land use in China, in order to reveal the overall spatial and temporal variation characteristics of cultivated land use in China, and provide scientific reference for further rational development, utilization and protection of cultivated land resources in China.
2 MATERIALS AND METHODS
2.1 The Fundamental Geographic Data
The basic geographic administrative division data of China in the scale of one-millionth with vector format (ESRI shapefiles) comes from National Catalog Service for Geographical Information (http://www.webmap.cn), and this data is re-projected to Albers Equal-area Conic Projection using ArcGIS 10.2.
2.2 Land Cover Data
GlobeLand30 is the world’s first global land cover data product with a resolution of 30 m independently developed by China. It was presented to the United Nations by the Chinese government in September 2014 for sharing by the international community (Chen, 2018). In this paper, the global land cover data of GlobeLand30 with 30 m resolution in 2010 and 2020 is used as the data source of cultivated land information (http://www.globallandcover.cn). The global land cover data of GlobeLand30 with 30 m resolution is developed by China. The GlobeLand30 2000 and 2010 editions were released in 2014 (Pesaresi et al., 2015). The Ministry of Natural Resources started updating this data in 2017, and the GlobeLand30 2020 version has been completed. The classified images used in the development of GlobeLand30 data are mainly 30-m multispectral images, including TM5, ETM +, OLI multispectral images of Landsat and HJ-1 multispectral images of China Environmental Disaster Reduction Satellite. The 2020 edition of data also uses 16-meter resolution Gaofen-1 (GF-1) multispectral images (Yimuranjiang et al., 2021). The GlobeLand30 data includes 10 first-class types, namely: cultivated land, woodland, grassland, shrub land, wetland, water body, tundra, artificial surface, bare land, glacier and permanent snow. The overall accuracy of GlobeLand30 V2010 data is 83.50%, and the overall accuracy of GlobeLand30 V2020 data is 85.72% (Pesaresi et al., 2015). This data is a global land cover data set with the highest spatial resolution and accuracy, which is open to the public. The GlobeLand30 data in the WGS-84 coordinate system was re-projected to the Albers Equal-area Conic Project using ArcGIS 10.2.
2.3 Methods
2.3.1 Reclamation Index
Reclamation index is the proportion of cultivated land in a certain area, which measures the degree of development and utilization of land resources in a region. The higher the reclamation index, the higher the degree of development and utilization of cultivated land in this region. The reclamation index used in this paper is (Xiang et al., 2018):
[image: image]
In Eq. 1, I is the cultivated land reclamation index of a certain area. CA is the cultivated land area of a certain area, and LA is the total land area of a certain area. The greater the I value, the higher the degree of development and utilization of cultivated land resources in this area; the smaller the I value, the lower the development and utilization degree of cultivated land resources in this area.
2.3.2 Dynamic Change Degree Model of Cultivated Land Utilization Rate
In the past study of cultivated land use change, most scholars used reclamation index and other indicators to measure the degree of land resources development and utilization in a region, that is, the higher the reclamation index, the higher the degree of cultivated land development and utilization in this region. However, the reclamation index in a single year can not reflect the dynamic change degree of land use in a certain period. This study draws lessons from the research results of Mingtao Xiang (Xiang et al., 2018) and others, and constructs a dynamic change degree model of cultivated land utilization rate:
[image: image]
In Eq. 2, I is the dynamic change degree index of cultivated land utilization rate in the statistical unit, which reflects the intensity of dynamic change of cultivated land utilization rate in a period. CA2010 and CA2020 are the cultivated land area in 2010 and 2020 respectively, and LA2010 and LA2020 are the total land area in 2010 and 2020 respectively.
2.3.3 Transfer Model of Cultivated Land Center of Gravity
The overall characteristics of cultivated land use change can be characterized by the shift of cultivated land use center of gravity, which can reflect the overall change trend of cultivated land spatial distribution pattern (Wang and Xin, 2017). The essence of cultivated land center of gravity is the point where the moment of regional cultivated land area reaches balance on the spatial plane in a certain period of time (Zhu and Li, 2003), and the characteristics of center of gravity movement such as direction and speed can well reflect the spatial changes of cultivated land elements. The calculation formula of cultivated land center of gravity is expressed as (Huang et al., 2021):
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Where: X and Y respectively represent the abscissa and ordinate of the center of gravity of cultivated land distribution in China. N is the number of provincial administrative regions in China, Si represents the cultivated land area of provincial administrative region I, and Xi and Yi represent the abscissa and ordinate of the geographical center of gravity of provincial administrative region I respectively.
2.3.4 Standard Deviation Elliptic Model
The Standard deviation ellipse (SDE) spatial statistical method was first proposed by Lefever in 1926, which is used to measure the global characteristics of spatial distribution of geographical elements from multiple angles. It can accurately reveal the various characteristics of spatial distribution of research objects, including the concentration, dispersion trend and distribution direction of objects, and can quantitatively study the distribution information of research objects in various aspects of spatial distribution (Zuo et al., 2022). In this study, the standard deviation ellipse model was used to explore the spatial evolution trend and development direction of cultivated land use in China during the decade from 2010 to 2020. The relevant calculation formula of the standard deviation ellipse model is expressed as (Ren et al., 2016; Zuo et al., 2022):
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Where: [image: image] and [image: image] denote the abscissa and ordinate of the center of the standard deviation ellipse respectively. [image: image] and [image: image] represent the abscissa and ordinate of geographic objects, respectively. [image: image] and [image: image] are the arithmetic mean center of the geographic objects, [image: image] is the number of the geographic objects, [image: image] is the azimuth angle of the standard deviation ellipse; [image: image] and [image: image] are the average center deviation respectively; [image: image] and [image: image] are [image: image] axis and [image: image] axis standard deviation respectively.
3 RESULTS
3.1 The Distribution of Cultivated Land Resources of 31 Regions in China During 2010–2020
By processing the data of GlobeLand30 in 2010 and 2020, the distribution data of cultivated land resources in 31 regions in Chinese mainland was obtained in Table 1. It can be seen from the table that the cultivated land resources in China are unevenly distributed in 31 provinces and cities, among which Heilongjiang, Inner Mongolia, Sichuan, Shandong, Yunnan and other provinces are rich in cultivated land resources, while Hainan, Tianjin, Tibet, Beijing and Shanghai rank lower in the country. From 2010 to 2020, the total amount of cultivated land resources decreased from 2012708 km2 in 2010–1981488 km2 in 2020, with an average annual decrease of 3121.95 km2 and an average annual decrease of 0.16%.
TABLE 1 | The area of cultivated land resources of 31 regions in China during 2010–2020 (km2).
[image: Table 1]3.2 The Reclamation Index of 31 Regions in China During 2010–2020
According to the cultivated land utilization data extracted from GlobeLand30 data in 2010 and 2020, the cultivated land reclamation index data in Table 2 of 31 regions in Chinese mainland is calculated. According to the definition of reclamation index, it can be seen that the reclamation index measures the degree of land resources development and utilization in a region, and it can be seen that the reclamation index in Shandong, Jiangsu, Tianjin, Henan, Anhui and other regions is higher in 2020, all exceeding 50%, indicating that the higher the degree of cultivated land development and utilization in these regions; However, the reclamation index of Inner Mongolia, Xinjiang, Qinghai, Tibet and other regions in 2020 is low, all below 15%, and the degree of cultivated land development and utilization in these regions is low.
TABLE 2 | The reclamation index of 31 regions in China during 2010–2020.
[image: Table 2]3.3 The Dynamic Change Degree Index of Cultivated Land Utilization Rate of 31 Regions in China During 2010–2020
According to the dynamic change degree model of cultivated land utilization rate, the dynamic change degree index of cultivated land utilization rate in 31 regions in Chinese mainland was calculated, in Table 3 and the intensity of dynamic change of cultivated land utilization rate in 2010–2020 was studied by this index. It can be seen that the dynamic change degree index of cultivated land utilization rate in Tibet, Xinjiang, Qinghai, Inner Mongolia, Hainan and other regions is relatively high, which shows that the dynamic change of cultivated land development and utilization in these regions in the past ten years is more drastic, showing a greater growth trend; However, in Jiangsu, Guangdong, Zhejiang, Shanghai, Beijing and other regions, the dynamic change degree index of cultivated land utilization rate is low, showing a great decreasing trend.
TABLE 3 | The dynamic change degree Index of cultivated land utilization rate of 31 regions in China.
[image: Table 3]3.4 The Model of Cultivated Land Gravity Center Shift of 31 Regions in China During 2010–2020
According to the cultivated land data extracted from GlobeLand30 images in 2010 and 2020, the distribution of cultivated land center of gravity in 31 regions in China is calculated, as shown in Figure 1. In 2010, the barycentric coordinates of cultivated land in China were (650273, 3840938), located in Qinshui County, Shanxi Province; In 2020, the barycentric coordinates of cultivated land in China were (619846, 3859611), located in Fushan County, Shanxi Province. During the 10 years from 2010 to 2020, the migration distance of cultivated land use center of gravity to the northwest reached 35.7 km. The spatial and temporal migration of the center of gravity of cultivated land use in China presents a development trend of “moving westward and northward”.
[image: Figure 1]FIGURE 1 | The distribution of cultivated land center of gravity in China during 2010–2020.
3.5 The Standard Deviation Ellipse Model of China During 2010–2020
According to the cultivated land data extracted from GlobeLand30 images in 2010 and 2020, the standard deviation ellipses of 31 regions in China are made, as shown in Figure 2. Among them, the yellow contour line is the standard deviation ellipse of cultivated land of 31 regions in China in 2010, and its ellipse center is completely consistent with the center of gravity of cultivated land in 2010; The red contour line is the standard deviation ellipse of cultivated land of 31 regions in China in 2020, and its ellipse center is completely consistent with the center of gravity of cultivated land in 2020. Ellipse is the main area of cultivated land resources distribution. During the 10 years from 2010 to 2020, there are some differences in the main scope of cultivated land use, the spatial distribution direction and spatial dispersion of cultivated land use.
[image: Figure 2]FIGURE 2 | The standard deviation ellipse of China during 2010–2020.
4 DISCUSSION
4.1 Temporal and Spatial Variation Characteristics of Total Cultivated Land Resources in China
According to the natural breaks classification, the national cultivated land use data of GlobeLand30 of 31 regions in China in 2020 are divided into five grades, as shown in Figure 3. It can be seen that the areas rich in cultivated land resources in China are mainly concentrated in Heilongjiang in Northeast China, Xinjiang in Northwest China, Inner Mongolia, Hebei, Henan and Shandong in North China, Sichuan and Yunnan provinces in Southwest China. However, Qinghai, Tibet in the plateau area, Hainan, and Tianjin, Beijing, Shanghai are relatively short of cultivated land resources.
[image: Figure 3]FIGURE 3 | The classification map of cultivated land area of China in 2020.
The change difference of cultivated land use area of GlobeLand30 of 31 regions in China in 2010 and 2020 is shown in Figure 4. It can be seen that Inner Mongolia and Xinjiang have the largest increase in cultivated land area, increasing by 15,188 square kilometers and 14,211 square kilometers respectively, far ahead of other provinces and cities. However, it is worth noting that although the amount of cultivated land has increased, the overall quality of cultivated land is not high, the amount of unstable cultivated land is large, and the demand for land for ecological construction and economic and social development is large, so we must unswervingly adhere to the strictest cultivated land protection system. Hainan, Yunnan, Guizhou, Ningxia, Tianjin, Shaanxi have a small change in cultivated land area. Shandong, Jiangsu, Hebei, Guangdong, Henan, Zhejiang have the largest decline in cultivated land area. Due to the rapid economic development in these areas, the scale of urban land is expanding, and a large number of agricultural land is converted into urban construction land, resulting in a large reduction in cultivated land area.
[image: Figure 4]FIGURE 4 | The difference of cultivated land area of 31 regions in China during 2010–2020.
4.2 Analysis of Spatial-Temporal Variation Characteristics of Cultivated Land Development and Utilization Degree in China
The cultivated land reclamation index data of 31 regions in Chinese mainland are divided into five grades according to natural breaks classification, as shown in Figure 5. It can be seen that the areas with the highest degree of cultivated land development and utilization in China are mainly concentrated in Shandong, Jiangsu, Henan, Anhui and other provinces in the east. The reasons are that these provinces have relatively flat terrain, high degree of agricultural mechanization and high reclamation efficiency, and a large amount of high-quality land is suitable for agricultural planting. In addition, Heilongjiang, Jilin and Liaoning in Northeast China, Hebei and Shanxi in North China, Hubei and Chongqing in Central China have high reclamation indexes. These areas are also major grain producing areas in China, with fertile land and suitable climate and other planting conditions. However, Qinghai, Tibet, Xinjiang and other provinces in plateau areas have the lowest degree of cultivated land development and utilization. The reason is that a large amount of land in these provinces is unsuitable for agricultural planting, such as plateau, mountain and desert, with small population, dry climate, less precipitation and less land suitable for agricultural planting.
[image: Figure 5]FIGURE 5 | The classification map of reclamation index of China in 2020.
The change difference of GlobeLand30 cultivated land reclamation index of 31 regions in China in 2010 and 2020 is shown in Figure 6. It can be seen that Hainan, Inner Mongolia, Xinjiang have the largest increase in cultivated land reclamation index, increasing by 1.4, 1.3 and 0.9% respectively, far ahead of other provinces and cities with positive increase in reclamation index, indicating that although the overall quality of cultivated land in these areas is not good, they still insist on the development of cultivated land. Hainan Province strictly requires that construction land should not occupy high-quality cultivated land by implementing the subsidy project of cultivated land fertility protection, and vigorously carries out land remediation activities. The newly increased cultivated land area is obvious, giving full play to the important function of land remediation in improving the ecological environment of rural areas and mining areas. Inner Mongolia is one of the 13 major grain producing provinces in China, and it is also one of the eight major grain transferring provinces, with more than 20 billion kilograms of grain transferred all the year round. It is one of the four provinces with the highest amount of cultivated land in China, and the total grain output of Inner Mongolia ranks eighth in China in 2020. The main sources of cultivated land increase in Xinjiang are land development and improvement and agricultural structure adjustment. Although the amount of cultivated land has increased, the overall quality of cultivated land in Xinjiang is not high, the amount of unstable cultivated land is large, and the demand for land for ecological construction and economic and social development is large. The decline of cultivated land reclamation index in Shanghai, Beijing, Jiangsu, Shandong, Zhejiang is the largest. These provinces are in the stage of rapid economic development. In order to build roads, cities, industrial mines and villages occupy a large amount of cultivated land, and the high-quality cultivated land in the suburbs is reduced a lot. Moreover, the industrial land exceeds the reasonable limit, and the scale of industrial land is too large and occupies the original high-quality agricultural areas, which not only leads to the rapid reduction of cultivated land area, but also leads to the low output rate of existing agricultural land.
[image: Figure 6]FIGURE 6 | The difference of reclamation index of 31 regions in China during 2010–2020.
4.3 Analysis of Spatial-Temporal Variation Characteristics of Dynamic Change Degree of Cultivated Land Utilization Rate in China
According to the natural breaks classification, the index data of dynamic change degree of cultivated land utilization rate of 31 regions in Chinese mainland are divided into five grades, as shown in Figure 7. It can be seen that the areas with the highest dynamic change degree index of cultivated land utilization rate in China are mainly concentrated in Inner Mongolia in North China, Xinjiang in Northwest China, Tibet and Qinghai in Qinghai-Tibet Plateau. These provinces have a vast territory and rich land resources. With the continuous progress of agricultural technology, more cultivated land can be continuously reclaimed to meet the needs of food security and modern agricultural development, so the dynamic changes of cultivated land development and utilization are quite drastic. At the same time, it can be seen from Figure 7 that the dynamic change degree index of cultivated land utilization rate in Heilongjiang and Jilin in Northeast China and most provinces and cities in Central China has a small change range. As high-quality agricultural planting areas in China, these areas have unique advantages such as topography and climate. With the proposal and implementation of the strictest cultivated land protection system of the Chinese government’s “the red line of 1.8 billion mu of arable land ", these provinces with high-quality agricultural land distribution minimize the encroachment on cultivated land from the policy level, and the dynamic change degree of all cultivated land development and utilization will not appear obvious. However, the dynamic change degree index of cultivated land utilization rate in Liaoning, Hebei, Shandong, Jiangsu, Shanghai, Zhejiang, Guangdong and other provinces and cities along the eastern coast shows obvious negative changes, which is consistent with the development characteristics of the decrease of cultivated land area in Section 4.1 and the decrease of reclamation index in Section 4.2. Therefore, in the process of rapid industrialization development in these economically developed eastern provinces, how to balance economic development with the red line protection of cultivated land and food security has become an unavoidable problem in these areas, and more attention should be paid to improving the quality and efficiency of existing land in the future utilization of cultivated land.
[image: Figure 7]FIGURE 7 | The classification map of dynamic change degree Index of cultivated land utilization rate.
4.4 Analysis of Spatial-Temporal Variation Characteristics of Gravity Center and Direction of Cultivated Land Use in China
As shown in Table 4, the area of standard deviation ellipse of cultivated land use in China increased by 205,266.69 km2 from 2010 to 2020, indicating that cultivated land use in 2020 is more dispersed and covers a larger area than that in 2010. The center of the standard deviation ellipse shifted from (650.27, 3840.94) to the northwest (619.85, 3859.61), with an offset of about 35.7 km, which was completely consistent with the temporal and spatial change of the center of gravity of cultivated land use. As shown in Figure 4, in the past ten years, the provinces with the largest growth in cultivated land area are provinces in northwestern such as Inner Mongolia, Xinjiang, Tibet. At the same time, the provinces with the greatest decrease in cultivated land area are provinces in southeast such as Shandong, Jiangsu, Hebei, Guangdong, Henan, Zhejiang. The long axis of standard deviation ellipse increased from 956.90 km in 2010 to 994.70 km in 2020, an increase of 37.8 km. The short axis of standard deviation ellipse increased from 1350.67 km in 2010 to 1365.04 km in 2020, an increase of 14.37 km. According to the definition of long and short axes of standard deviation ellipse, the long axis of ellipse indicates the direction of data distribution, and the increase of long axis value indicates that China has further extended the direction of cultivated land use in the past 10 years. The short axis of the ellipse represents the distribution of data dispersion, and the increase of the short axis value represents that the dispersion of cultivated land use in China has a further expanding trend in the past 10 years. The angle of the ellipse is slightly inclined from 40.04° in 2010 to 42.15° in 2020, showing the overall characteristics of northeast-southwest direction, and the axis of the ellipse shows a clockwise rotation trend. This is basically consistent with the spatial distribution characteristics of the total cultivated land resources in Section 4.1.
TABLE 4 | The parameters of standard deviation ellipse in China during 2010–2020.
[image: Table 4]5 CONCLUSION
From the perspective of remote sensing information technology, this study extracts the cultivated land use data of China in 2010 and 2020 by using GlobeLand30 data, and obtains the spatial distribution pattern of cultivated land use, the degree of cultivated land development and utilization, the dynamic change degree of cultivated land utilization, and the spatial and temporal change characteristics of the center of gravity and direction of cultivated land use in China: ① During the 10 years from 2010 to 2020, the largest increase in cultivated land area in China was in Inner Mongolia and Xinjiang, while the largest decrease was in Shandong, Jiangsu, Hebei, Guangdong, Henan, Zhejiang; ②The areas with the highest degree of cultivated land development and utilization in China are mainly Shandong, Jiangsu, Henan, Anhui, while the provinces with the lowest degree of development and utilization are Qinghai, Tibet and Xinjiang; ③ The regions with the highest dynamic change degree index of cultivated land utilization rate in China are mainly Inner Mongolia, Xinjiang, Tibet and Qinghai, while the provinces with the largest negative change are Liaoning, Hebei, Shandong, Jiangsu, Shanghai, Zhejiang and Guangdong; ④ The spatial and temporal migration of the center of gravity of cultivated land use in China shows the trend of “moving westward to northward”, and the spatial distribution direction of cultivated land use roughly presents the overall characteristics of northeast-southwest direction.
At present, there are few studies on the cultivated land use in China from the scale of provincial administrative regions based on the GlobeLand30 data, in particular, there are fewer related studies during 2010–2020. In order to study the overall change characteristics of cultivated land use in China in the latest period from 2010 to 2020, this study uses the latest released 2020 edition data to improve the timeliness of this research field. This study focuses on the spatial and temporal changes of cultivated land use at the provincial level in China, but there are objective differences in the spatial and temporal distribution of cultivated land use within each province. Therefore, on the basis of clear analysis of the overall law of spatial and temporal variation of cultivated land use at provincial levels in China, we can combine other higher-resolution satellite images, topographic and meteorological data to do a more in-depth study on the spatial and temporal variation law of cultivated land use within each province in the future. In addition, it is also very important for food security to study the correlation between grain production and the cultivated land area change, it is necessary to analyze the output efficiency of cultivated land and its security for cities and population in future research.
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Hainan Tropical Rainforest National Park, as one of the first national parks established in China, should make full use of the gold brand of “Hainan Free Trade Port” and “National Park,” rely on the advantages and potential of system integration and innovation, draw on the experience of national parks in mature free trade ports (FTPs), and build a perfect national park policy system. This study introduces the PMC index model, constructs a national park policy evaluation index system, and conducts a systematic comparative analysis of 14 representative national park policies in Hainan rainforest, Hong Kong, and Singapore. The study finds that the policy of Hainan Tropical Rainforest National Park is not effective enough, the policy in social and cultural fields is relatively lacking, the policy content needs to be further strengthened, and the policy functions need to be improved, etc., and puts forward corresponding suggestions for optimization.
Keywords: Hainan tropical rainforest national park, National park policies, Free trade port areas, PMC index model, Quantitative comparison of policies
INTRODUCTION
National parks are widely recognized around the world as an effective way of ecological environment protection and resources utilization (Tang, 2020). The world’s first national park: Yellowstone National Park in the United States has a history of more than 140 years (Ferretti-Gallon et al., 2021). In comparison, the development of national parks in China started relatively late. In 2013, the establishment of a national park system was first proposed (Liu et al., 2020), which initiated the exploration of the construction of national parks with Chinese characteristics. The tropical rain forest in Hainan is the most concentrated, best-preserved, primitive tropical rain forest with the largest contiguous area in China, which is a typical representation with global significance. In 2018, at the 30th anniversary of the establishment of special economic zone in Hainan, China proposed that Hainan should take active steps to advance the work of building the national pilot zone, to construct national parks especially the tropical rainforest park. In 2019, Hainan Tropical Rainforest National Park launched a pilot program. After 2 years of construction and development, on 12 October 2021, China announced the official establishment of China’s first national parks at the 15th Conference of the Parties to the Convention on Biological Diversity, and Hainan’s tropical rainforest was among them, which marked a new starting point for the construction of Hainan’s ecological civilization.
Hainan Tropical Rain Forest National Park has been highly regarded by the government and academia from its inception to its official establishment. Hainan gibbon is the most concerned flagship species. Scholars pay attention to the protection of gibbon from many aspects, such as how to protect habitat and food supply (Du et al., 2020; Fan et al., 2021); As an important embodiment of the social value of national parks, scholars have studied the spatial relationship between land use types and ecosystem service value, ecosystem management and other contents (Zhai et al., 2018; Li et al., 2022); As a national park with the shortest time from pilot to formal, the successful experience of Hainan tropical rain forest is worth discussing. Therefore, some scholars summarized the construction experience during the pilot period from the aspects of management systems, ecological protection and natural resource heritage management (Zong, 2020). Generally speaking, the existing researches have keenly explored the protection of species, the exertion of ecosystem service value and management systems in the development of tropical rain forest in Hainan, but have not focused on the policy system.The role of the government in the rapid development of Hainan’s tropical rainforest is directly presented in the form of policies. Both the research and development and application of technology as well as the innovation of management system need to be guided and standardized by laws and regulations, normative documents and other policies. It is worth noting that Hainan tropical rain forest is the only national park in China set up under the background of the construction of free trade port. China clearly demands that the construction of Hainan free trade port should aim at the highest level of openness in the world, and strive to achieve a major breakthrough in policy and institutional system.As mature free trade ports, Hong Kong and Singapore have a long history of National Park Development and achieved remarkable results.Therefore, this study chose the national park policies of Hong Kong and Singapore to compare with Hainan tropical rain forest national park policies.
Specifically, Singapore passed the “Parks and Trees Act” and the “National Parks Act” in 1975 and 1990, respectively, to legislate for the protection of natural resources and to establish the legal status of the management of the National Parks Board. Subsequently, a series of policies on biodiversity development, greening, and overall planning have been issued. As a result, national parks are regarded as economic, social and environmental assets, which help to enhance national identity, beautify the image of destinations, improve people’s health and welfare, and promote the country’s sustainable development and prosperity (Henderson, 2013). To avoid the impact of rapid urban development on agriculture, Hong Kong introduced the Western concept of national parks in the 1970s. However, due to area limitations, it developed into a country park. In 1976, Hong Kong promulgated the Country Parks Ordinance, which established a good legal environment for the development of country parks. Subsequent planning policies and biodiversity conservation policies have accelerated the development of country parks. So far, 24 country parks have been built in Hong Kong, which are good places for recreation, leisure and scientific research for people from all walks of life in Hong Kong (Chan et al., 2018), and are becoming a new landscape for Hong Kong’s tourism industry. After more than 50 years of development, the rich experience accumulated by Singapore and Hong Kong in policy formulation is worth learning from Hainan.
In view of this, this study attempts to use the policy modeling consistency (PMC) index model to systematically compare and evaluate the national park policies of Hainan, Singapore, and Hong Kong through the construction of the national park policy evaluation framework, with a view to providing methodological reference for the formulation and optimization of policies for Hainan Tropical Rainforest National Park in the context of the construction of the free trade port areas.
Literature Review
National Park Policy
The National Park policy mainly refers to the corresponding administrative management, policy guidance and organizational guarantee issued by the government for the management of natural and cultural resources, biodiversity protection, community development and other contents. The existing researches focus on the National Park policy could be divided into the following three categories. First, the formulation of National Park policy. Walpole et al. took Komodo National Park in Indonesia as an example to study how nature reserves should price tourism policies. The research showed that moderate and layered increase in admission fees should be considered in policy-making process, which may improve tourists’ willingness to pay (Walpole et al., 2001); Kubo et al. (2019) pointed out that when formulating policies for the protection and governance of national parks, the strategic combination of policy tools could improve the effectiveness of policies; Bright et al. (1993) pointed out that in the formulation of National Park combustion control policy, managers needed to strengthen communication with the public and promote public participation in policy formulation. Second, the implementation of the National Park policy. Tan et al. (2021) proved that the joint implementation of concession policy and forest land transfer policy in Nanshan National Park could increase the total income of farmers; Peng et al. (2020) creatively studied the impact of the implementation of two important management strategies of ecosystem service payment and relocation on wetland ecosystem. Third, the problems of the National Park policy. Ahebwa et al. studied the income sharing policy of the National Park in Bwindi, Uganda. The study found that the problems of inequality and benefit dispersion needed to be solved in the income sharing policy (Ahebwa et al., 2012); Phuc (2009) took the protection policy of Ba Vi National Park as an example and pointed out that the main reason for the failure of the protection policy was to emphasize biodiversity protection at the expense of local livelihoods. It could be seen that the existing research focused on the formulation, implementation and role of a single National Park policy. Therefore, the purpose and guidance of National Park policy research was strong, which was to promote the ecological protection and economic development of national parks. However, the existing researches were still lack of systematic and structured evaluation of National Park policy. Policy evaluation was an important part in the process of policy development. It played an irreplaceable role in correcting the defects of existing policies and ensuring the realization of policy objectives.
Policy Evaluation Methods
Policy evaluation aims to systematically analyze the effect and value of the entire policy system through scientific evaluation criteria and methods, so as to provide a basis for decision-making for the formulation of new policies. The current academic research on policy evaluation is generally classified into two categories: qualitative and quantitative research. Qualitative research mainly includes text mining method (Kang et al., 2021), qualitative comparative analysis (Warren et al., 2013), and expert survey method (Jennings, 2020), etc.; and quantitative research mainly involves the introduction of mathematics, fuzzy mathematics, operational research, econometrics, etc., resulting in fuzzy comprehensive evaluation (Li et al., 2018), data envelopment method (Mohd Chachuli et al., 2021), difference-in-differences model (Lin et al., 2021) and other quantitative evaluation methods. In addition, with the development of computers, software such as STATA and R have provided powerful tools for the estimation and inspection of policy evaluations, and enhanced the scientificity and rationality of the evaluation results. Although all of the above evaluation methods have their own advantages, the reality that China’s national parks are developed in a short time and the quantity of policy texts is small makes it difficult to adapt to evaluation methods that require a large sample size and data quality. The Policy Modeling Consistency Index was proposed by Estrada based on the Omnia-Mobilis hypothesis. It overcomes the more stringent requirements of existing methods in terms of sample size and data quality, and develops an overall comprehensive evaluation of the policy text by considering all possible and relevant variables (Ruiz Estrada, 2010). This method combines text mining with mathematical tools to find out the features of the policy evaluation system of national parks by text mining, and makes calculation with rigorous mathematical methods, thereby improving the scientific nature of policy evaluation. In addition, PMC index and PMC surface diagram can visualize the calculation results, and then clearly and intuitively see the advantages and disadvantages of each policy text (Ruiz Estrada, 2011). At present, academia has carried out research on land policy, energy policy, artificial intelligence policy and other fields based on the PMC index model. The details are as follows. Kuang, B et al. established the cultivated land protection policy evaluation system by using the PMC index model to evaluate China’s eight policies. The research found that efforts should be strengthened to optimize the structure of agrarian policy tools, the coordination of policy issuing institutions and the completeness of policy content (Kuang et al., 2020). Yang, T et al. used the PMC index model to analyze 11 policy texts of China’s new energy vehicle industry by examining the scores of indicators at various levels in order to identify policy shortcomings and make corresponding suggestions for optimization (Yang et al., 2021); Mao Zijun et al. conducted a comparative analysis of AI policies in five countries, including China, the United States, and Japan combined with policy tools-innovation value chain and PMC index model, to provide reference for the subsequent formulation and improvement of China’s AI policies (Mao and Hong, 2020).
Hainan Tropical Rainforest National Park was born, constructed and grown under the background of the Free Trade Port. Since its establishment as a pilot, the government has issued a series of policies to guide the development of Hainan Tropical Rainforest National Park. It is urgent to evaluate the existing policies and continuously optimize and improve the relevant policy system to effectively serve the construction of Hainan Tropical Rainforest National Park. As mature free trade ports in the world, Hong Kong and Singapore have advanced practical experience in the formulation and implementation of national park policies, which are worth of Hainan to learn from Hainan. Based on the PMC index model, this paper has a strong theoretical and empirical basis for comparative research on the national park policies of Hainan, Hong Kong, and Singapore.
MATERIALS AND METHODS
Sample Selection
The research object of this paper is the national park policies of Hainan, Singapore and Hong Kong. The policies for Hainan National Park are mainly derived from the National Forestry and Grassland Administration, the Standing Committee of the Hainan Provincial People’s Congress, the Department of Natural Resources and Planning of Hainan Province, etc.; Singapore’s national park policies are mainly derived from the Singapore Regulations Online website (https://sso.agc.gov.sg/), the official website of the National Parks Bureau (https://www.nparks.gov.sg/), etc.; Hong Kong’s national park policies are mainly derived from the electronic version of the Hong Kong Laws website (https://www.elegislation.gov.hk/), the official website of the Planning Department of the Government of Hong Kong Special Administrative Region (https://www.pland.gov.hk/pland_en/tech_doc/hkpsg/index.html), and the official website of the Environment Bureau of the Government of Hong Kong Special Administrative Region (https://www.enb.gov.hk/en/top.html) etc. This study follows the following principles in document filtering: 1) Policy documents are from public documents officially released by the government; 2) The time is from the establishment of national parks in three regions to now; 3) The contents of policies related to national parks are clear and direct; 4) The selected policy documents are the most representative and significant policies in the National Park policy system of Hainan, Hong Kong and Singapore; 5) The general or rough contents related to national parks in the policy text shall be eliminated. Finally, 14 representative policy texts are selected for analysis. The policy name, issuing organization, and release time are shown in Table 1:
TABLE 1 | Samples of national park policies in Hainan, Hong Kong, and Singapore.
[image: Table 1]Construction of the PMC Index Model
As a policy measurement model, the PMC index model is used to construct variables with the same weight, which can not only analyze the overall internal consistency of a certain policy, but also intuitively reflect the advantages and disadvantages of any specific policy, so as to scientifically quantify policies. The construction and analysis of the PMC index model is divided into the following four steps: one is variable classification and parameter confirmation; the second is the establishment of multi-input–output table; the third is the calculation of the PMC index; and the fourth is the construction of a PMC surface chart. Since this study is a comparison of the national park policy systems in Hainan, Hong Kong, and Singapore, rather than a comparison of individual policies, the calculation of the mean values of the first-level indicators of national park policies in the three regions is added after the calculation of the individual policy PMC index is completed.
Variable Classification and Confirmation
After selecting the policy texts, this study makes a preliminary analysis of the selected 14 National Park policy texts by using the text mining software ROSTCM 6.0. High-frequency word statistics and high-frequency word meaning network so as to provide the basis for the index evaluation system and quantitative evaluation of National Park policy below.
High frequency word statistics. 1) Import 14 policy texts into the software for word segmentation. 2) The high-frequency words of the policy text after word segmentation are counted to filter out the words that are not related to the characteristics of the National Park. 3) Select the top 40 high-frequency words from high to low, as shown in Table 2.
TABLE 2 | Statistics of high frequency words in National Park policy.
[image: Table 2]High frequency word meaning network. Based on the word frequency analysis, and then according to the high-frequency word co-occurrence matrix, we have drawn a semantic network diagram of the high-frequency words of national park policy, as shown in Figure 1. In the semantic network diagram, high-frequency words are represented in the form of nodes. If a node has more connections with other nodes, its centrality is stronger, indicating that the node is more important.
[image: Figure 1]FIGURE 1 | Network diagram of the semantics of high-frequency words.
The semantic network diagram can visualize the relationship between high-frequency words. By combing the relationship between high-frequency words, it can lay a foundation for the following construction of the evaluation variables of National Park policy indicators. As shown in the figure, the keywords “National Park,” “ecology,” “protection” and “nature” have high centrality. As the central theme of policy design, “National Park” has the highest frequency and the widest radiation, so it is placed in the center of the figure. In addition, other words such as “resources,” “institution,” “country” and “value” appear less frequently and are marginalized, but these words can not be ignored, which indicated that the national park policy focused on the development of diversification. Specifically, the links between high-frequency words such as “natural resources,” “facilities,” “franchise” and “biodiversity” reflect the contents covered by the National Park policy; The relationship between high-frequency words such as “society,” “economy” and “environment” mainly reflects the fields involved in National Park policy; The relationship between high-frequency words such as “education,” “science,” “ecology” and “protection” can be summarized as the function of National Park policy.
The setting of index evaluation variables is directly related to the and effectiveness of the policy evaluation results. The setting of variables should follow the “Omnia Mobilis” hypothesis as much as possible to ensure the systematicness and comprehensiveness of the evaluation variables as much as possible. Based on Estrada’s criteria for setting variables and the existing literature on the setting of policy evaluation indicators, we set up the primary variables such as policy nature (X1), timeliness of policy (X2), policy effectiveness (X3), policy evaluation (X6) and policy perspective (X7). According to the statistics of high-frequency words of policy text and the network semantic map, the section adjusted and set the primary variables policy domain (X4), policy content (X5), functions of policy (X8) and policy benefit goal (X9), and set its secondary variables combined with the characteristics of policy text in three regions and relevant research referring to existing literature. Finally, this paper established the PMC index evaluation system of national park policy, including nine primary variables and 40 secondary variables. The specific variable design is shown in Table 3.
TABLE 3 | Variable settings of the quantitative evaluation system of national park policies.
[image: Table 3]Build a Multi-Input–Output Table
The multi-input–output table is essentially a data analysis framework that can measure any single variable by storing a large amount of data, as shown in Table 4. These single variables reflect the evolution of a certain policy from a general perspective, and therefore are used to evaluate different types of variables. In the multi-region input–output table, each primary variable has the same weight as that of the secondary variable. The primary variable can be set with multiple secondary variables according to its characteristics, and the importance is in no order. The construction of multi-input-output table is conducive to a comprehensive and systematic measurement of national park policies.
TABLE 4 | Multi- input-output indicators of national park policies.
[image: Table 4]Calculation of PMC Index
The calculation method of PMC can be summarized in the following four steps.
Step 1: Input the constructed primary and secondary indicator variables into a multi-input-output table.
Step 2: Referring to the description of the secondary variables and the content of the policy text to be evaluated, the policy is assigned 1 point for relevant content and 0 points for non-relevant content. The values of the secondary variables obey the [0,1] distribution as shown in (Eqs 1, 2);
Step 3: Calculate the values of the primary variables according to Eq. 3;
Step 4: Calculate the PMC index of the policy to be evaluated according to
Eq. 4, i.e., the values of the primary variables are summed up.
The specific calculation formula is shown below.
[image: image]
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(where t is a primary variable and j is a secondary variable)
[image: image]
Nine primary variables are set in this paper, so the PMC index score of national park policies ranges from 0 to 9. Combining the evaluation criteria of Estrada and others, it is specifically divided into the following four levels: A PMC index score of 8–9 is an excellent policy; a PMC index score of 6–7.99 is a good policy; a PMC index score of 4–5.99 is an acceptable policy; and a PMC index score of 0–3.99 is a low policy.
Comparison of the Mean Value of the First-Level Variables of the Policies
By calculating the average of the values of the primary variables, the strengths and weaknesses of the policy system design can be analyzed as a whole. In this study, the PMC indices of Hainan, Hong Kong, and Singapore national park policies were averaged to explore the strengths and weaknesses of the three regions in the design of the national park policy system by comparing the mean values, effectively avoiding the problem of over generalization in the analysis of individual policies.
PMC Surface Construction
The PMC surface can present the PMC index in a visual and graphical format, and intuitively show the strengths and weaknesses of the policy samples in various dimensions. The PMC surface chart is generally a concave and convex three-dimensional chart, with the shades of color representing different levels of scores. The convex part indicates that the evaluation index corresponding to the policy sample has a high score, and the concave part indicates that the evaluation index corresponding to the policy sample has a low score. The establishment of the PMC matrix is a prerequisite for drawing the PMC surface. Considering the perfect symmetry of the PMC surface, a 3*3 matrix is constructed. The specific calculation formula is as follows:
[image: image]
RESULTS
Analysis of PMC Index Model Results of National Park Policies in Hainan, Hong Kong and Singapore
According to the calculation steps of the PMC index, this study assigns values to the secondary variables in the index system by text semantic mining. By comparing the previous formulas, the scores of the first-level index and the PMC index are calculated, and the final calculation results are shown in Table 5. At the same time, to facilitate the comparison of the advantages and disadvantages of national park policies in the three regions, the mean values of the first-level indicators of national park policies in Hainan, Hong Kong, and Singapore are calculated, as shown in Table 6.
TABLE 5 | PMC Index of national park policies in Hainan, Hong Kong and Singapore.
[image: Table 5]TABLE 6 | Mean values of first-level indicators of national park policies in Hainan, Hong Kong and Singapore.
[image: Table 6]Firstly, the average value of the PMC index in the three regions is 6.91, with an overall good performance of the policy level. Among the 14 samples of national park policies in the paper, 12 policies were evaluated with good grades and two with acceptable grades, with no failing policies, indicating that the national park policies in the three regions are reasonable and scientific in their overall planning layout and can provide positive guiding directions for the development of regional national parks in the context of the Free Trade Port Areas. Secondly, according to the PMC index ranking of 14 policy samples, namely, P6>P12>P9>P14>P1>P8>P11>P5 >P10>P2>P13>P7>P3>P4, it can be seen that the national park policies of Singapore and Hong Kong are of higher quality, ranking relatively high, and policies with acceptable level are mainly concentrated in the tropical rain forests of Hainan; thirdly, the average ranking of the PMC index of national park policies in Singapore, Hong Kong, and Hainan shows that Singapore > Hong Kong > Hainan, indicating that Singapore’s national park policy is the best among the three regions.
Problems of Hainan Tropical Rainforest National Park Policy
Some Policies of Hainan Tropical Rainforest National Park Lack Predictive, Descriptive Strategic Design
In the comparison of various policy quantitative indicators, Hainan has the largest gap with Hong Kong and Singapore in terms of policy nature (X1) and policy perspective (X7). Specifically, as shown in Table 7, In Hainan’s policies involving ecological relocation, concessions, and natural resource asset management, there is no description of the underlying concepts and importance of the relevant areas, nor is there any phased setting of goals for the relevant areas of work. Relatively speaking, the policy texts of Hong Kong and Singapore have macro-level designs such as core concept descriptions, forecasts, and strategic goals, in addition to regulations that directly involve specific indicators. Due to the lack of descriptive and predictive macro-strategic design, the incentives and strategic guidance of relevant policies of Hainan National Park are relatively insufficient.
TABLE 7 | Hainan Tropical Rainforest National Park policies lack predictive, descriptive strategic design.
[image: Table 7]Relatively Low Policy Effectiveness of Hainan Tropical Rainforest National Park
On the variable of policy effectiveness, although the average value of PMC index is the same in the three regions, it can be found from the secondary indicators that the policy of Hainan Tropical Rainforest National Park is mainly composed of regulations and regulatory documents, lacking the support of laws and regulations, as shown in Table 8. In contrast, Singapore and Hong Kong have formulated laws at the beginning of the birth of national parks, providing a good environment for the construction and development of national parks. As the construction of Hainan Free Trade Port continues to advance, the advantages of the system should be given full play to continuously improve the development of laws and regulations to build legal support for the healthy development of Hainan Tropical Rainforest National Park.
TABLE 8 | Relatively low policy effectiveness of Hainan Tropical Rainforest National Park.
[image: Table 8]Relative Lack of Policies in the Socio-Cultural Field of Hainan Tropical Rainforest National Park
From the comparative analysis of the secondary indicators of policy areas, Hainan Tropical Rainforest National Park policy is more comprehensive in the fields of economy, environment, science and technology, but very little in the field of social-culture, as shown in Table 9. In fact, as a human ecological asset, national parks play an irreplaceable role in cultivating national spirit and enhancing people’s cultural identity, which is one of the three core functions of national parks. It is the socio-cultural function that Hong Kong and Singapore attach the greatest importance to in the area of national park policy. In Hainan, which is building an ecological demonstration zone, the national park should become an important carrier of China’s ecological civilization, but also can become a useful platform for Hainan’s special regional culture. The realization of these potentials and functions of the Tropical Rainforest National Park urgently requires the effective improvement of policies in the socio-cultural field of the national park.
TABLE 9 | Relative lack of policies in the socio-cultural field of Hainan Tropical Rainforest National Park.
[image: Table 9]Policy Content of Hainan Tropical Rainforest National Park Needs Further Consolidation
In terms of policy content, the average policy PMC index of Hainan Tropical Rainforest National Park ranks first, as shown in Table 10. The secondary indicators show that the policy of Hainan Tropical Rainforest National Park covers land protection, natural resource management, and park facilities, etc., and is rich and comprehensive in content; however, the flaw lies in the lack of policies for biodiversity protection. Biodiversity protection is the fundamental purpose of China’s establishment and construction of national parks. In addition to the black-crowned gibbon, the Hainan tropical rainforest also has rare and endangered animals such as Hainan thrush, Hainan elk, and Goniurosaurus bawanglingensis, etc., which require a clear, systematic and complete biodiversity protection policy. Singapore and Hong Kong have formulated special protection strategies for biodiversity protection. Hainan should learn from their diverse protection measures and protection practices, and build biodiversity conservation system on the basis of China’s biodiversity protection regulations.
TABLE 10 | Policy content of Hainan Tropical Rainforest National Park needs further consolidation.
[image: Table 10]Policy Functions of Hainan Tropical Rainforest National Park Need to Be Improved
In terms of policy functions, the policy scores of Hainan National Parks are not far from those of Hong Kong and Singapore, and they are weak in terms of environmental education and community development functions, as shown in Table 11.
TABLE 11 | Policy functions of Hainan Tropical Rainforest National Park need to be improved.
[image: Table 11]Environmental education can promote the public’s understanding of the value of national parks, closely integrating resources, tourists, communities, and management, and become an important way for the public to participate in the protection of national parks; Hainan National Park provides the public with the opportunity to get close to nature and experience it, but it is far from being a “vivid example for education” for environmental education, one of the reasons being the lack of curriculum design for environmental education. In Hong Kong and Singapore, the design, provision, and opening of environmental education courses for national parks have been included in the policy system, laying a good foundation for public services for ecological environmental protection and the development of the research and travel industry, and it is worth learning from Hainan.
Community development is the core function of national parks to promote sustainable development. Hainan Tropical Rainforest National Park is located in the center of Hainan Province. The surrounding counties and cities such as Baisha, Wuzhishan, and Changjiang have weak economic foundations, and their economic development is relatively backward. Therefore, it is urgent to focus on community development in addition to the design of the franchise system and improve the policy system to ensure the effective implementation of the strategy of “lucid waters and lush mountains are invaluable assets.”
Surface Chart Analysis of PMC of National Park Policy
By averaging the PMC index of the primary variables of the national park policies in the three regions (Table 6) and constructing a surface plot of the mean values of the PMC indices of the primary variables of national park policies in the three regions, we can visually and three-dimensionally show the overall situation of national park policies in the three regions, and at the same time, we can show the high and low mean values of the primary indicators of national park policies in the three regions, as shown in Figure 2, Figure 3 and Figure 4. First of all, judging from the color of the mean surface map of the PMC index of the national park policies in the three regions, blue indicates the highest score area. Obviously, Singapore has the largest proportion of blue in the surface map, followed by Hong Kong, and finally Hainan. This indicates that Singapore has a large share of high mean PMC values for the national park first-level policy indicators. Secondly, judging from the unevenness of the PMC mean surface chart of the national park first-level policy indicators in the three regions, concave means low score, and convex means high score. The upper left corner of the Hainan surface chart is obviously concave, which means that the scores of the first-level indicators included in this part are low. The specific reasons for the low scores can be explored from the scores of the second-grade indicators; the upper left corner of the Singapore surface chart is obviously close to a flat surface, which means that the first-level indicators included in this part have a higher score. Finally, by looking at the values of the vertical coordinates corresponding to the nine points on the surface plot, we can determine the high and low values of the variables at the national park policy in the three regions, and then analyze the strengths and weaknesses in the design of the policy system.
[image: Figure 2]FIGURE 2 | Average PMC Index Surface Chart of First-level Policy Indicators of Hainan Tropical Rainforest National Park.
[image: Figure 3]FIGURE 3 | Average PMC Index Surface Chart of Hong Kong’s National Park First-level Policy Indicators.
[image: Figure 4]FIGURE 4 | Average PMC Index Surface Chart of Singapore’s National Park First-level Policy Indicators.
Discussion and Suggestions
In 2021, China applied to join the Comprehensive and Progressive Agreement for Trans-Pacific Partnership formally and the whole country is pushing the institutional opening-up of regulation and standard. Hainan, as the provenience with independent legislative power should and can be the frontier in the docking of international regulatory institution system. With this background, this study quantitatively evaluates 14 national park policies in Hainan, Hong Kong and Singapore through PMC index model. According to the research results, Hainan Tropical Rain Forest National Park policy has relative disadvantages in effectiveness level, environmental education function, social and cultural shaping, biodiversity protection. Through analyzing the whole text of the related policies and literature reviewing research, the following suggestions were made.
Add Predictive and Descriptive Contents to Clarify the Objectives of National Park Policies
Policy makers should fully consider the correlation between policy nature, policy timeliness, and policy perspective when making decisions. The design of descriptive and predictive policy texts is a reflection of the macro policy perspective, which can enhance the incentives of related policies; at the same time, when formulating policies, attention should be paid to the policy nature and policy duration in line with the policy, for example, medium and long-term policies need to have the nature of prediction, description, etc., to clearly show the stage objectives. In view of this, policymakers of Hainan Tropical Rainforest National Park should strengthen the description of the relevant content and concepts of the national park when designing policies, depict a bright blueprint for the future development of Hainan’s tropical rainforests, enhance relevant personnels’ understandings of realizing objectives of ecological protection, economic development, spiritual and cultural shaping, thus making the policies encouraging.
Improve the Effectiveness of Policies to Consolidate the Legal Guarantee System for Ecological Conservation of National Parks
Law is the rule with the highest binding effect. The formulation of laws is very necessary to balance the protection and utilization of national parks (Cengiz, 2007). Since the establishment of the national park system in 1916, the U.S. has a long history of legislative management, establishing the Act to Establish the National Park Service, the National Parks Comprehensive Management Act and other basic laws to provide a legal basis for the construction of national parks (Guo, 2020); Singapore and Hong Kong also adopted the national Park laws one after another at the beginning of the creation of national parks, which provided a favorable environment for the development of national parks. This shows that the law plays an important role in the construction of the national park system. Hainan should make full use of the legislative power of the free trade port to innovate the legal system, so that the national park has laws to follow in terms of protection, recreation, health and scientific research. At the same time, it is necessary to strengthen the integration with international law, integrate the content of international law such as the Convention on Biological Diversity into local laws and regulations, make Hainan’s local regulations both localized and international, and contribute local wisdom to the exploration and formulation of national park laws and regulations.
Enhance the Complexity of Policy Functions to Optimize the Education and Community Development Functions of National Parks
Strengthen the Policy Function of Environmental Education in Hainan Tropical Rainforest National Park
The experience that environmental education can help the public gain insight into the relationship between development and conservation and promote the growth of environmental knowledge and pro-environmental attitudes has been proven (Hutcheson et al., 2018; Piñeiro-Corbeira et al., 2020). The scores show that Singapore and Hong Kong attach great importance to the function of environmental education in the construction of national parks, as evidenced by the inclusion of biodiversity conservation in the education curriculum of all grades in Singapore, and the assessment of the quality and quantity of nature education specifically for children in the Singapore Urban Biodiversity Index; Assess the quality and quantity of children’s nature education; Hong Kong Agriculture, Fisheries and Conservation Department offers a variety of interactive, activity-based programs for kindergartens, primary and secondary schools to raise students’ awareness of biodiversity conservation through experience. Hainan Tropical Rainforest National Park is in a critical period of development. Environmental education can raise public awareness of protection. In addition to learning from the above-mentioned initiatives in Singapore and Hong Kong that emphasize the inclusion of environmental education knowledge in the curriculum, the dissemination of environmental knowledge in outdoor environments can also be adopted. Studies have shown that environmental education, as one of the important dimensions influencing ecotourism practices, can promote the turn of tourists’ environmental behavior (Zheng et al., 2021). Therefore, as an effective means of ecological protection, environmental education should be incorporated into the policy system to form a diversified ecological and environmental protection system.
Strengthen Policy Functions in Community Development of Hainan Tropical Rainforest National Park
Community participation provides a strong guarantee for the win-win situation of ecological protection and people’s livelihood improvement in national parks. At present, Hainan Tropical Rainforest National Park has issued a policy for ecological relocation, and has achieved good results in practice, but there are few policies for community residents after ecological relocation to participate in the management of the national park. Singapore believes that community participation is the key to Singapore’s long-term success in protecting its natural heritage. National Parks Board and NGOs have launched many interesting community activities, such as the Community in Bloom Initiative (Tan and Neo, 2009), which aims to cultivate community spirit and bring together residents of all ages, making Singapore a city of nature. Hong Kong is seeking to protect biodiversity and encourage local communities to actively participate in finding sustainable ways to manage habitats, improving lives and protecting the environment. Therefore, on the basis of handling the relationship between national park land ownership and ecological relocation, Hainan should introduce resources and guide community residents to participate in the ecological management of the national park in a richer form through effective policy design.
Improve National Park Policies in Socio-Cultural Fields to Shape the Cultural Identity
Social culture refers to the promotion of cultural identity of the whole nation by constructing national parks and shaping national symbols. For example, the United States has created national parks as a tool to highlight the uniqueness of the United States and build a national identity, and endow them with lofty spiritual and cultural values (Gao, 2019). In the case of this study, Singapore stated in its policy that “by protecting biodiversity, the public’s awareness and interest in natural heritage will be raised, and national pride will be enhanced”; Hong Kong’s country park policy states that “human beings benefit from the multiple benefits of biodiversity, not only in physical terms, but also in terms of cultural life (aesthetic and spiritual values, etc.) beyond the physical.” This fully demonstrates that Singapore and Hong Kong use national parks as a powerful tool to shape their cultural identity. As a beautiful “ecological business card” in Hainan, the tropical rainforest national park has injected strong impetus into tourism development, talent introduction, and cultural output in the context of the construction of the free trade port. Hainan should clearly emphasize social and cultural functions in the national park policy to enhance the public’s cultural self-confidence.
Increase the Policy Content of “Biodiversity Protection” to Promote the Sustainable Development of National Parks
Biodiversity is related to human well-being and is an important foundation for human survival and development. At present, the world is facing the threat of biodiversity loss, and the international community generally recognizes the importance of biodiversity conservation. National parks are the cradle of biodiversity conservation (Government Network of State Forestry and Grassland Administration, 2021). Different countries have developed different biodiversity conservation policies based on the characteristics of their national parks, such as policies from the perspective of participants by strengthening effective coordination among government, enterprises, and community residents (McCarthy et al., 2021); integrated policies by establishing linkages between policies in biodiversity conservation-related fields (Zhou and Seethal, 2011); and policies on ecosystem services by exploiting the economic value of biodiversity (Le et al., 2016). Hainan Tropical Rainforest National Park is extremely rich in biodiversity, which is a precious treasure given by nature, and measures should be taken to strictly protect it. In terms of biodiversity conservation in Hong Kong and Singapore, they have formulated special administrative regulations, namely the Biodiversity Strategy and Action Plan for Hong Kong and the Biodiversity Strategy and Action Plan for Singapore. In addition, Singapore has also issued the Urban Biodiversity Index, a quantitative tool used to measure urban biodiversity. To promote the biodiversity conservation of Hainan Tropical Rainforest National Park, Hainan may also learn from the practices of Hong Kong and Singapore to build a systematic and highly operable strategy for the biodiversity conservation of Hainan Tropical Rainforest National Park.
CONCLUSIONS AND IMPLICATIONS
This study introduces the PMC index method to construct a national park policy evaluation index system, and conducts a quantitative comparative analysis of a total of 14 representative policies in the construction and development of Hainan, Singapore, and Hong Kong national parks. Research shows that, first of all, four of the six policies of Hainan Tropical Rainforest National Park are rated as good and two are rated as acceptable, indicating that the overall policy design is reasonable and scientific, but there is still room for improvement. Secondly, through further comparison and analysis with the policies of Hong Kong and Singapore, we found that the policy of Hainan Tropical Rainforest National Park is in a disadvantageous position in terms of policy nature, policy effectiveness, policy content, policy domain and policy function, etc. There are some problems in Hainan, such as insufficient policy effectiveness, relative lack of policies in the social and cultural fields, and further strengthening of policy content. Finally, based on the characteristics of Hainan Tropical Rainforest National Park’s own policy and the advantages of the national park policies of Hong Kong and Singapore, suggestions are made for the optimization of Hainan Tropical Rainforest National Park’s subsequent policy formulation.
The PMC index model policy evaluation method introduced in this study is relatively rare in national park policy evaluation, and to some extent, it can provide a new research idea and analytical framework for future national park policy evaluation. However, in view of the practical application goals of the research, this paper only analyzes representative policy texts. In future research, it can be improved from the following two aspects: 1) The evaluation indexes of policy tools are introduced, and the policies are classified into supply-type, demand-type, and environment-type for comparison, and the functions of different types of policies are explored. 2) Select all policies related to national parks and conduct a more comprehensive analysis.
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Although public hearings have been introduced into Chinese land expropriation as an important democratic supervision and conflict resolution mechanism for more than 15 years, there is a dearth of research into its qualities. Taking the farmers’ satisfaction with the public hearings as the critical quality indicator, this article analyzes the dilemma of this special institution in Chinese land expropriation. Process tracing is employed to analyze the design defect of the public hearing institution. Farmers’ satisfactions with the public hearings are measured by a questionnaire, and the factors are examined by a structural equation model based on the theories of expectancy disconfirmation and procedural fairness. It is concluded that the distorted procedure and the inconsiderate arrangement affect farmers’ perceived procedural fairness and decrease their satisfaction with hearings. In order to solve the dilemma of public participation in land expropriation, the relevant authorities should start from the source of affecting farmers’ satisfaction.
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1 INTRODUCTION
Chinese massive land expropriations have caused numerous social conflicts (Lin et al., 2018; Wang et al., 2019; Xie, 2019; Zhou, 2020; Nanhthavong et al., 2021). Reasons of these conflicts refer to insufficient compensation (Qian, 2015), inequity of the compensation allocation (Tong et al., 2017), illegal expropriation (Wu & Heerink, 2016), corruption of the local cadre (Song et al., 2016), and the absence of democratic supervision and conflict management mechanism (Zhou & Banik, 2014). Public participation is often assumed an effective tool in environmental and natural resources and NIMBY conflict management (Elliott & Kaufman, 2016; Sun et al., 2016; Xie et al., 2017). Public participation has been increasingly promoted in China over the past 3 decades (Gu, 2016). Public hearing, or public meeting, a primary mechanism of public participation, was introduced into China in 1996 (Yang, 2003). Public hearing promoted the political efficacy and deliberative democracy in China (Zhang, 2013; Ergenc, 2014), so it was more appreciated in the construction of the rule-of-law government. The Chinese Ministry of Land and Resources (MLR) enacted the Provision on the Hearings in Respect of Land and Resources (PHRLR) in 2004, which included the Land Expropriation Public Hearing (LEPH). LEPH was designed as an integrated platform of information collection, mutual communication, and down-top supervision at the preliminary stage of land expropriation. Central reformers expected to reduce the illegal expropriation and the social conflicts by improving the procedure transparency and providing farmers a new formal channel to express demands. However, there is a dearth of research into its qualities.
As the symbol of deliberative democracy, public participation is widely employed into contemporary governance (Fung, 2006; Webler et al., 2001). Despite its popularity, most techniques used in participation are inadequate, especially the public hearing, which is always associated with low attendance and low satisfaction (King et al., 1998). Several dilemmas militate against the practice and development of public participation (Rowe & Watermeyer, 2018). There is an urgent need to evaluate the quality of participation (Rowe & Frewer, 2000). In spite of the rapid development in China, the effectiveness of public participation is questioned (Enserink & Koppenjan, 2007). Criteria to evaluate the effectiveness of participation may include comfort, convenience, satisfaction, and deliberation (Halvorsen, 2001; Welch et al., 2004). Satisfaction is an outcome criterion (McComas, 2003). Satisfaction of the participant in natural resource management, project construction, and risk communication is measured (McComas, 2003; Li et al., 2013). A more comprehensive understanding of how the process and outcome criteria relate to participants’ satisfaction is an important next step to a more robust public hearing theory (McComas, 2001).
LEPH is the only formal public participation method in Chinese land expropriation. The mass incidents stemming from land expropriation have declined the political trust in rural China (Cui et al., 2015). Re-strengthening farmers’ trust in the local government is among the purposes of central government’s promotion of participation in land expropriation. The possible relationship between satisfaction and trust in the government (Christensen & Lægreid, 2005) prompts us to evaluate the participation in Chinese land expropriation by farmers’ satisfaction with LEPH and to examine the factors of the satisfaction. The structure of the research is as follows. First, an overview of the procedure of LEPH with the process tracing method to identify the design defect of the hearing institution is presented. Second, the theory framework of participants’ satisfaction is formulated. Then, data and results are analyzed deeply. Last but not the least, the discussion and conclusion are given.
2 OVERVIEW OF LAND EXPROPRIATION PUBLIC HEARING
Responding to the intense criticism on the transparency of the decision-making and the political demands of the rule-of-law government, MLR introduced several public hearings into land management, including price hearing, legislation hearing, administrative penalization hearing, administrative licensing hearing, and LEPH. Most of these hearings had a relatively successful pilot, except LEPH. All these hearings were divided into categories, hearings organized in accordance with the power of the competent authority (HOP), and hearings organized at the application by a party concerned (HOA). LEPH belongs to the HOA, which means it will be organized at the application by land-expropriated farmers before the county land management department submits the expropriation compensation and relocation plan to a higher authority for approval. There are significant differences among these hearings, including the interests related, the scale and heterogeneity of the stakeholders, and the relationship among the public and authorities. All these hearings were hastily packed into the PHRLR, without careful consideration of the differences. This article argues there is a distortion in LEPH’s procedure design, which leads to the disconfirmation of farmers’ expectancy and decreases their satisfaction with LEPH. Process tracing, a within-case method aiming at the discovery and validation of a causal mechanism, is employed here to analyze the procedure distortion (Kay & Baker, 2015).
Land expropriation provides large-scale new construction land to Chinese urbanization each year. The County Land Bureau is the only executor of land expropriation. MLR has employed a complicated approval system to monitor and restrain local land expropriation by a strict control of the new construction land quota. The quotas are extremely scarce, and the priority of quota allocation is a sophisticated political issue. In order to make full use of the scarce quota, the land expropriation is project-oriented. Several important pre-work should be finished before the bureau makes an expropriation plan, including project investment confirmation, feasibility study, environmental impact assessment, and location. After an expropriation investigation and result confirmation, the bureau publicizes the plan of land expropriation compensation and relocation, which always includes two parts: 1) the area, location, and type of the lands which are planned to be expropriated and 2) the compensation standard of the land and the relocation standard of the land-lost farmers. This plan is the start point of the LEPH (shown in Figure 1), and part 2 is the main content heard in the LEPH.
[image: Figure 1]FIGURE 1 | Procedure of LEPH.
At the end of the publicity, stakeholders are informed that they have the right to apply for an LEPH in maybe 5–7 days after the publicity date; otherwise, they are asked to confirm a renounce statement. If an LEPH is applied, the bureau will organize the hearing at an appropriate time and place. Participants always include the president, hearing officers, the clerk, the applicants (land-lost farmers), and the respondents (land expropriation officers). The hearing shall proceed in accordance with five steps: president’s starting announcement, applicants’ inquiries and opinion presentation, respondents’ reasons and proof presentation, final statements, and president’s ending announcement. All the presentations of farmers and officers, content and discontent, are recorded into the documents. Hearing documents, or renounce statements, are packed into the approval volume, submitting to the higher department. These procedures of LEPH are illustrated by the solid lines in Figure 1. However, there are some important lines missed in the procedure design.
According to Rowe and Frewer (2000), public participation encompasses a group of procedures designed to consult, involve, and inform the public of allowing those affected by a decision to have an input into that decision. The input and output procedures are critical to the success of the participation. Many researchers criticize those participations without substantial impact on decision-making as rhetoric (Conrad et al., 2011; Bawole, 2013). It is suggested factors of an authentic participation include constructive feedback on proposal and follow-up communication (King et al., 1998; Manowong & Ogunlana, 2008); meanwhile, participants may reciprocate negatively if they are consulted but ignored (Corgnet & Hernán-González, 2013).
The national provision PHRLR requires hearing documents as an attachment of land expropriation approval volume, without any details about the effect of discontents on the expropriation plan. Several training documents on the construction land approval procedure are released by prefectural land management bureaus, and there is neither any requirement on plan adjustment. Higher authorities approve the plan on the completeness and legality of these documents. The LEPH is designed by authorities as an informative hearing (Heberlein, 1976) or the hearing to satisfy legal requirements for public participation (Checkoway, 1981). However, the participants are trying to be heard, not to do hearing (Conrad et al., 2011; Bawole, 2013; Corgnet & Hernán-González, 2013). So from the perspective of the participants, there are some missing procedures in the institutional design of the LEPH, represented by the dashed lines in Figure 1. Land expropriation compensation and relocation involve many authorities, including the bureaus of land management, social security, urban planning, forest management, environmental protection, and the village committee and groups. Numerous disagreement and differences of opinion on the compensation and relocation plan will emerge. Respondents of the LEPH are always limited to the expropriation officers in the bureau of land management. They cannot respond farmers’ inquiries constructively, considering the null effect of the hearing details on the expropriation approval. Prevarication is adopted as the strategy to respond to the farmers’ concern, which will aggravate the farmers and degrade their experience of the participation. The immanence limitation to the procedure, the complexity of land expropriation compensation and relocation, and the unamiable responses of the authorities crash the system and dissatisfy participants together.
3 THEORY FRAMEWORK
Research studies examining the participants’ attitudes toward public participation and their factors are notably absent (McComas, 2003). Ogunlana et al. (2001) examined the public hearing on a construction project in Thailand and identified several factors dissatisfying participants. Based on group communication, McComas (2003) identified expectations, informational communication perception, interest perception, and agency credibility as the underlying factors of participants’ satisfaction. In another work, McComas et al. (2007) examined the relationship among perception of procedural fairness, participant’s stake in outcome, satisfaction with meetings, and the outcome acceptance. Based on these rare explorations and the referable research results in communication satisfaction, we tried to model the satisfaction with the LEPH on two important theories including expectancy disconfirmation and perceived procedural fairness.
Originating in the study of consumer satisfaction (Oliver et al., 1994), expectancy disconfirmation (EDM) has emerged as the predominant model of satisfaction with public services (Van Ryzin, 2013; Petrovsky et al., 2017). The theory assumes that citizen satisfaction is the result of the comparison between expectancy and perception of performance or expectancy disconfirmation. There are three important links in EDM, which are illustrated in Figure 2: direct impact of performance perception on satisfaction, direct impact of expectancy on satisfaction, and impact of the interaction between performance perception and expectancy, named disconfirmation, on satisfaction (Figure 2).
[image: Figure 2]FIGURE 2 | Expectancy disconfirmation model (Van Ryzin, 2013)
We extended the EDM at three points. First, we used the perceived procedural fairness as the perceived performance. Based on the works of Thibaut & Walker (1975) and Tyler (1989), McComas et al. (2007) examined the impact of perceived procedural fairness on participants’ satisfaction and outcome acceptance with advisory committee meetings, another important participation method. They argued that people cared much about the fairness of the decision-making procedure because it symbolized whether they are respected. Other research studies prove similar impacts of procedural fairness on citizens’ satisfaction with the government (Herian et al., 2012).
Second, we added in the link from farmers’ satisfaction to their trust in local cadres. Many researchers argued that Chinese people had more trust in the central government than in local cadres (Zhong, 2014). Tense relationships between farmers and local cadres exacerbate the rural unrest in China. The Chinese central government has launched a series of reformation to rebuild the local political trust, such as the village election and rule-of-law government. This purpose is also embedded into the introduction of public participation in China.
Third, considering the frequent emphasis on the critical function of good preparation to a successful public hearing (Manowong & Ogunlana, 2008), we included the perceived preparation kindness into the model. A considerate preparation, such as a suitable time and location, will improve the relationship between the authority and farmers (Figure 3).
[image: Figure 3]FIGURE 3 | Extended EDM for the LEPH
Some hypotheses are presented as follows based on the aforementioned facts:
Hypothesis 1. Perceived preparation kindness of the hearing will directly predict farmers’ satisfaction with the LEPH.
Hypothesis 2. Perceived preparation kindness will predict the farmers’ expectancy on the hearing.
Hypothesis 3. Perceived procedural fairness will directly predict satisfaction.
Hypothesis 4. Farmers’ expectancy will directly predict satisfaction.
Hypothesis 5. Higher perceived procedural fairness will increase disconfirmation.
Hypothesis 6. Higher expectancy on hearing will decrease disconfirmation.
Hypothesis 7. Farmers’ expectancy disconfirmation will directly predict satisfaction.
Hypothesis 8. Farmers’ satisfaction will directly predict their trust in local cadres.
Hypothesis 9. There is a positive correlation between expectancy and the perceived performance in such an observational study, the causal direction is typically not specified (Van Ryzin, 2013).
4 DATA AND RESULTS
4.1 Data
4.1.1 Study Area
We purposely chose Tongcheng city in Anqing Prefecture, Anhui Province as the study area (Shown in Figure 4). Significant heterogeneities are widely recognized in Chinese economic, social, and administrative issues, so the main principle for us to choose the study area is avoiding the extreme sample. First, according to the post-evaluation of PHRLR sponsored by MLR in 2012, Anhui province was in the medium position at the development and implementation of LEPH. Second, Anhui is also in the medium position at the frequency of the land-expropriation conflict (Lin et al., 2018). Third, the total GDP of Anhui is ranked the middle level in China, 13th out of 31 provinces in 2017. Tongcheng is an ordinary county-level city in Anhui at economic development, social stability, and administrative performance in the Anhui land management system (Figure 4).
[image: Figure 4]FIGURE 4 | Study area location.
4.1.2 Questionnaires
Land-expropriated farmers who did and did not attend the hearing were all interviewed for two reasons. The low application and attendance rate of LEPH is a national problem, according to the post-evaluation of PHRLR, so the cost to find enough attendees is too high. More importantly, McComas (2003) had testified in her research that irrespective of whether respondents had ever attended a public meeting, their satisfactions can be predicted. Twenty-six questions are asked to get to know the basic information of the respondents, such as the sexual status, age, education level, employment status, family populations, family monthly income, and proportion of land expropriated. Farmers’ perceived preparation kindness is involved which contains whether they are informed sufficiently before the hearing and whether the time and location of the hearing are suitable for them. Then, farmers’ expectancy on the process atmosphere, outcome of interest conflict resolution, performance of the president, and performance of other expect attendees are questioned. Later, it refers to farmers’ perceived hearing performance of hearing. Farmers are asked to evaluate the normativity of the process, the performance and neutrality of the president and other expect attendees, the openness of the outcome, and whether they have got the information they wonder. Farmers are also asked to evaluate whether their discontents on the hearing will be appreciated by relative authorities.
Farmers’ expectancy disconfirmations are measured as subjective. Disconfirmation can be measured either as subtractive or subjective (Petrovsky et al., 2017). Farmers are asked how well the hearing is performed relative to what they expect. Farmers’ satisfactions with the LEPH are measured by satisfaction with the process and satisfaction with the outcome, according to the evaluation criteria classification suggested by McComas (2003). At the end of the questionnaire, farmers are asked whether they trust in local cadres and LEPH. All variables, except the first seven questions on basic information, were measured with a 5-point Likert-type scale (1 = strongly disagree/dissatisfy and 5 = strongly agree/satisfy). With the help of the Bureau of Land Management of Tongcheng city, we located 14 villages with land-expropriation in recent 5 years. A total of 447 of 600 questionnaires distributed to farmer families were returned.
4.2 Results
4.2.1 Descriptive Analysis of Main Variables
The mean value and standard deviation of main variables are shown in Table 1. Farmers’ satisfaction with the process of the LEPH is 3.30 (SD = 0.894), slightly higher than the satisfaction with the outcome of the LEPH, 3.28 (SD = 0.903). These mediocre evaluations show that respondents tended not to be overly satisfied with public hearings as a way of involving themselves into the land expropriation procedures.
TABLE 1 | Descriptive analysis of main variables.
[image: Table 1]The highest result in Table 1 is the perceived possibility of discontents appreciated by authorities (3.37), which means farmers take LEPH as a formal channel to express discontents and attract authorities’ attention. However, the authorities introduced the LEPH as an informative technology, as mentioned earlier at the end of part 2. So, a mismatch appeared.
The lowest results include the three criteria of perceived preparation kindness, the expectancy of the atmosphere, and the disconfirmation. Farmers argued they were not well pre-informed by the authorities on the plan, the documents, and other information on the land-expropriation. Time and location of the LEPH were decided for the authorities’ convenience. Low expectancy on the process atmosphere means that a considerable proportion of respondents predicted conflictive arguments during the hearing. Twenty-four respondents (5.4%) firmly predicted there would be a quarrel during the hearing, and 67 (15%) predicted less firmly. Disconfirmation also had a lower value, illustrating farmers’ disappointment on LEPH.
4.2.2 Reliability Analysis
The purpose of reliability analysis is to evaluate the stability and internal consistency of the overall questionnaire and the measurement items of each latest variable. As shown in Table 1, we chose 19 observable variables to measure the six latest variables. Cronbach α coefficient and split half reliability are commonly used to test reliability in the Likert-type scale, and α coefficient is better than the half method. The higher the reliability of a scale, the more stable it is (Crocker & Algina, 1986). In multiple item scales, intrinsic reliability is particularly important. It not only measures whether each scale measures a single construct but also evaluates the internal consistency of the items in the scale. Cronbach α coefficient is one of the internal consistency coefficients. If Cronbach α is above 0.80, it indicates that the scale has a high reliability. Nunnally and Bernstein (1994) think that the criteria of reliability are different between exploratory research and confirmatory research. The lowest standard of the value of the credit coefficient in exploratory research is above 0.50, and it is better to be above 0.6. The best value of the credit coefficient in confirmatory research is above 0.80, and it is better to be above 0.9. Different scholars have different opinions on the minimum reliability coefficient. Some scholars think that it is acceptable to be above 0.80 (Gay et al., 2009). Some think that it is acceptable to be above 0.7 (Nunnally & Bernstein, 1994). When the reliability is not good, the item will be deleted. The criteria of item deletion or retention are the size of corrected item total correlation (CITC) and whether deletion of item improves Cronbach α (Parasuraman et al., 1988). The higher the CITC, the higher is the internal consistency between the item and other items in the same construct. Generally, items with CITC less than 0.30 should be deleted. We used SPSS 19.0 to test the reliability of the overall questionnaire and each late variable, and the results are shown in Table 2.
TABLE 2 | Reliability analysis of sample data.
[image: Table 2]The Cronbach α coefficient of the overall questionnaire and all dimensions were greater than 0.80, which exceeded the minimum standard of each scholar and showed high reliability. Deleting any item will lead to the decrease in the corresponding Cronbach α, indicating that each construct item represents the same late variable uniformly, and no item is deleted.
4.2.3 Confirmatory Factor Analysis
Compared with exploration factor analysis (EFA), confirmation factor analysis (CFA) focuses more on the relationship between observable variables and latent variables (Everitt & Dunn, 2001). CFA is a pre-step or infrastructure for integrating structural equation modeling (SEM) analysis (Kline, 2015. We used the structural equation modeling method to study the factors that affect the satisfaction of landless farmers to LEPH. SEM is a kind of statistical modeling technology. It uses the measured model and structural model to test the hypothesis relationship between the observable variable and late variable and finds out the potential and interactive causal variables. The most commonly used parameter estimation method in SEM is maximum likelihood (ML). ML estimation has two basic assumptions: 1) the data conform to multivariate normal distribution and 2) the data are large sample data. Under this premise, the parameter estimation of ML will be asymptotically efficient unbiased, consistent, and effective (Schumacker & Lomax, 2004). Amos 21.0 is used to test the multivariate normality of the sample data in this study, as shown in Table 3. Under normal distribution, the skew coefficient and kurtosis coefficient should be close to 0. If the absolute value of skew coefficient is greater than 3 and kurtosis coefficient is greater than 8, it indicates that the data distribution may not be normal. If the absolute value of kurtosis coefficient is greater than 20, it indicates extreme kurtosis. If the multivariable kurtosis critical ratio (CR) is greater than 1.96, it indicates that the multivariable is non-normal. In Table 3, the skew coefficients of 19 observable variables are between −0.599 and −0.344, the kurtosis coefficients are between −0.156 and 0.808, and the absolute values of skew coefficients and kurtosis coefficients are less than 1, indicating that the single variable is in normal distribution. However, the multivariate kurtosis criticality ratio is far greater than 1.96, and multivariate distribution is typical non-normal distribution. Non-normal distribution of sample data will lead to overestimation of overall model fitting and underestimate of the standard error (SE) of partial parameter estimation. The bootstrap method can effectively deal with non-normal data and solve the estimation deviation caused by non-normal data (Bollen and Stine, 1992). This article will take this method for further research.
TABLE 3 | Normality test of sample data.
[image: Table 3]The measurement models of six constructs and 19 explicit variables were constructed by using the confirmation factor analysis. The bootstrap method is used to improve the accuracy of ML estimation of the chi-square value and standard error of the measurement model. Three kinds of goodness-of-fit indexes are used to measure the whole model. Table 4 shows the goodness-of-fit results of the CFA measurement model and the goodness-of-fit evaluation criteria proposed by scholars (Hair et al., 2010). The results showed that the CFA measurement model achieves the ideal goodness of fit.
TABLE 4 | Goodness-of-fit indices for the measured model.
[image: Table 4]After the overall evaluation of the measurement model, the validity between the observable variables and the latest variables measured is tested by the confirmation factor analysis. The validity of academic research can be divided into the content validity, criterion related validity, and construct validity. In practical operation, the content validity and criterion-related validity often require qualitative research by experts or recognized criterion measurement. In the past, few scholars have measured them, while the construction validity can be measured by confirmation factor analysis. Construction validity consists of conversion validity and discriminative validity. Convergent validity reflects the degree to which observable variables evaluate their latent variables, that is, the problem of measuring circumference. Discriminative validity reflects the degree to which one latent variable differs from the other, that is, the problem of measuring exclusivity (Hair et al., 2013). Conversion validity can be measured from factor loading, average variance extracted (AVE), and construct reliability (CR). The standardized factor loadings of observable variables should be higher than 0.50, and the ideal state should be higher than 0.70. AVE should be greater than 0.50. CR should be greater than 0.7, which indicates that the model has good conversion validity (Hair et al., 2010). The standardized factor loading of observable variables and the AVE and CR indexes of late variables are shown in Table 5. It is obvious that factor loading, AVE, and CR all meet the standards, and the conversion validity of the model is good.
TABLE 5 | Convergent validity of sample data.
[image: Table 5]In AMOS operation, the chi-square difference test is generally used to identify the significance of chi-square difference (Bagozzi and Phillips, 1982). Further supplementary evaluation of discriminative validity is made by confirming that the confidence interval of two construct correlation coefficients does not contain 1 (Torkzadeh et al., 2003). The chi-squared difference test is carried out for two combinations of six latent variables. The chi-squared difference between the restricted model and the unrestricted model is listed in Table 6. Obviously, all the unrestricted models are significantly smaller. Using Bootstrap to calculate the confidence interval of the correlation coefficient between latent variables, we further proved the discriminative validity. From Table 6, we can see that the confidence intervals of percentile corrected and bias corrected do not contain 1. The two tests fully show that the discriminative validity of each construct is high.
TABLE 6 | Discriminant validity of sample data.
[image: Table 6]4.2.4 Structural Equation Modeling Results
After confirmatory factor analysis, the structural equation modeling is constructed according to Figure 3, which assumes that there are significant causal relationships among the six latent variables, namely, preparation kindness, public expectation, performed procedural fairness, farmers’ expectation unconformity, farmers’ satisfaction, and trust in local cadres. SEM can deal with the complex hypotheses among multiple latent variables easily and intuitively and verifies the hypotheses by calculating path coefficients to test the causal relationship of latent variables. With the help of Amos 21.0, bootstrap is applied to improve the accuracy of ML estimation, and the standardized structural equation model of Figure 5 is obtained, in which the sampling number of bootstrap is 2000 times (Figure 5).
[image: Figure 5]FIGURE 5 | Final structural equation model showing relationships among variables.
When the structural equation model is fitted, [image: image] is easy to be affected by the sample size. When the model is complex and large, it will get a significant p value (Rigdon, 1995; Hair et al., 2010). Hair et al. (2010) found that when the sample size is greater than 250, and manifest variables are greater than 12, the p-value of [image: image] is significant. Therefore, we combined other goodness-of-fit indexes to evaluate the model, and the specific results are shown in Table 7. [image: image] is the chi-squared mean of bootstrap 2000 samples, not the ML estimated value. Although the p-value is significant, normed [image: image] and other fitting methods are up to the standard. The evaluation of goodness-of-fit indexes supports the structural equation model.
TABLE 7 | Goodness-of-fit indices for the structural equation model.
[image: Table 7]Table 8 shows the validation results of causality between underlying variables of bootstrap ML estimation. In the case of non-normal distribution of data, using ML estimation may lead to the statistical significance of the estimated value of the parameter. Taking the path “expectation” to “unconfirmation” as an example, under ML estimation, p = 0.028 < 0.05. In other words, the path is significant at p = 0.05. However, under bootstrap percentage correction, p = 0.055 > 0.05. This path is not significant. It can be seen that the research proves the ability of the bootstrap to correct the ML estimation of non-normal data. According to Table 8, the p-values of H1, H4, and H6 standardized estimates are 0.399, 0.366, and 0.055 (>0.05), respectively, indicating that H1, H4, and H6 are not significant at the significance level of 0.05 and above. In Figure 5, the empirical results are represented by full lines and dashed lines, respectively. The solid line indicates that the path is significant at the level of 0.001, while the dotted line indicates that the path is not significant. In other words, except H1, H4, and H6, all assumptions are significant.
TABLE 8 | Standard error and the standardization coefficient estimate of Bootstrap.
[image: Table 8]5 DISCUSSION AND CONCLUSION
By expanding the theory of expectation failure, this article puts forward a theoretical model based on the hearing satisfaction of the farmers whose land is expropriated and determines the influencing factors of the satisfaction, in order to solve the dilemma of public participation in land expropriation. The results showed that those hypotheses presented are not all significant. The findings of the study will be discussed as follows.
First, perceived preparation kindness can effectively predict farmers’ expectations for hearings (H2). Public expectancy is “willing expectation,” but not “real expectation.” It is affected by the public’s own needs, the information in various aspects learned in the early stage and the public’s experience of word-of-mouth. In other words, if the perceived preparation kindness of farmers is low, then the public with learning ability will reduce their expectations rationally. Public expectancy has a positive effect on perceived procedural fairness (H9). This result also fits well with the conceptual basis of the American Customer Satisfaction Index (ACSI) (Fornell et al., 1996). Expectancy has an assimilation effect on perceived procedural fairness. Furthermore, perceived procedural fairness can directly predict satisfaction (H3). If there are standardized hearing procedure design, neutral and professional host and experts, the landless farmers with required information, open and transparent hearing results, and the dissatisfaction and opinions expressed by the farmers at the hearing can be valued by the government authorities; then, the farmers will have perceived procedural fairness, resulting in a high degree of satisfactory.
Second, perceived procedural fairness has a positive effect on disconfirmation (H5). This shows that higher perceived procedural fairness will increase the positive test failure. However, the direct effect of public expectation on disconfirmation is not significant (H6), and the direction is positive ( [image: image]; p = 0.055). According to the theory of expectation failure, under the same expectation, high performance will produce more positive failure. Under the same performance, high expectation will produce more negative failure (Oliver, 1980; Oliver et al., 1994). This is slightly different from our research results. The reason is that the measurement method is different. Van Ryzin (2006) empirically compared the differences between subtractive measure and subjective measure. The results of adopting subjective measure are consistent with the theory of expectation failure, but the modeling results of adopting subjective measure are quite different. The relationship between expectation and disconfirmation is zero or even no significant difference, and the direction is wrong. Then, Van Ryzin (2006) brought the perceived disconfirmation into the model as a mediation variable of the subtractive disconfirmation. It was found that expectancy had a significantly positive effect on perceived disconfirmation. However, the positive direct effect is offset by the significant negative effect of expectancy on the passive subtractive disconfirmation. Finally, the total effect of expectancy on the perceived disconfirmation is 0. Perceived disconfirmation leads to over statement of expected variables in the model. However, in our study, disconfirmation is subjective. This explains why the direct effect of public expectation on disconfirmation is not significant in our study. Disconfirmation is positively correlated with satisfaction (H7). This shows that when farmers participate in a lower-than-expected land acquisition hearing, the landless farmers will have lower satisfaction. In other words, more expectation leads to more disappointment. Public participation at this time has no effect. Then, “poor” participation may be worse than no participation at all (McComas et al., 2007).
Third, the direct impact perceived preparation kindness and public expectancy on satisfaction are not significant (H1 and H4). This may be related to the distortion of the hearing procedure design and information asymmetry. Although the hearing on land acquisition is proposed to the land and resources department by the peasants who have been expropriated, the peasants seem to be the initiator of the hearing. Because the peasants are in a weak position of lacking information, the government is still the leader of the hearing on land acquisition. The compensation and resettlement of land acquisition involves many departments, and the information interaction between them is not smooth. In addition, the government officials with limited rationality have self-interest in policy formulation and implementation (Linping, 2010). In order to protect the interests of their own departments, they will selectively disclose information and conceal information that is not good for them. These factors directly lead to the information asymmetry of the hearing subjects. Therefore, although the government has made good preparation for the hearing of land acquisition, the farmers get sufficient information before the hearing. Due to the asymmetry of information, the farmers cannot identify the effectiveness of information in the hearing process and cannot predict the specific policy behavior of policy makers and executors effectively in advance. Farmers’ perceived preparation kindness and expectancy will only directly increase the possibility of farmers’ public participation. Because of the unknown implementation of the land acquisition hearing process, farmers are not sure that good perception and expectations before the meeting can directly lead to a satisfactory outcome.
Fourth, in order to explore the total impact of each antecedent of satisfaction on satisfaction, we also used Bootstrap to analyze the mediating effect of the model. The results showed that each intermediate variable in the model is significant at the level of 0.01. The direct effect of perceived procedural fairness on satisfaction was 0.602. The indirect effect is 0.177, and the total effect is 0.779. Perceived procedural fairness plays a completely mediating role in expectancy and disconfirmation. The effect value is 0.570. The direct effect of expectancy on satisfaction is not significant. But perceived procedural fairness can indirectly affect text failure so as to affect satisfaction. The total indirect effect is 0.148. Perceived preparation kindness has no significant direct impact on satisfaction. Satisfaction can be indirectly affected by expectancy, perceived procedural fairness, and text failure.
Finally, results mentioned previously show that the four antecedents of satisfaction can directly or indirectly significantly affect satisfaction, and farmers’ satisfaction directly determines their trust in the local government (H8). Therefore, in order to solve the dilemma of public participation in land expropriation, the relevant authorities should start from the source of affecting farmers’ satisfaction and effectively manage conflicts. For example, the relevant authorities could communicate fully with those farmers to get to know their real needs and inform them in advance about some relevant policies. At the same time, more participation of the farmers also could facilitate the land expropriation (Webler et al., 2001; Welch et al., 2004; Kline, 2015; Xie et al., 2017).
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Rapid economic development, industrialization and urbanization lead to environmental pollution and damage the stability of regional ecosystems. The Yangtze River Delta region is an economically developed region in China, faces the problems of water environment pollution and water ecosystem service degradation. Reasonable assessment of water ecosystem service value (ESV) is of great significance for grasping the status of regional water ecosystem services, improving water ecological environment, and realizing regional sustainable development. This study collects 119 research literature about China, including 156 observations to establish a value transfer database; specially builds a Meta-analysis model including the variables of climate conditions, environmental pollution and environmental protection, then assesses the waters ESV in the Yangtze River Delta using the model and analyzes the changes from 2009 to 2018. The study finds that the location, population density, the area of the site, average annual precipitation, literature characteristics, landscape characteristics, wastewater discharge, environmental protection expenditure, and wastewater treatment costs can affect the water ESV significantly. Based on the meta-analysis benefit transfer model to evaluate the water ESV in Yangtze River Delta region is RMB 177,126 yuan/ [image: image] and the growth rate is 27.18%. The place with the highest value per unit area is Shanghai, and the total value in Jiangsu Province is the highest. Economic development, waste water discharge and wastewater treatment costs are the main reasons for the changes and differences in the value of water ecosystem services in the Yangtze River Delta region. The contribution of this study to the field of water ESV assessment is that the meta-analysis model includes a broader set of influencing variables, including landscape, population density, climate change and environmental protection. It provides a practical reference for water ESV assessment on the local scale and a scientific basis for water area management related to the development of water area and ecological compensation, as well as promote the sustainable development of water ecosystems.
Keywords: water ecosystem, ecosystem service value, meta-analysis, value transfer, the yangtze river delta region
1 INTRODUCTION
Ecosystem services are the various benefits that humans obtain from ecosystems (Millennium Ecosystem Assessment, 2005). Human survival is inseparable from the Earth’s ecosystems and the services they provide. In the past 50 years, the scale and speed of changes to ecosystems by human activities have accelerated (Millennium Ecosystem Assessment, 2005), and ecosystem services have become degraded and unsustainable. Compared with the needs of human survival and development, ecosystem services show scarcity characteristics and become assets that need to be maintained and managed by countries or regions. Ecosystem service value evaluation is an important link and decision-making basis for ecological compensation, government green development performance evaluation, and ecosystem collaborative management. With the industrialization and urbanization, the ecosystems of inland waters have become increasingly fragile, and problems such as the reduction of inland wetlands, the decline of water quality, and the deterioration of biodiversity have occurred. Reasonable assessment of the value of water ecosystem services can help to promote the management and sustainable use of water ecosystem services.
The research of Costanza et al. (1997) provides direction for the evaluation of land ecosystem service value. Since then, many experts have carried out extensive research on the evaluation of different types of ecosystem services at different land use scales (Bodin et al., 2006; Volk et al., 2008; Maldonado et al., 2013; Smith et al., 2015; Swirepik et al., 2016; László et al., 2018). Ouyang et al. (1999) used the market value method to estimate the six categories service value of terrestrial ecosystems in China. Xie et al. (2003); Xie et al. (2008) adjusted the evaluation model proposed by Costanza et al. (1997),and developed a service value coefficient for China’s terrestrial ecosystem, which has been widely recognized and applied in China. This method is called the Ecological Service Value Coefficient Correction Method.
The water ecosystem service functions studied and evaluated include biodiversity (Broadbent et al., 2012; Mendoza, et al., 2012; Marcos and Ortega, 2014), carbon storage (Martinez-Harms et al., 2017), food production (Lawler et al., 2014; Moran et al., 2017), species habitat (Patru-Stupariu et al., 2020), recreational value (Chaikumbung et al., 2016), water quality improvement (Van Houtven et al., 2007) and other water ecosystem service functions. The assessment objects include coral reefs (Brander et al., 2007), lagoons (Enjolras and Boisson, 2010), mangroves(Brander et al., 2012a), lakes (Reynaud and Lanzanova, 2017), wetlands (Ghermandi et al., 2010; Brander et al., 2012b; Camacho-Valdez et al., 2013; Ghermandi et al., 2016) etc. The evaluation method mainly uses the evaluation model of Costanza and Xie, and also uses the market value evaluation method (Fitzpatrick et al., 2017), non-market value evaluation method (Reynaud and Lanzanova, 2017), conditional value method (Enjolras and Boisson, 2010). The same ecosystem services can be assessed using a variety of methods, so the results are largely dependent on the choice of assessment methods, and cannot be compared.
At the same time, investigating the land ecosystem status in the study area item by item and calculating its ecosystem service value are constrained by conditions such as time and cost. Moreover, a comprehensive assessment of multiple ecosystem services is more helpful for eco-environmental management than a single assessment of specific services (Taye et al., 2021). In this case, benefit transfer methods have attracted attention (Brander et al., 2006; Johnston and Rosenberger, 2010).
This method utilizes a large number of research results, selects an appropriate amount of variables, adopts statistical and metro-logical methods to construct a corresponding value transfer model, and transfers the ecosystem service value of the study site to the policy site based on this, so as to obtain the ecosystem service value of the site to be studied (Zhao and Wang, 2011). Meta-analysis which is one kind of benefit transfer method has been used to evaluate the value of land ecosystem services, including research on the value of water ecosystem services since the year of 2000. The scope of the assessment includes Europe (Brander et al., 2006), the United States (Van Houtven et al., 2007), Canada (L'Ecuyer et al., 2021), northern Mexico (Camacho-Valdez et al., 2013), Southeast Asia (Brander et al., 2012a), tropical India (Ghermandi et al., 2016), East Africa (Brander et al., 2007), developing countries (Chaikumbung et al., 2016) and the global (Enjolras and Boisson, 2010; Reynaud and Lanzanova, 2017). Researches on China include the Beijing-Tianjin-Hebei region (Zhang et al., 2016) and the city of Qingdao (Sun et al., 2018), but has not covered the Yangtze River Delta region. Most of the literatures show that the area of the study site (Brander et al., 2007; Enjolras and Boisson, 2010; Ghermandi et al., 2010; Fitzpatrick et al., 2017; Zhou et al., 2020), the location (Zhang et al., 2016), the type of water area (Ghermandi et al., 2010; Johnston and Rosenberger, 2010; Camacho-Valdez et al., 2013; Zhou et al., 2020), ecosystem services (Brander et al., 2007; Enjolras and Boisson, 2010; Ghermandi et al., 2010; Johnston and Rosenberger, 2010; Camacho-Valdez et al., 2013; Bockarjova et al., 2020), population density (Ghermandi et al., 2010; Johnston and Rosenberger, 2010; Camacho-Valdez et al., 2013; Eric et al., 2022), the per capita GDP (Ghermandi et al., 2010; Mendoza et al., 2012; Brander et al., 2012b; Johnston and Rosenberger, 2010; Zhang et al., 2015; Ghermandi et al., 2016; Taye et al., 2021), evaluation method (Brander et al., 2007; Ghermandi et al., 2010; Johnston and Rosenberger, 2010; Taye et al., 2021), publication level (Enjolras and Boisson, 2010; Ghermandi et al., 2010) and the year of publication (Enjolras and Boisson, 2010; Camacho-Valdez et al., 2013; Ghermandi et al., 2016; Taye et al., 2021) affect the value of water ecosystem services. Few literature attempt to use the landscape characteristics (Reynaud and Lanzanova, 2017; Perosa et al., 2021) and climatic conditions of the research site (Nelson et al., 2013; Li et al., 2016; Siriwardena et al., 2016; Gollany and Venterea, 2018; Scheiter et al., 2019; Balasubramanian, 2019; Kang et al., 2020) as variables in the Meta value transfer model, however, similar studies have not yet appeared in the evaluation of water ESV. The main drivers of inland water ecosystems are habitat change, climate change, overuse and pollution (Millennium Ecosystem Assessment, 2005). Therefore, the impact of climatic conditions and environmental pollution on the water ESV needs attention. In addition, the evaluation objects of related research in China are mainly large-scale areas such as lakes, wetlands and watersheds, and there is a lack of local-scale research. Without evaluating the water ecological environment of a specific area, it is impossible to provide effective opinions on the sustainable development of water ecosystem services in a specific area.
The Yangtze River Delta region with a relatively high level of economic development and population concentration in China, a recognized world-class urban agglomeration, plays a pivotal and strategic role in building China’s modernization drive and all-round opening pattern. In 2020, the GDP, total import and export, foreign direct investment, and foreign investment accounted for 24.5%, 37%, 39%, 29% in China, and the urbanization rate is about 68%. With the rapid economic development, this region is faced with the problems of water quality decline, water environment pollution, and water ecosystem degradation. It is urgent to evaluate the water ESV of the regional.
This study estimates the ESV of the waters in the Yangtze River Delta region on the basis of optimizing the Meta value transfer model, and analyzes the factors that affect the water ESV, so as to provide support for the rational use of water resources and the decision-making of water ecological protection in the Yangtze River Delta region. This study focuses on the impact of climatic conditions, environmental pollution and protection on the water ESV, and provides empirical reference for the assessment of ecosystem service value at the local scale, so as to promote the coordinated development of regional economy, society and environment.
2 MATERIALS AND METHODS
2.1 Study area
The Yangtze River Delta region is located at the interface between the eastern coastal areas of China and the Yangtze River Basin (Figure 1). The Yangtze River Delta region includes Shanghai, Zhejiang Province, Jiangsu Province and Anhui Province, covering an area of 358,000 km2, which accounts for 3.73% of China’s land area. The average elevation of the area is less than 200 m, and most of it is plain with flat terrain. The climate in this area is the northeast subtropical monsoon climate, which is warm and humid, with rain and heat in the same period. The annual average temperature is 13°C∼22°C, the annual precipitation is 1,000∼1,400 mm, and the seasonal distribution is relatively uniform. There are many rivers and lakes in this region, with the highest river network density in China. In 2018, the total amount of water resources was 211.91 billion m3, accounting for 7.72% of the national total. But the water resources per capita is only 940.3 m3, less than half of the national average. The rapid development of regional economy has brought huge demand for water resources and put pressure on water ecosystem services. Industrial wastewater and domestic sewage discharge are major factors in water pollution. The region realized the importance of ecological environmental protection earlier, actively explored the ecological compensation mechanism of the river basin, and took the lead in implementing the river chief system and the lake chief system. The ecological environmental protection system and policies are relatively complete. In recent years, the ecological environment in the Yangtze River Delta region has continued to improve, but there are still problems such as insufficient overall protection, water environment pollution, ecosystem fragmentation and service function degradation. Although the Taihu Lake, Huaihe River and other watersheds have achieved remarkable results, and the water quality of the main streams of the Yangtze River and Qiantang River has remained good, the water pollution of small and medium-sized rivers is still serious. Taihu Lake, Yangcheng Lake, Dianshan Lake and other key lake areas show different degrees of eutrophication trends. The protection and restoration of the ecological environment is an urgent need for the comprehensive economic integration of the Yangtze River Delta region. Therefore, evaluating the status of water ecosystem services in the Yangtze River Delta region and analyzing the main influencing factors will help to clarify the path for the coordinated development of rapid economic growth and the improvement of ecosystem service functions, promote the green and high-quality development in this region.
[image: Figure 1]FIGURE 1 | Location of the Yangtze River Delta region of China.
2.2 Data sources
Literature comes from China National Knowledge Infrastructure (CNKI), Web of Science and Google Scholar. This study search and collect the papers with keywords such as “ecological value”, “value transfer”, “water ecological value”, “meta-analysis”, “ecosystem services”, “non-market valuation”, which published about the water ecosystem services value of China after 2000.Literature meet the following requirements will be included in the value transfer database: 1) The study site is located in China; 2) The document clearly obtains the evaluation result of the water ecosystem service value; 3) The area data of the study site is available in the document or can be obtained from information channels such as statistical yearbooks. After screening, a total of 119 literature met the requirements, and 156 observations were obtained (Table1). The value transfer database included the information of the document title, author, research time, publication time, whether the document is a core journal, the location of the study site, the area of the study, unit area ecosystem service value of water, per capita GDP, population density which comes from 119 literature. Of the 119 articles, 62 were in the central and western regions, accounting for 51.2%, and 92 articles in core journals accounted for 77.31%. The assessment year range is 1986–2017.
TABLE 1 | Information about literature included in the value transfer database.
[image: Table 1]In order to analyze the influence of the area on the of water ESV, this paper divides the study site into three major areas, east, middle and west, according to the division standard of my country’s mainland area by the National Bureau of Statistics. The data of per capita GDP come from the Statistical Yearbook and the National Bureau of Statistics (https://data.stats.gov.cn/).Taking into account changes in currency prices, per capita GDP and the value of ecosystem services are calculated on the basis of 2010 using the regional GDP per capita index. When calculating the population density of the study site, the scope of the beneficiary population is defined as the prefecture-level administrative region where the study area is located, and data come from the statistical yearbooks of various provinces in China over the years. The characteristics of climatic conditions are expressed by the average annual precipitation, and the data are from the National Bureau of Statistics, the Ministry of Water Resources of the People’s Republic of China (http://www.mwr.gov.cn/sj/), and the China Meteorological Administration (http://data.cma.cn/). The landscape characteristics are expressed by the number of water landscapes and nature reserves set up in the provinces to which the study area belongs. The data are from the National Bureau of Statistics and China Environmental Protection Database (http://hbk.cei.cn/aspx/Left_DB.aspx?ID=5). The missing data is calculated using the average annual growth rate of the existing data. The characteristics of environmental pollution are represented by the amount of wastewater discharge. The data are from the National Bureau of Statistics and the Ministry of Housing and Urban-Rural Development of the People’s Republic of China (https://www.mohurd.gov.cn/). The missing data are calculated using the average annual growth rate of the existing data. The characteristics of environmental protection are represented by the variables of environmental protection expenditure and wastewater treatment cost, and the data are from the National Bureau of Statistics of China,the Ministry of Ecology and Environment of the People’s Republic of China (http://www.mee.gov.cn/hjzl/sthjzk/). Whether the publication is a core journal is determined according to the 2020 Peking University Chinese Core Journal Catalogue. According to the 2007 China National Standard for Land Use Classification, the water ecosystem mainly includes six typical types of rivers, lakes, reservoirs, ponds, paddy fields and ditches. The water area of the Yangtze River Delta region adopts the data of the Second China Land Survey.
2.3 Methods
2.3.1 Evaluation model based on meta-analysis
The general model of the meta-analysis (Bergstrom and Taylor, 2006) is:
[image: image]
In Eq. 1, [image: image] is used to represent the study site, [image: image] is the dependent variable, that is, the ecosystem service value of the study site, α represents the constant term, [image: image] is the independent variable, that is, various factors that affect the ecosystem service value of the study site, [image: image] is a vector of regression coefficients for the independent variable, [image: image] is the residual term.
Referring to the method (Brander et al., 2012a; Salem and Mercer, 2012; Taye et al., 2021) and combining the characteristics of water ecosystem services studied in this paper, a meta-model, Eqs 2, 3, is built. The variable information is shown in Table 2. The variables of annual precipitation, wastewater discharge, environmental protection expenditure, and wastewater treatment cost are included in Eqs 2, 3 to explore the impact on the value of water ecosystem services. The numerical variables (e.g. GDP per capita, the average annual precipitation, the amount of wastewater discharge) in this study are included in the model in the form of natural logarithms, which can reduce the fluctuation of the original data (but cannot be eliminated), improve the accuracy of model fitting and reduce heteroscedasticity (Ghermandi et al., 2010). Eq. 3 contains a quadratic term for water area, which is used to analyze whether there is an area threshold for water ecosystems value (Fitzpatrick et al., 2017; Fan et al., 2020). The ecosystem service functions assessed by the literature in the value transfer database are basically the same, so ecosystem service function does not taken as a variable; Similarly, 114 of the 119 literature in the value transfer database used the Ecological Service Value Coefficient Correction Method (Costanza et al., 1997; Xie et al., 2003; Xie et al., 2008) to calculate the ecosystem service value of water in a specific area, so the evaluation method does not taken as a variable.
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TABLE 2 | Explanation of variables in Meta-regression model.
[image: Table 2]2.3.2 Validity test
Before using the Meta regression model for value transfer, in addition to the linear regression test, it is necessary to pass the validity test to avoid major transfer errors. In this paper, an error test, Paired-samples t-test, and correlation coefficient test are adopted to test the validity of the prediction model.
1) Error test. The error test reflects the effectiveness of the relative difference between the real value and the forecast value. The smaller the difference, the higher the effectiveness of the benefit transfer. The calculation formula is as follows:
[image: image]
In Eq. 4, [image: image] is the transfer value of policy site obtained through benefit transfer, [image: image] is the original value of the study site in the existing study, [image: image] and is the percentage error. It is generally considered that the error percentage in the range of 20%–40% indicates that the model passes the test (Brander et al., 2012b). In this paper, 10% of the total sample in the value transfer database was selected as the control group for validity test.
2) Paired-samples t-test. Paired-samples t-test reflects whether the mean of the difference between the real value and the forecast value is statistically significantly different. Paired-samples t-test is based on the following propositions:
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Rejecting the null hypothesis [image: image] means that the benefit transfer value and the value original value are inherently different, indicating that the effectiveness of the benefit transfer is not passed. Assuming that [image: image] is the mean of the difference between the forecast value and the true value, the above proposition can be expressed in the following form:
[image: image]
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The paired-samples t-test was performed on two non-independent samples, and the statistic of the paired-samples t-test is as follows:
[image: image]
In the formula, [image: image] represents the difference between each pair of forecast values and the real value, [image: image] is the mean of the difference samples, [image: image] is the number of paired samples, [image: image] is the standard deviation of the sample differences, and [image: image] is the overall mean of the differences of all paired samples, and the [image: image] statistic obeys the [image: image] distribution with [image: image] degrees of freedom. The statistical significance of the [image: image] value is that when the null hypothesis is rejected and the alternative hypothesis is accepted, it represents that there is no statistically significant difference between the result of the value transfer and the real value of the sample.
3) Correlation coefficient test. Correlation coefficient test is an effective test method used to measure the degree of correlation and trend between the forecast value and the real value. The Pearson correlation coefficient [image: image] between the two sets of outcomes is based on the following assumptions:
[image: image]
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Assuming that the Pearson correlation coefficient is zero, the validity of the value transfer requires that the real value and the forecast value are correlated, and the null hypothesis should be rejected.
3 RESULTS
3.1 Results of the meta- regression model
In this paper, OLS (Hynes et al., 2018) is used to perform regression analysis on Eqs 2, 3. As shown in Table 3, the Adjusted R2 of model 1 is 0.8104, indicating that the model variables can explain 81.04% of the water ESV per unit area, and the Adjusted R2 of Equation (3), which includes the quadratic term of the water area, becomes lower. The primary term of area in model 1 is significantly negative (p<1%)), the coefficients of the primary term and quadratic term of area in model 2 are both negative, and the primary term of area becomes insignificant (p>5%)), indicating that there is no inflection point in the impact of water area on ecosystem service value. By comparing the results of the two models, except for the water area variable, the direction, magnitude and significance of the remaining independent variable coefficients are basically the same. Therefore, this paper chooses model 1 as the value transfer model of water ecosystem services.
TABLE 3 | Regression results of benefit transfer model in meta-analysis.
[image: Table 3]According to the p value, it can be seen that except per capita GDP and nature reserves (p>5%), other variables have significant effects. The average annual precipitation had a significant positive effect on the water ESV (p<1%). The increase in precipitation can raise the water level of the water area, and the increase in the amount of water resources can alleviate the problem of the decline of lake and drinking water quality to a certain extent. Wastewater discharge has a positive impact on water ecosystem service value, which is inconsistent with expectations. Environmental protection expenditure has a significant inhibitory effect on the service value of water ecosystems, but wastewater treatment costs have a significant positive effect, indicating that environmental protection expenditure items are relatively broad, and wastewater treatment costs directly promote the improvement of water ecological environment.
Compared with the eastern region, the central and western regions have a significant promoting effect on the service value of water ecosystems, and the impact effects are 0.6856 and 0.6692, respectively. This result is in line with the distribution characteristics of water resources in our country. The real per capita GDP has a negative impact on the service value of water ecosystems, indicating that China’s current economic development is at the expense of destroying the water ecological environment; but the p value of per capita GDP is not significant. The impact of population density on the water ESV was significantly positive. The greater the population density, the greater the potential number of people benefiting from the ecosystem services provided by the waters (Ghermandi et al., 2010; Johnston and Rosenberger, 2010; Camacho-Valdez et al., 2013). The water area has a significant negative impact on the water ecosystem service value, indicating that the water area and the unit ESV may have the phenomenon of decreasing scale (Enjolras and Boisson, 2010). When problems such as water quality decline and aquatic biodiversity reduction continue to occur in the water ecosystem, the larger the area, the lower the water ESV per unit.
Landscape settings have a significant inhibitory effect on the service value of water ecosystems. It shows that the commercial development of water resources has not done a good job of environmental protection in the scenic area, which is not conducive to the improvement of the service value of the water ecosystem. At the same time, the results showed that nature reserves did not improve the water ecosystem service value. The reason may be that the landscape variables are represented by the number of geological and geomorphological landscapes and nature reserves in the province of the study area, rather than directly reflecting the landscape characteristics of the study area.
The publication year has a significant negative impact. The research results show that the value of water ecosystem services decreases by about 0.77% per year. The reason may be that with the passage of time, the data acquisition methods and processing techniques are more rigorous, and the results obtained are more accurate, resulting in a decay effect over time. In addition, core journals report lower research values than non-core journals. Articles in core journals are subject to peer review, a process that may lead to more conservative valuations (Chaikumbung et al., 2016).
3.2 Validity test of the meta- regression model
3.2.1 Error test
In this paper, the “set aside method” is used to select the control group according to the proportion of 10% of the total sample size in the database for validity test. The control sample includes 5 policy areas in the eastern region, 2 policy areas in the central region, and 8 policy areas in the western region, 12 are core journals and 3 are non-core journals. The calculated out-of-sample error transfer range is between 2.49% and 18.07%, and the average transfer value is 5.64%. The results show that the forecast value of out-of-sample data is effective, and the model constructed in this paper passes the error test.
3.2.2 Paired-samples t-Test
Paired-samples t-test is performed on the true value and forecast value of the sample, and Table 4 is obtained.
TABLE 4 | Paired t-test results.
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Among them, mean (diff) represents the mean of the difference, mean (forecast-real) represents the mean of the difference between the forecast value and the real value.
When [image: image]: [image: image] 0, the [image: image] value is 0.5607, which means that it is not significant, that is, the null hypothesis [image: image]: [image: image] 0 cannot be rejected and there is no significant difference between the forecast value and the original value; in the one-sided test, the significance of both left and right sides is greater than the lowest significant level of 10%, indicating that the forecast value and the real value are not significant, the null hypothesis cannot be rejected, and the mean between the two is not statistically different, so the Paired-samples t-test is passed.
3.2.3 Correlation coefficient test
The correlation coefficient test is carried out on the real value and forecast value of the sample, and Table 5 is obtained. The coefficient between the forecast value and the actual value is between 0.5 and 0.8, which is a significant correlation, so it passes the correlation coefficient test.
TABLE 5 | Correlation coefficient test results.
[image: Table 5]3.3 Forecast results of the water ESV in the yangtze river delta region
The Yangtze River Delta region includes four provinces and cities: Shanghai, Jiangsu, Zhejiang and Anhui. The above four provinces and cities are located in the eastern region of China, so the geographical partition variables are not assigned. The year of publication is the year of writing 2021, with 2000 as the minimum base year, and the value is 22. The publication quality is expressed by the publication level, that is, whether it belongs to the core journals of Peking University. This study does not belong to the core journals of Peking University, and the value is 0.The unit area value of the water ecosystem services in the four provinces and cities in the Yangtze River Delta region from 2009 to 2018 was calculated (Table 6). In 2009 the total value of water ecosystem services in the Yangtze River Delta region was RMB1434.0423 million yuan and the value per unit area was RMB 131,292 yuan/ [image: image]. In 2018, the total and per unit area value became RMB 1434.0423 million yuan and RMB 166,976 yuan/ [image: image]. The water ESV per unit area in Yangtze River Delta region is RMB 177,126 yuan/ [image: image] and the growth rate is 27.18%.
TABLE 6 | The per unit area water ESV in the Yangtze river delta region (yuan/ha).
[image: Table 6]From 2009 to 2018, the total value of water ecosystem services in the Yangtze River Delta region increased in fluctuations, with an overall value-added of about 3.19481 billion yuan. As shown in Figure 2, except for Jiangsu Province, the total value of water ecosystem services in Shanghai, Zhejiang Province and Anhui Province increased in fluctuations, among which Shanghai increased the most, with an increase of about 5.59614 billion yuan; The second is Zhejiang Province, with an increase of about 4.28838 billion yuan; Anhui Province has the least increase, about 1.29057 billion yuan.
[image: Figure 2]FIGURE 2 | Change of the total water ESV in the Yangtze River Delta Region from 2009 to 2018.
Among the four provinces and cities in the Yangtze River Delta region, the average value of ecosystem services per unit area of water in Jiangsu Province is about 31,620 yuan/ [image: image], ranking third, but its water area accounts for 67.53% of the total water area in the Yangtze River Delta region. So the total value of water ecosystem services in the province ranks first, accounting for about 58.98% of the total value. It can be said that the changes in the total value of water ecosystem services in the Yangtze River Delta region are largely affected by the changes in water ecosystem services in Jiangsu Province.
The value per unit area is ranked from high to low as follows: Shanghai, Zhejiang province, Jiangsu province, and Anhui provinces, among which Jiangsu province and Zhejiang province have higher total water ecosystem services value, which is related to their larger water area (Figure 3); the average value of ecosystem services per unit area of Shanghai waters is about 69,362 yuan/ha, and its unit value is about 1.5–2.5 times that of other provinces and cities. The total value of ecosystem services in the waters of provinces and cities in the Yangtze River Delta region in 2018 is ranked from high to low: Jiangsu Province, Zhejiang Province, Shanghai, and Anhui Province (Figure 4).
[image: Figure 3]FIGURE 3 | Spatial variation of the per unit area water ESV in the Yangtze River Delta Region From 2009 to 2018. Note: The Unit Value of the water ecosystem services is 10,000.[image: image]
[image: Figure 4]FIGURE 4 | Spatial variation of the total water ESV in the Yangtze River Delta region from 2009 to 2018. Note: The unit of the total water ESV is 100 million yuan.
4 DISCUSSION
4.1 The impact of climate change, environmental pollution and conservation variables on the water ESV is significant and worthy of attention
Climate change, environmental pollution and conservation variables are the focus of this paper. Relevant scholars have analyzed the impact of different climatic conditions on the value of ecosystem services such as forests, cultivated land, and grasslands (Nelson et al., 2013; Li et al., 2016; Siriwardena et al., 2016; Gollany and Venterea, 2018; Scheiter et al., 2019; Balasubramanian, 2019; Kang et al., 2020). This paper believes that it is particularly important to study the impact of climatic conditions on the value of water ecosystem services. In recent years, under the influence of global warming and extreme climate, the frequency and intensity of heavy rainfall will increase. The resulting increase in runoff can carry a large amount of suspended solids, nutrients, heavy metals and organic pollution in the watershed and surrounding cities into the water, it may have an impact on the ecosystem structure and function of the water. At the same time, less precipitation will also lead to water area shrinkage, poor water quality, reduction of water storage capacity, eutrophication of water bodies, and reduction of aquatic biodiversity. Combined with the characteristics of water ecosystems, this paper believes that compared with temperature, evaporation, frost-free period, etc., the impact of precipitation on the service value of water ecosystems is more intuitive. The results of this study show that the average annual precipitation has a significant positive effect on the value of water ecosystem services.
In the results of this paper, the positive impact of wastewater discharge on the value of water ecosystem services may be related to the large proportion of the central and western regions (52.1%) in the constructed value transfer database. From 2010 to 2017, the average wastewater discharge in the western region of our country was about 13,272.59 million tons, 50% of that in the eastern region. The negative impact of wastewater discharge on the water environment has a process of quantitative change to qualitative change. Only when the wastewater discharge is directly discharged without treatment and exceeds the capacity of the water area, the ecological environment of the water area will be harmed. The level of urbanization and industrialization in western China is relatively backward, and the discharge of wastewater may not exceed the water capacity, so the regression results have a positive impact. In addition, the cost of water pollution control in environmental protection expenditures can really help improve the value of local ecosystem services. From 2010 to 2017, the sub-projects of local financial environmental protection expenditure did not explicitly target the improvement of water ecological environment. The results that the inhibitory effect of local fiscal environmental protection expenditure on water ecosystem services may be related to this.
4.2 Social economy, environmental pollution and environmental protection are important factors affecting the waters EVS of the yangtze river delta region
Years, geographical divisions, publication quality, climate change, environmental protection and pollution factors have a greater impact on the value of water ecosystem services. As the data of geographical divisions, natural climatic conditions, literature publication years, and literature quality of the four provinces and cities in the Yangtze River Economic Belt are the same, the regional differences in the value of water ecosystem services per unit area are mainly affected by the characteristics of social economy, environmental pollution and environmental protection. Changes in total value are also affected by changes in water area. In the Yangtze River Delta region, Shanghai has the highest average value per unit area, per capita GDP and population density, while Anhui Province has the lowest. Although the effect of per capita GDP in the research results is negative, the economic development characteristics combined with population density have a positive effect on ESV in the waters of the Yangtze River Delta. Areas with high levels of economic development have high ESV in waters.
The Yangtze River Delta region is economically developed, and the discharge of wastewater is increasing year by year. Among them, the discharge of wastewater in Jiangsu Province is the highest, which is an important factor for the high value per unit area of Jiangsu Province. The Yangtze River Delta region attaches great importance to environmental protection. Although the total amount of wastewater discharge is high, more wastewater treatment facilities are invested, and the wastewater treatment rate and compliance rate are relatively high, reducing the degree of environmental pollution caused by wastewater discharge. To a certain extent, it can explain the positive effect of wastewater discharge on the value of the results shown in this paper. The revelation is that the government should not only focus on controlling the total discharge, but also on the quality of the discharge (the rate of compliance with wastewater treatment standards) when controlling pollution discharge. The impact of environmental pollution and environmental protection on value is relative. Studies have shown that water pollution control costs in environmental protection expenditures can really help improve the value of local ecosystem services. Although the environmental protection expenditures in the provinces and cities in the Yangtze River Delta are increasing year by year, the proportion of water-related environmental protection expenditures has always been low, resulting in a decline in the value of the unit area of water ecosystem services in the provinces and cities. In 2017 and 2018, the expenditures related to water environment protection in Jiangsu Province only accounted for 0.34% and 0.82% of the expenditures on environmental protection, less than 1%. Therefore, increasing the expenditure on water environment protection will help to increase the value of water ecosystem services. In the case of limited financial funds, governments at all levels should allocate the investment funds reasonably according to the importance of different land types, find out the main contradictions facing the current water ecological environment, carry out targeted governance, and improve the utilization efficiency of funds.
4.3 Limitation and further research
The limitations of this study exist in two aspects. First, the meta-analysis results were influenced by the samples in the value transfer database. 1) Due to the geographical factors and distribution characteristics of water resources in our country, half of the literature research sites in the database are in the western region, while the economic and social development of central and eastern China is different, resulting in the impact of per capita GDP, climate variables, and environmental pollution variables to deviate from expectations; 2) The specific ecosystem service functions involved in the literature in the database are basically the same, and 95% of them use the same type of assessment method, so this paper does not explain the impact of service function characteristics and research method characteristics; 3) The database of this article is mainly Chinese literature. Therefore, it is necessary to continuously expand and update the sample information of the database in the future to improve the interpretation accuracy of the model and establish a long-term transfer model of water ecosystem service value. Second, the data of the characteristic variables of landscape, climate change, environmental pollution and environmental protection are selected from the data of the provinces and cities where the waters are located, which cannot accurately reflect the characteristics of the research site, and affect the significance of the results and the degree of variable interpretation. In the future, more attempts will be made to explore the impact of climate variables (temperature) on aquatic ecosystem services.
5 CONCLUSION
In this paper, a water ecosystem service value transfer model is proposed based on meta-analysis method for evaluating the Yangtze River Delta region. Base on the previous findings, several conclusions can be outlined as follows:
First, the meta-analysis value transfer model is optimized, and the factors affecting the water EVS are more comprehensively considered. On the basis of considering factors such as per capita GDP, population density, geographical division, etc., this paper also introduces natural climatic conditions (average annual precipitation), scenic attribute factors (the number of scenic spots and nature reserves set up in the province where the study area is located), environmental pollution (wastewater discharge) and environmental protection (environmental protection expenditures and wastewater treatment costs) and other factors. Using error test, Paired-samples t-test and correlation coefficient test to test the validity of water ecosystem service value transfer model, the results show that the model is reliable and effective.
Second, the regression results of the meta-analysis model show that: 1) Variables such as the year of publication, whether it is a core journal, water area, the per capita GDP, landscape attribute variables, and environmental protection costs all have a negative impact on the service value of water ecosystems; 2) The central and western regions, population density, average annual precipitation, total wastewater discharge and wastewater treatment costs all have a positive impact on the value of water ecosystem services; 3) The impact of per capita GDP and nature reserves is not significant.
Third,the water ESV in the Yangtze River Delta region were about 177,126 yuan/ha/year, with a total value of about 16,281,893 yuan/year from 2009 to 2018 and there are differences among provinces and cities.The higher total ESV of water areas in Jiangsu and Zhejiang provinces is related to their larger water area. The higher ESV per unit area in Shanghai affected by characteristics of economic development, waste water discharge and waste water treatment costs.
The main point of this paper is to show that the meta-analysis method has the advantages of quickness, convenience and low cost in evaluating the value of ecosystem services, which is of great significance to the accounting of natural resources assets (Vedogbeton and Johnston, 2020; Grammatikopoulou and Vackarova, 2021; Kang et al., 2022). At the same time, climate change, environmental pollution and environmental protection have an impact on the value of water ecosystem services, and the current government expenditure on wastewater treatment has a positive effect. Therefore, continuously strengthening environmental governance and ecological protection will help enhance the regional value of water ecological services. For example: increasing investment in water environment pollution control, rationally allocating funds for environmental protection expenditure, increasing investment in sewage treatment technology research and construction.
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To integrate the concept of high-quality development into urban land use, this paper explores the spatial-temporal pattern characteristics of urban land intensive use (ULIU) in the Yangtze River Delta with a constructed evaluation index system, the comprehensive evaluation model and exploratory spatial data analysis based on the spatial panel data of 41 cities from 2010 to 2020. The paper also analyzes the spatial effects and influencing factors of ULIU with the spatial Durbin model and partial differential method. The results demonstrate that: 1) The ULIU in the Yangtze River Delta generally showed consistent growth from 2010 to 2020. However, there was significant spatial differentiation among different regions, as the land intensive use level was higher in cities along the Yangtze River and coastal cities around Hangzhou Bay, while relatively lower in the mountainous and hilly cities in Zhejiang and southwestern Anhui. 2) The ULIU level showed significant positive global spatial autocorrelations, while its local spatial characteristics mainly included four types dominated by high-high agglomeration and low-low agglomeration from 2010 to 2020. 3) Economic development, industrial structure and infrastructure could remarkably promote the ULIU of both local and neighboring cities. Scientific and technological innovation could significantly enhance the ULIU of local cities; population urbanization and government financial pressure showed significant negative effects on the ULIU of local cities; while all the above three factors had insignificant effects on the ULIU of neighboring cities. These findings are of great significance for revealing the internal mechanism underlying the spatial effect of land intensive use and provide some guidance for improving the level of ULIU in the Yangtze River Delta from the perspective of regional cooperation.
Keywords: high-quality development, urban land intensive use, spatial effect, spatial panel durbin model, the Yangtze River Delta
1 INTRODUCTION
High-quality development is an inevitable option to realize sustainable urban development under the constraint of resources and environment (Zhang et al., 2019). In 2017, China government proposed to transform high-speed economic development to high-quality economic development, and thereby the concept of high-quality development has influenced all aspects of economic and social transition. Since land is an important spatial carrier of urban economic and social activities, the establishment of an intensive, green and efficient land space is the basic prerequisite for high-quality development and construction of “beautiful China” in the new era (Yang et al., 2020a). The urbanization rate of permanent population in China had reached 64.72% at the end of 20211. With the continuous acceleration of urbanization, the conflict between the demand and supply of urban land resources has become increasingly prominent. The continuous agglomeration of population, capital and other factors into cities drives the rapid expansion of urban construction land, which is accompanied by dramatic decreases in agricultural and ecological space and greater pressure on natural environment (Luo et al., 2020). As a matter of fact, urban construction land use is relatively extensive in most cities, and 15%–30% of the land in built-up areas is still in an inefficient or idle state (Fang and Ma, 2013). The construction land has low economic and social output and huge resource consumption, pollution and emissions, which is not conducive to the high-quality development of cities. For a long time, Chinese government has paid great attention to the intensive use of land and has issued a series of related guidelines and regulation policies (Luo et al., 2021). The Suggestions on Construction Supervision and Implementation of a Land Spatial Planning System in 2019 clearly proposed to define the spatial boundaries such as ecological redline, permanent basic farmland and urban development boundary, to enhance the constraint of the bottom line and reserve space for sustainable development. Urban development boundary has become a control bottom line for the disorderly expansion of urban construction land, forcing local governments to stimulate the potential of existing land and achieve efficient and intensive use of urban construction land (Pan et al., 2017). In the context of territory development planning, the combination of high-quality development concept and urban land intensive use is critical for guiding the smart growth and realizing sustainable development of cities. High-quality development emphasizes innovation, coordination, greenness, openness and sharing. Among them, green development is fundamental. We should transform the traditional mode that only pays attention to economic benefits and ignores ecological and social benefits. Therefore, high-quality intensive use of land can be defined as a land use mode that implements the development concept of economy, efficiency, greenness and sharing in the process of land use, which can save land resources, and obtain economic, social and ecological benefits through scientific factor input.
Research on urban land intensive use has been a hot topic in academic community. The existing research has been mainly focused on the following five aspects. 1) Regarding the connotation of land intensive use, researchers generally believe that land intensive use is different from economical land use. Economical land use emphasizes the effect of land use, while land intensive use lays more emphasis on the ways of land use (Liu et al., 2006; Li et al., 2009). Land intensive use is to obtain higher outputs by increasing the inputs on existing land (Wang et al., 2017), and the outputs are usually measured by the use efficiency and economic benefits of the land (Lin et al., 2009). From the perspective of sustainable and green development, some scholars believe that the output of land intensive use should be evaluated comprehensively from economic, social and ecological aspects (Sun et al., 2015). 2) As for the evaluation of ULIU, most researchers proposed multi-factor evaluation systems involving land input level, utilization intensity, utilization efficiency, and utilization structure (Song et al., 2015; Tan et al., 2018) based on the conceptual connotation of land intensive use, and employed the comprehensive evaluation model, principal component analysis (Zhu and Cao, 2011), and stochastic Frontier model (Xu et al., 2021) to quantitatively evaluate the intensive use level of urban land. In addition, Xiong et al. (2017) and Wei et al. (2017) introduced the methods such as system dynamics and matter element analysis model into the measurement and evaluation of land intensive use, while Wang et al. (2019) proposed a model to evaluate land intensive use potential based on technical efficiency measurement. All these methods have greatly enriched the methodology for evaluating ULIU. With the diversification of quantitative analysis methods, many empirical studies have been carried out at the national (Yang et al., 2016), city cluster (Wang et al., 2010), provincial (Ye et al., 2015), microscopic city (Yang et al., 2012) and industrial park (Wu et al., 2020) levels. Besides, the spatio-temporal evolution characteristics of ULIU level have been explored in different dimensions and regions. 3) ULIU and other urban systems interact with and constrain each other. From the perspective of system theory, ULIU has coupling and coordinated development relationships with other systems such as city size (EddieHui et al., 2015), new urbanization (Li et al., 2017; Zhang et al., 2018), economic and social development (Gong, 2013), industrial structure (Zhang and Weng, 2022), carbon emissions (Wang, 2020), urban land price (Liang et al., 2019), and ecological security (Cen et al., 2015). In addition, ULIU has been found to have significantly positive effects on economic development (Yang, 2020), carbon emission efficiency (Xie et al., 2018), air pollutant emission (Liang et al., 2018), urban land expansion (Zhu et al., 2020), and transportation (Zhao et al., 2021). 4) It has been revealed that ULIU is affected by various including society, economy, nature and policy, such as the scale and structure of urban system, economic development level, urbanization level, industrial structure level and highways (Li et al., 2016; Zhao and Hu, 2016; Zhang et al., 2020; Liu et al., 2021; Pratama et al., 2022). 5) In addition, with the maturity and wide application of spatial measurement methods, the research on spatial spillovers of land intensive use has gradually received great academic attention. Previous studies have shown that land intensive use has significant spatial dependence and proximity radiation effects in China (Peng et al., 2014). In addition, some scholars have explored the spatial spillover effect of transportation networks (Zhao et al., 2020), ecological networks (Yang et al., 2020b), economic structure differences (Peng et al., 2017), urbanization quality (Fan et al., 2018), and producer service industry (Zhou and Tan, 2016) on intensive urban land use from the spatial geography perspective by means of spatial econometrics. In general, the concept and connotation, evaluation methods and influencing factors of ULIU have been extensively explored. However, most studies evaluated the land intensive use level from the perspective of input strength and economic efficiency, which have largely left the economic and ecological use of land out of the picture, as well as ignored the social benefits of land intensive use. Therefore, these studies have generally failed to comprehensively reflect the high-quality connotation of ULIU.
In consideration of the above analysis, this paper firstly constructs a comprehensive evaluation index system to measure the ULIU level in the Yangtze River Delta based on the concept of high-quality development by reference to existing related literature. Secondly, the kernel density estimation, trend-surface analysis, GIS visualization and exploratory spatial analysis are applied to systematically study the spatio-temporal evolution characteristics of ULIU in the Yangtze River Delta. Furthermore, the spatial panel Durbin model is used to analyze the influencing factors and the spatial effect of ULIU. Finally, some policy recommendations are proposed based on the research findings. The study aims to provide a methodological reference for revealing the influencing factors on ULIU and the internal mechanism underlying its spatial effects, as well as provide implications for the decision making to promote the efficiency and intensity of urban land use and for optimal allocation of land resources in the Yangtze River Delta.
2 RESEARCH AREA AND DATA SOURCES
2.1 Research area
The Yangtze River Delta is an important node of the Yangtze River Economic Belt as well as a significant functional area to support and lead the regional economic development in China. According to the “Yangtze River Delta Regional Integrated Development Plan” issued at the end of 2019, the Yangtze River Delta Region covers three provinces (Jiangsu, Zhejiang and Anhui) and one municipality (Shanghai), including a total of 41 cities. This region is the most highly urbanized with dense distribution of cities and towns in China, with a total land area of 358,000 km2, and accounts for about 3.7% of the land area as well as about 25% of total economic output and about 16% of permanent population in China. By the end of 2020, the urbanization rate of the Yangtze River Delta had reached 70.85% and the regional GDP reached 24.47 trillion RMB. The convergence of population, land, and capital in cities had boosted the continuous outward expansion of urban construction land. According to the statistical data of China Urban Construction Statistics Yearbook, the total area of urban construction land in 41 cities of the Yangtze River Delta was increased by nearly 40% from 7,222.74 km2 in 2010 to 10,051.70 km2 in 2020. The dramatic increase in urban construction land calls for the promotion of land use intensity in these cities. Therefore, with the transformation from high-speed urbanization to high-quality urbanization, it is extremely necessary to study the land intensive use level in this region. In addition, due to the high regional integration level regardless of great differences in development conditions and economic levels between cities in this region, exploration of the spatial and temporal effects of land intensive use and its influencing factors can provide important implications for formulating more accurate policies for land resource allocation.
2.2 Data sources
This paper selects data on land intensive use level in 41 cities of the Yangtze River Delta from 2010 to 2020 for the study. All data and indicators were obtained from the China City Statistics Yearbook, the China City Construction Statistics Yearbook and statistical yearbooks and statistical bulletins of various provinces and cities in the Yangtze River Delta. Individual outliers and missing data were replaced by mean values of adjacent years or their provinces. The data of administrative regional boundaries at all levels were obtained from the 1:4,000,000 national basic geographic information database (https://www.resdc.cn). The latitude and longitude data of each city were extracted with the ArcGIS10.6 software.
3 RESEARCH METHODS
3.1 Measurement of urban land intensive use level
ULIU level is generally measured by the intensity of capital and labor input to the land, and traditional measurement indicators usually include capital density, population density, land use intensity and land economic benefits. Evidently, the traditional conceptual connotation and evaluation of land intensive use lay excessive emphasis on the input intensity and economic benefits of land, while largely ignore the ecological and social benefits, which therefore cannot reflect the true level of land intensive use (Sun et al., 2015). Therefore, on the basis of existing literature (Yin et al., 2020; Zhang et al., 2022), this paper establishes an evaluation index system from five aspects, including land input intensity, land conservation use, land ecological use, and the economic and social benefits of the land. Among them, land input intensity reflects the effective use of land, which is mainly measured by capital and labor input. Land conservation use reflects the degree of saving land resources, which is mainly measured by indicators such as the proportion of built-up area and per capita construction land area. Land ecological use reflects the degree of green development, which is mainly measured by green coverage rate and industrial waste discharge. Economic and social benefits reflect the effect and efficiency of land use, which are mainly measured by GDP per square kilometer land and population density. Finally, the comprehensive evaluation model is adopted to measure the ULIU level in the Yangtze River Delta. The specific steps are as follows.
1) Firstly, the evaluation indictors are normalized. Since the scale and magnitude of the selected indicators are different, this paper adopts the extremum method to normalize the value of each indicator, in which the positive indicators are treated positively and the negative indicators are treated reversely.
2) Secondly, the weights of evaluation indicators are calculated. The entropy method measures the contribution of each indicator to the system by calculating the information of indicators. A lower entropy of the indicator manifests greater influence on the comprehensive evaluation, which is equal to a higher weight. The entropy method can effectively avoid the arbitrariness of subjective weight evaluation. Therefore, this paper adopts the entropy value to determine the weight of each indicator as shown in Table 1.
3) Finally, the comprehensive evaluation model is used to calculate the land intensive use level. The calculation formula is as follows:
[image: image]
where [image: image] denotes the urban land intensive use level, [image: image] is the weight of indicator [image: image], and [image: image] is the value of the indicator [image: image] in year [image: image] after normalization. With reference to the existing literature (Liang et al., 2019), the urban land intensive use is classified into five levels, including low intensive use level ([image: image] ≤ 0.2), relatively low intensive use level (0.2 < [image: image] ≤ 0.3), medium intensive use level (0.3 < [image: image] ≤ 0.4), relatively high intensive use level (0.4 < [image: image] ≤ 0.5) and high intensive use level ([image: image] > 0.5).
TABLE 1 | Evaluation index system of ULIU.
[image: Table 1]3.2 Exploratory spatial analysis
Exploratory spatial data analysis (ESDA) is an analytical method for measuring the spatial correlation of attribute data, which usually includes global spatial autocorrelation and local spatial autocorrelation.
3.2.1 Global spatial autocorrelation
Global spatial autocorrelation is mainly used to analyze the association and clustering characteristics of attribute data in the whole region. In this paper, Global Moran’s I index is used to measure the global spatial correlation characteristics of ULIU level in the Yangtze River Delta. The calculation formula is as follows:
[image: image]
where [image: image] and [image: image] are the values of land intensive use index of city [image: image] and city [image: image], respectively, [image: image] is the number of city samples, [image: image] and [image: image] are the mean value and standard deviation of ULIU index, respectively, and [image: image] is the spatial weight matrix between city [image: image] and city [image: image]. The value range of Moran’s I is [-1, 1]. [image: image] indicates a positive spatial correlation, [image: image] indicates a negative spatial correlation, and [image: image] indicates that the land intensive use index takes a spatially random distribution and there is no spatial autocorrelation.
3.2 2 Local spatial autocorrelation
Local spatial autocorrelation is mainly used to measure the local spatial association characteristics of attribute data to analyze the local spatial imbalance, so as to discover the spatial heterogeneity characteristics of attribute data. In this paper, Local Moran’s I index is used to measure the local spatial correlation characteristics and heterogeneity of ULIU level in the Yangtze River Delta. The calculation formula is as follows:
[image: image]
3.2.3 Spatial weight matrix
Commonly used spatial weight matrices include adjacency weight matrix, distance weight matrix, economic weight matrix and nested weight matrix. According to the Tobler’s first law of geography, the interaction between regions decays with increasing distance. Due to the high degree of regional integration in the Yangtze River Delta, there are frequent factor flows and interactions even between cities that are not spatially adjacent to each other. By referring to the existing literature (Li et al., 2021), this paper chooses the spatial weight matrix of threshold distance to examine the spatial correlation characteristics of ULIU level in the Yangtze River Delta. The calculation formula is as follows:
[image: image]
When the distance between city [image: image] and city [image: image] is less than [image: image], the weight matrix [image: image] between these two cities is 1, otherwise it is 0. Among them, the [image: image] value is derived from the Yangtze River Delta Regional Transportation Development Plan for Higher Quality Integration. This plan establishes a 1-h commuting transportation network in the core metropolitan area2, which is equal to the geographical distance of about 180 km.
3.3 Spatial panel econometric model
The spatial panel econometric model can identify spatial interactions between geospatial units by incorporating the spatial effects into a normal panel regression model, and the estimation results are more accurate when the spatial dependence is measured (Yang and Lu, 2021). The frequently used spatial panel econometric models include the spatial panel Lag model (SPLM), the spatial panel Error model (SPEM) and the spatial panel Durbin model (SPDM). The calculation formula of the SPDM model is as follows:
[image: image]
In the formula, the subscripts [image: image], [image: image] and [image: image] denote the observed city [image: image]; the observed city [image: image] and the year [image: image] respectively; [image: image] is a non-random spatial weight matrix; [image: image], [image: image] and [image: image] are coefficients to be estimated; [image: image] denotes the individual fixed effect; [image: image] denotes the time fixed effect; [image: image] is a random error term indicating other factors not included in the econometric model; [image: image] is a constant. When [image: image] and [image: image] ≠0, the SPDM model will be degenerated to the SPLM model; when [image: image], the SPDM model will be degenerated to the SPEM model.
4 SPATIO-TEMPORAL DIFFERENTIATION CHARACTERISTICS OF URBAN LAND INTENSIVE USE IN THE YANGTZE RIVER DELTA
4.1 General characteristics of urban land intensive use level
Based on the panel data of 41 cities in the Yangtze River Delta, a comprehensive evaluation model was applied to measure the land intensive use level for each city from 2010 to 2020, and the standard deviation and variation coefficient were obtained (Table 2). From 2010 to 2020, the mean value of land intensive use level in the Yangtze River Delta was increased by about 54.14% from 0.165 to 0.278, generally changing from a lower intensive use level to a higher intensive use level. The lowest, highest and median value of land intensive use level increased from 0.165 to 0.278, from 0.472 to 0.760, and from 0.257 to 0.389, respectively, indicating that the land intensive use level of all cities in the Yangtze River Delta had been improved to different degrees with the further optimization of economic and industrial structures at the post-urbanization stage, but the majority of cities still had relatively low land intensive use levels. From 2010 to 2020, the standard deviation increased from 0.064 to 0.090, indicating that the absolute difference in land intensive use level among cities in the Yangtze River Delta was continuously expanded, which means a Matthew effect. The variation coefficient decreased from 0.2411 to 0.2185 with fluctuations, indicating that the relative difference in land intensive use between cities fluctuated during the study period with a generally decreasing tendency, which suggests that the cities with lower intensive use levels achieved significant advancement. This advancement may be ascribed to the spillover of industrial functions from the core cities in the Yangtze River Delta, which improves the land intensive use level of the cities themselves and at the same time promotes the rapid improvement of land intensive use in cities that take over the industries, thereby reducing the relative difference between cities.
TABLE 2 | Descriptive statistics and variation coefficients of ULIU in the Yangtze River Delta from 2010 to 2020.
[image: Table 2]4.2 Spatio-temporal pattern characteristics of urban land intensive use level
4.2.1 Temporal evolution of urban land intensive use level
As can be seen from Figure 1, from 2010 to 2020, the number of cities with extensive urban land use ([image: image] ≤ 0.3) decreased from 30 to 3, and that of cities with intensive urban land use ([image: image] > 0.4) increased from 1 to 17. At the beginning of the study, most of the cities (24 cities) in the Yangtze River Delta were dominated by low urban land intensive levels, accounting for about 58% of the 41 studied cities, and there were no cities with high urban land intensive levels. At the end of the study period, the overall urban land use in the Yangtze River Delta was dominated by medium intensive levels, with a total of 21 cities, which accounts for about 51% of the total, and there were no cities with low intensive levels.
[image: Figure 1]FIGURE 1 | Temporal evolution characteristics of ULIU level in Yangtze River Delta from 2010 to 2020.
Furthermore, the ULIU levels in the Yangtze River Delta in 2010, 2015, and 2020 were selected for kernel density estimation to reflect the spatial evolution trend of relative development among cities (Figure 2). 1) In terms of location, the nuclear density curve shifted to the right in turn with narrowing intervals, indicating continuous improvement of ULIU level in the Yangtze River Delta during the study period, but the increase gradually slowed down over time. 2) In terms of shape, the nuclear density curve shows a “single peak” shape, and the wave peak exhibits a downward trend, indicating certain polarization in the ULIU level, but this polarization phenomenon is gradually alleviated. During the study period, the distribution range of the curve was significantly expanded, indicating that the absolute difference in land intensive use level among cities in the Yangtze River Delta was gradually expanded. 3) In term of the curve tail, the tail on the left side is continuously shortened, while that on the right side shows a trend of lengthening and thickening, indicating that there were continuous decreases in the proportion of cities with low values and increases in the number of cities with high values in terms of ULIU level.
[image: Figure 2]FIGURE 2 | Kernel density estimation of ULIU level in Yangtze River Delta from 2010 to 2020.
4.2.2 Spatial differentiation of urban land intensive use level
With the geographic statistical analysis tool of arcgis 10.6 software, spatial interpolation was used to analyze the trend of discrete ULIU data, so as to reveal its spatial differentiation and development trend. As shown in Figure 3, there are generally obvious spatial differences in ULIU level ([image: image]-axis) in the Yangtze River Delta both in both the east-west direction ([image: image]-axis) and south-north direction ([image: image]-axis). As for the east-west direction, the land intensive use level shows a decreasing trend from the east to the west, and the curve gradually evolves to a “U” shape with time, indicating more significant improvement of land intensive use level in eastern and western regions of the Yangtze River Delta than in the central region. As for the north-south direction, the curve shows an inverted “U” shape and the shape tends to be flat with time, indicating that the central region had higher land intensive use levels than the southern and northern regions, and the difference tends to be narrowed over time.
[image: Figure 3]FIGURE 3 | Trend surface analysis of ULIU level in Yangtze River Delta from 2010 to 2020.
Further, according to the above classification of land intensive use level, the spatial distribution of ULIU level in 2010, 2015, and 2020 was visualized (Figure 4), which can more clearly reveal the spatial differentiation characteristics of ULIU level in the Yangtze River Delta. As a whole, from 2010 to 2020, there was an obvious “circle” pattern of land intensive use level in the Yangtze River Delta. Cities along the Yangtze River and coastal cities around Hangzhou Bay showed significant improvement in land intensive use level, resulting in the formation of high-value agglomeration areas, while the mountainous and hilly cities in Zhejiang and southwestern Anhui had relatively low land intensive use levels. Specifically, the ULIU level in the Yangtze River Delta was generally low in 2010. The core cities with Shanghai as the center had significantly higher land intensive use levels than the peripheral cities, and the level follows an order of Shanghai > Jiangsu > Zhejiang > Anhui. In 2015, the ULIU in the Yangtze River Delta was dominated by medium levels. Among all cities, the land intensive use level increased rapidly in the provincial capital cities, and decreased gradually from coastal areas to inland. Shanghai was of a high level of ULIU; the core cities such as Hangzhou, Nanjing, Suzhou, Wuxi and Changzhou were of relatively high levels; while Lianyungang, Lishui and most cities in Anhui Province were still at low levels of land intensive use. In 2020, cities along the Yangtze River showed significant improvement in land intensive use level, with high-value regions gradually gathering along the Yangtze River and around the Hangzhou Bay. Shanghai, Hangzhou, Ningbo, Suzhou, Wuxi, Changzhou and other cities had high levels of intensive land use. The central and southern regions of Jiangsu, the central region of Anhui and the northern region of Zhejiang were at relatively high levels of land intensive use, while Lianyungang, Anqing and Huangshan were still at low levels. The spatio-temporal differentiation of ULIU level in the Yangtze River Delta region demonstrates that the provincial capital cities, economically developed cities and cities with good transportation location have more intensive and efficient land use. Moreover, they have a radiating and driving effect on the surrounding cities to contribute to the formation of high-value agglomeration areas. However, cities in southwestern Zhejiang and southern Anhui, which are located in mountainous and hilly areas, have relatively low land intensive use levels due to the constraints of terrain, landform and transportation location.
[image: Figure 4]FIGURE 4 | Spatial pattern characteristics of ULIU level in Yangtze River Delta from 2010 to 2020.
4.3 Spatial correlation analysis of urban land intensive use level
The ULIU level in the Yangtze River Delta shows an agglomeration trend in spatial pattern. The global Moran’s I index of the value of ULIU in the Yangtze River Delta from 2010 to 2020 was further calculated with the Stata 16 software (Table 3). The results show that the Moran’s I value of each year is greater than 0 and passes the significance level test of 1%, indicating a significant spatial positive correlation between ULIU level in the Yangtze River Delta. From 2010 to 2020, the value of Moran’s I index increased from 0.317 to 0.391, exhibiting a generally fluctuating upward trend, which indicates continuous enhancement of the spatial agglomeration of ULIU in the Yangtze River Delta.
TABLE 3 | Global Moran’s I index of ULIU in the Yangtze River Delta from 2010 to 2020.
[image: Table 3]Since the global Moran’s I index cannot reflect the spatial agglomeration characteristics of local areas, this paper uses the local Moran’s I index and Moran scatter map to draw the Lisa agglomeration map of ULIU level in the Yangtze River Delta in 2010, 2015, and 2020, with the aim to determine whether there is local spatial differentiation in ULIU. As shown in Figure 5, there are four types of local spatial characteristics of ULIU in the Yangtze River Delta, and the number of cities of each type is reported in parentheses. 1) The first type is “high-high” agglomeration (H-H). The land intensive use level of these cities and their neighboring cities is high with small spatial differences, exhibiting a typical high-level agglomeration. During the study period, the H-H agglomeration cities are mainly distributed in the eastern coastal area, and show a spatio-temporal evolution trend of gradually spreading to the periphery with Shanghai as the core with time. 2) The second type is the “low-low” agglomeration (L-L), with low land intensive use levels in both these cities and adjacent cities. During the study period, L-L agglomeration cities are mainly distributed in southwest Anhui, and show an increasing trend over time, indicating that the land intensive use of hilly cities in the southwest of the Yangtze River Delta shows a low-level agglomeration and spreading trend. 3) The third type is the “low-high” agglomeration (L-H). These cities have low land intensive use levels while the neighboring cities have high land intensive use levels, including Nanjing, Huzhou, Shaoxing and other cities in the core circle of the Yangtze River Delta. The number of cities with L-H agglomeration decreases with time. 4) The fourth type is the “high-low” agglomeration (H-L), in which cities with high land intensive use levels are agglomerated with neighboring cities of low levels, including Hefei and other cities. The H-L agglomeration pattern is stable in both space and quantity. As a whole, the number of H-H and L-L agglomeration cities accounts for a large proportion with continuous increases, indicating that the land intensive use level of adjacent cities in the Yangtze River Delta has similar characteristics in space, and the “high-level polar core” agglomeration in the eastern coastal region and the spreading pattern of “low-level trap” in the mountainous and hilly regions in southwest Anhui are generally stable in space. The main reason may be that the Yangtze River Delta has a high level of urban regional integration with frequent flow of factors between cities, and there are mutual learning and influencing effects in economic/industrial development model and land development/utilization policies, resulting in the convergence of land intensive use level.
[image: Figure 5]FIGURE 5 | LISA agglomeration map of ULIU level in the Yangtze River Delta from 2010 to 2020.
5 SPATIAL EFFECTS AND INFLUENCING FACTORS OF URBAN LAND INTENSIVE USE IN THE YANGTZE RIVER DELTA
5.1 Variable selection and multicollinearity test
The ULIU level is affected by many factors. Based on the existing research, the actual situation of cities, and the availability of data, this paper analyzes the influencing factors of ULIU in the Yangtze River Delta from six aspects: economic development, population urbanization, industrial structure, infrastructure, scientific and technological innovation and government financial pressure. The level of economic development is the most important factor that influences the level of land intensive use by affecting the flow of capital and population factors. Population urbanization affects the level of land intensive use by promoting population agglomeration in cities and promoting the expansion of construction land. Compared with the primary and secondary industries, the tertiary industry has a higher utilization efficiency of construction land, and therefore the industrial structure is an important factor affecting the intensive use of urban land. Infrastructure can drive the expansion of construction land and support high-intensity land development, thereby affecting the level of land intensive use. Scientific and technological innovation affects land intensive use by improving production technology. Government intervention plays an important role in the process of urban land development, and financial pressure affects land intensive use through land transfer. To sum up, this paper correspondingly selects six explanatory variables (Table 4), including GDP per hectare ([image: image]), population urbanization rate ([image: image]), ratio of tertiary industry to secondary industry ([image: image]), urban road network density ([image: image]), average expenditure on science and technology ([image: image]), and ratio of financial expenditure to income of the government ([image: image]). In order to avoid the bias caused by the interaction between indicators, multicollinearity diagnosis is carried out for each explanatory variable. The variance expansion factor ([image: image]) of all explanatory variables is less than 10, indicating that there is no multicollinearity.
TABLE 4 | Descriptive statistics and multicollinearity test of explanatory variables.
[image: Table 4]5.2 Verification and selection of spatial panel econometric model
The results of spatial autocorrelation analysis show that there are spatial correlations in the ULIU level in the Yangtze River Delta, which rejects the basic assumption based on the mutual independence of samples in traditional research. Therefore, it is necessary to introduce the spatial econometric model to analyze the internal mechanism of the spatial effect. Firstly, the LM test is used to select the spatial metrology model. As shown in Table 5, the LM lag and LM error both pass the significance level test of 1%, while the robust LM lag and robust LM error both pass the significance level test of 5%, indicating the simultaneous existence of spatial Lag model and spatial Error model. Hence, the spatial Durbin model is the priority. Secondly, in order to verify whether the spatial Durbin model will be degenerated into spatial Lag model or spatial Error model, the LR test and Wald test are further carried out. As a result, both the LR test and Wald test reject the original assumption that the spatial Durbin model can be simplified into spatial Lag model or spatial Error model at the 1% significance level. Moreover, the Hausman test results pass the 5% significance test, indicating that the original hypothesis of random effect should be rejected and the fixed effect should be accepted. Therefore, the spatial panel Durbin model with the fixed effect is finally selected in this paper.
TABLE 5 | Spatial panel econometric model test results.
[image: Table 5]Table 6 presents the estimation results of the spatial panel Durbin model under the random effect and the fixed effect, respectively. The spatial regression coefficients of the explained variables are positive under the estimation of random effect or fixed effect, both of which pass the significance level test of 1% with relatively robust outcomes, further verifying a significant positive spatial spillover effect in ULIU in the Yangtze River Delta. In other words, the local ULIU level plays a positive role in promoting the land intensive use in neighboring cities.
TABLE 6 | Spatial panel durbin model regression results.
[image: Table 6]5.3 Influencing factors and spatial effects of land intensive use level
Among the estimates of three fixed effects, the goodness of fit ([image: image]-[image: image]), log-likelihood ([image: image]-[image: image])and [image: image] of the individual-time double fixed effect have overall better outcomes. Therefore, this paper selects the spatial panel Durbin model with individual-time double fixed effect and decomposes the influence coefficients of explanatory variables into direct effect, indirect effect and total effect through the partial differential method, so as to reveal the spatial effect of each explanatory variable on ULIU (Table 7).
TABLE 7 | Decomposition results of the spatial effects of spatial panel Durbin model.
[image: Table 7]1) The direct, indirect and total effect coefficients of economic development is 0.003, 0.005, and 0.008, respectively, all of which pass the significance level test of 5%, indicating that economic development has a significant positive impact on regional land intensive use. Improvement of economic development can not only promote the land intensive use level in local cities, but also have a positive spatial spillover effect on the land intensive use in neighboring cities. This is mainly because cities with higher economic development generally have better industrial structure and industrial development model and can attract more capital and labor, which can significantly promote their land intensive use. In addition, the economic development models among provinces and cities in the Yangtze River Delta all have their own unique characteristics, forming the nationally famous “Southern Jiangsu model” and “Wenzhou model.” The “mutual competition” relationship between cities is stronger than the “siphon” relationship, which means that the economic development of local cities is not at the expense of the economic development of neighboring cities. Instead, the relationships between cities are more cooperative, complementary and jointly promoted. Therefore, the improvement of economic development plays a significant role in promoting the land intensive use level of both the local cities and neighboring cities.
2) The direct effect coefficient of population urbanization is −0.002, passing the significance level test of 1%. The indirect effect coefficient and total effect coefficient of population urbanization are 0.001 and −0.001, respectively, both of which fail to pass the significance level test of 10%. These results indicate that population urbanization has an insignificant effect on regional land intensive use, but has a negative effect on local ULIU. This also indirectly reveals the practical problems of the current urbanization in the Yangtze River Delta, which focuses on the quantity while ignores the quality of population urbanization. For a long time, many cities are still following the traditional mode of promoting the expansion of urban construction land through population urbanization. The increase in urban population brings about increasing demand for residence, employment and public services, and promotes the continuous expansion of urban construction land. However, the driving effect of population urbanization on economy and society largely lags behind, resulting in a decrease in ULIU level to a certain extent.
3) The coefficients of direct effect, indirect effect and total effect of industrial structure level are 0.009, 0.042 and 0.051, respectively, all of which pass the 10% significance level test, indicating that industrial structure plays a significant positive role in promoting regional land intensive use. Compared with the secondary industry, the tertiary industry requires less construction land, resources and energy and has higher economic and social benefits and less environmental pollution. Therefore, an increase in the proportion of the tertiary industry can significantly promote intensive and efficient use of urban land. In recent years, the core cities in the Yangtze River Delta have gradually switched to a high-quality development path, with the continuous outflow of industrial functions. There has been an obvious trend of “shifting from the secondary industry to the tertiary industry,” which has greatly promoted the economic output and population agglomeration of urban construction land. This trend not only promotes the ULIU level, but also has a positive impact on the industrial layout of neighboring cities that take over the spillover industries, thus improving the land intensive use level in neighboring cities. In addition, with the further promotion of regional integration in the Yangtze River Delta, the industrial correlation between cities is becoming increasingly closer, and the regional industrial system and industrial structure are gradually optimized, which further promotes the land intensive use level. Therefore, the upgrading of industrial structure also plays a significant role in promoting land intensive use in both local cities and neighboring cities.
4) The coefficients of direct effect, indirect effect and total effect of infrastructure are 0.001, 0.007, and 0.009, respectively, all of which pass the significance level test of 5%. Therefore, infrastructure has a significant positive impact on regional land intensive use, whose improvement not only promotes the land intensive use level in local cities, but also promotes that in neighboring cities through the spatial spillover effect. Infrastructure is an important factor and driving force to support the land intensive use. For example, the increase in road network density can provide a driving force for more efficient use of urban land, and support more intensive economic and social activities in urban areas. Secondly, all kinds of production factors in the Yangtze River Delta migrate through the traffic network as an intermediary, and the traffic infrastructure construction between cities can promote each other with regional integration. Through road transportation, the “urban integration” between cities will be enhanced, which will also improve the land intensive use level of adjacent cities. For example, Shanghai has high degrees of integration on transportation network with Suzhou, Wuxi, Changzhou and other cities, and the flow and exchange of elements between cities are also more frequent. Therefore, these cities have relatively higher land intensive use levels.
5) The coefficients of direct and total effect of scientific and technological innovation are 0.242 and 0.338, respectively, both passing the significance level test of 5%, and the indirect effect coefficient is 0.096, which fails to pass the significance level test of 10%. Hence, the improvement of scientific and technological innovation can promote the ULIU level as well. Previous studies have demonstrated that increasing investment in scientific and technological innovation can effectively improve production efficiency, reduce energy consumption and pollution emissions of enterprises through new technologies, thereby improving the economic and ecological benefits of the land (Luo et al., 2022). The progress of science and technology in certain cities can spill over to neighboring cities, and promote the improvement of scientific and technological innovation of the neighboring cities, thus improving land intensive use level, but this spillover effect is not significant.
6) The coefficients of direct and total effect of government financial pressure are −0.018 and −0.031, respectively, both passing the significance level test of 5%, and the coefficient indirect effect is −0.013, which does not pass the significance level test of 10%. These results indicate that local financial pressure has a negative impact on ULIU, which also suggests that the economic development in most cities still heavily relies on “land finance.” Local governments tend to relieve financial pressure by transferring a large amount of land and obtaining land transferring fees, which leads to the disorderly expansion of urban construction land and decline of ULIU. This is consistent with the findings of Zhang et al. (2021). However, the spatial spillover effect of government financial pressure on land intensive use is not obvious.
6 CONCLUSION AND IMPLICATIONS
6.1 Conclusion
In the context of comprehensive land space management, it is extremely important to control the spread of urban construction land, promote the efficient and intensive use of stock land and realize high-quality development of urban land resources. Based on the connotation of high-quality land intensive use, this paper constructs a comprehensive evaluation index system to measure land intensive use from five dimensions, including land input intensity, land economical use, land ecological use, land economic and social benefits, and analyzes the spatio-temporal evolution characteristics and spatial correlation of ULIU level in the Yangtze River Delta. Moreover, the spatial effect of influencing factors is analyzed by the spatial panel Durbin model and partial differential method. The following conclusions can be drawn.
1) In terms of time, from 2010 to 2020, the average value of ULIU level in the Yangtze River Delta increased from 0.266 to 0.410, showing a generally continuous upward trend, and the absolute difference in land intensive use level among cities was continuously expanded, while the relative difference fluctuated with an overall downward trend and the polarization trend tended to be reduced. In terms of space, the ULIU level in the Yangtze River Delta is significantly different among cities. The land intensive use level in cities along the Yangtze River and coastal cities around Hangzhou Bay has been significantly improved, with the formation of high-value agglomeration areas, while the mountainous and hilly cities in Zhejiang and southwestern Anhui have relatively low land intensive use levels.
2) During the study period, there are significant positive spatial correlations in ULIU in the Yangtze River Delta, and the spatial agglomeration effect is continuously strengthened. With the function spillover and industrial transfer of core cities in the Yangtze River Delta, the intensive land use level in surrounding cities has been significantly improved and the spatial agglomeration degree has been continuously enhanced. In terms of local characteristics, there are four types of local spatial characteristics for ULIU in the Yangtze River Delta, which are dominated by H-H agglomeration and L-L agglomeration. The land intensive use level of adjacent cities in the Yangtze River Delta has similar characteristics in space, and the “high-level polar core” accumulation in the eastern coastal region and the “low-level trap” spreading pattern in the mountainous and hilly region in southwestern Anhui are somewhat stable in space.
3) In view of the estimation results of spatial panel Durbin model, the spatial regression coefficient of ULIU level of the explained variable is significantly positive, indicating that there are significant positive spatial spillover effects in the Yangtze River Delta, suggesting that the land intensive use levels between adjacent cities are not independent of each other, but are mutually dependent through spatial transmission. Therefore, it is necessary to include the spatial effect into the study of ULIU to better reveal its internal mechanism.
4) According to the spatial effect decomposition results of the spatial panel Durbin model, economic development, industrial structure and infrastructure can significantly promote the land intensive use level of both the local cities and adjacent cities. Scientific and technological innovation plays a significant role in promoting land intensive use in local cities, but has no obvious positive spillover effect on land intensive use in adjacent cities. Population urbanization and local government financial pressure have significant negative effects on local ULIU, but have no significant spillover effect on the ULIU of adjacent cities.
6.2 Policy inspiration
At present, most cities in the Yangtze River Delta still have rather low land intensive use levels with large spatial differentiation, indicating that the inefficient spread of construction land is still serious. With the integrated development of three provinces and one municipality in the Yangtze River Delta, contradiction between the supply and demand of land resources, excessive consumption of energy resources, pressure on ecological environment protection and other issues will become increasingly prominent, posing great challenges to the strategic goal of building an ecological and green integrated development demonstration area in the Yangtze River Delta urban agglomeration. Under the guidance of high-quality development, this study contributes certain reference for better understanding the urban land development in the Yangtze River Delta, optimization of land spatial development pattern and formulation of relevant land policies. Based on our research results, the following three policy recommendations can be proposed. 1) The spatial spillover effect of intensive land use should be fully recognized. By breaking the administrative restrictions, the local government is supposed to encourage cooperation and exchange between cities in land resource and economic and industrial development so as to build consensus and promote the high-quality utilization of regional national resources. 2) A “scientific and technological innovation community”3 in the Yangtze River Delta is to be built by making full use of the strategic opportunities, so as to transform the economic development mode, promote industrial upgrading, vigorously develop high-end and high-tech industries, improve land economic and social benefits and relieve local financial pressure. Besides, the “land finance” dependence mode should be changed to local economic development, so as to achieve the high-quality and intensive use of land resources. 3) It is necessary to strengthen the development path of new urbanization, shifting the focus from the quantity of urban population to the quality of urban population. Moreover, the local government should increase investment in infrastructure and scientific and technological research and improve economic and social benefits of the land. 4) The allocation of land resources is needed to be optimized. A mechanism that links incremental land use to existing land use should be established, which can associate incremental land indicators to the performance of existing land use, encourage the local governments to revitalize the inefficient existing land use, and promote the gradual transformation of land use from scale expansion to quality improvement.
This paper introduces the spatial effect into the study of land intensive use in the Yangtze River Delta, which has an important reference value for the rational use and high-quality development of urban land resources in the Yangtze River Delta. However, the high-quality development of land intensive use is a new concept, and its evaluation index system and measurement method need to be further refined with the enrichment of theoretical connotations for high-quality development. More importantly, the influencing factors of land intensive use are very complex. Due to the restriction of data availability, this paper only selects the most representative factors such as economic development, population urbanization, industrial structure, infrastructure, scientific and technological innovation and local financial pressure for research. There are still other factors to be further discussed. Finally, although the Yangtze River Delta is typical to some extent, it cannot represent other urban agglomerations. Therefore, the land intensive use of other urban agglomerations can be compared in the follow-up study, so as to explore the spatio-temporal characteristics and differentiation mechanism between different urban agglomerations.
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FOOTNOTES
1Data from Statistical Communiqué of the People’s Republic of China on the 2021 National Economic and Social Development issued by National Bureau of Statistics of China.
2In April, 2020, the Yangtze River Delta Regional Transportation Development Plan for Higher Quality Integration, which was issued by the National Development and Reform Commission of the People’s Republic of China, proposed to uniformly plan and build the transportation infrastructure in the metropolitan area so as to strengthen the connection between the central city and other cities on intercity and suburban railways, roads and bus lines in neighboring areas, and to accelerate the construction of Shanghai metropolitan area and 1-h commuter network covering Nanjing, Hangzhou, Hefei, Suzhou-Wuxi-Changzhou, and Ningbo.
3In December 2020, the Ministry of science and technology of the People’s Republic of China issued the construction and development plan for scientific and technological innovation community in the Yangtze River Delta, which proposed that the Yangtze River Delta region would be fully built into a world leading scientific and technological innovation community by 2035.
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Public parks are critical resources for physical activity (PA). Pocket parks within neighborhoods play an essential role in the elder’ daily life. A deep understanding of pocket park use and park-based PA for older adults supports the better design of outdoor spaces. Gender differences have been confirmed in previous studies. Indeed, it was observed that more males visit parks than females, and males are likely to be vigorously active. However, almost all the studies were conducted in western countries, and none has yet focused on the Chinese elderly. The main objective of this study is to investigate gender differences in park-based PA in the Chinese middle-aged and elderly population. In Zongbei Park (Chengdu, China), video recording is used from 07:00 a.m. to 07:00 p.m. to document numbers, gender, age group, and type of activity. Demographic variations of park use patterns and energy expenditure are analyzed. The study findings indicated that most users (92.05%) were middle-aged and elderly. Significant gender variations were found in the number of total and five types of activities (p < 0.01), respectively. Although more old males than females were observed in Zongbei Park, the total METs and mean METs per male were lower than females. A majority (65.66%) of the older adults were seen playing cards/mahjong. It will lead to a significant number of sedentary older adults. As China faces severe healthcare challenges due to the problem of aging, it becomes essential to construct age-friendly design pocket parks. More attention should be paid to address the park-based PA gender gap.
Keywords: gender difference, Chinese middle-aged and elderly, pocket park, playing cards/mahjong, sedentary behavior, physical activity
1 INTRODUCTION
An aging population is a worldwide phenomenon. There were 703 million people aged 65 or over in 2019, and that value is expected to double by 2050. China is one of the world’s fastest-growing aging populations (Who, 2021). According to the Seventh National Census Bulletin issued by the National Bureau of Statistics of China, the population aged 65 and over will reach 190 million by the end of 2020, representing 13.50% of the total, with an increasing rate of 4.63% compared to the previous decade. Age is the primary risk factor for the prevalent diseases (Niccoli and Partridge, 2012) and significantly burdens families and society.
Spending time in parks helps people maintain an energetic lifestyle as they age (Van Hoof et al., 2021). Parks provide versatile settings for outdoor recreation, physical activity (PA), and social connection (Veitch et al., 2022). Park visits are associated with lower blood pressure and heart rate (Van Den Berg and Custers, 2010), reduced stress and negative emotions (San Juan et al., 2017), increased perceived restorativeness (Peschardt and Stigsdotter, 2013), and decreased risk of all-cause mortality (Kim et al., 2016) across all groups of people in society. As people age, their living space shrinks (Noon and Ayalon, 2018). The pocket parks within neighborhoods supplement large parks and, to some extent, fill the need for people daily to enjoy nature, exercise, and social interaction (Nordh and Østby, 2013), especially for the elderly.
However, a review of 24 observational studies on park usage revealed that the percentage of older park users ranges from 2% to 13%, indicating an extremely low park visit among older adults (Evenson et al., 2016). As the number of older people will increase substantially over the coming decades, this juxtaposition of potential benefit with underutilization challenges the full use of parks and PA promotion in older adults (Pleson et al., 2014). Indeed, parks also provide opportunities for people to engage in sedentary behavior, and up to 70% of the visitors were found to be sedentary (Evenson et al., 2016), which has been defined as a distinct risk factor for poor health outcomes (Harvey et al., 2015).
A better understanding of the individual’s park-based PA supports the design of outdoor spaces. Physical activity behaviors are affected by factors operating at several levels, broadly perceived as personal, social, and environmental (Heath et al., 2012). Previous investigations have shown that the park spatial form (e.g., the width of the adjacent street, the average height of surrounding buildings and the number of seats (Sun et al., 2020), and social factors such as feeling safe, secure, and having peer support, and community programs (Mahmood et al., 2012) are associated with park usage among older adults. Gender differences are part of human existence and are reflected in biological structure and functions (Carmel, 2019). A study conducted in Israel found female older were more likely to integrate into spontaneous social conversions, and men were more likely to participate in familiar games (Noon and Ayalon, 2018). A review of fifty-three published literature (January 2000 –April 2011) regarding activity levels in older people concluded that men’s PA levels were higher than women’s generally (Sun et al., 2013). These findings emphasized the disparities between older males and females in outdoor PA. In park-based PA, more males than females were noticed in parks, and males were more likely to be engaged in vigorous activity (Cohen et al., 2007; Evenson et al., 2016). However, the results were drawn from all age groups, and the elderly category received less attention since they make up a small proportion (2%–13%) of the total park users. On the other side, the studies are primarily done in European and United States cities, leaving unknown about Chinese older adults. More consideration should be given to park utilization and gender difference for the Chinese elderly.
The middle-aged population (aged 45–60) is especially susceptible to health risk factors due to their apparent hormonal changes (Yuan et al., 2016). Therefore, the middle-aged and elderly as a whole (aged 45 and over) are considered in this research. Energy expenditure (EE) is one of the benefits of park visits, although not all activities are at the same intensity level (from sedentary to vigorous). More PA and less sedentary time are advantageous for individuals, particularly older adults. Our primary research questions are:1) How do Chinese middle-aged and elderly use pocket parks? 2) is there any gender difference in park-based PA? which group is more active?
Godbey et al. (2005) highlighted the need to include objective measures of PA when studying parks. The methods most widely used in objectively quantifying the park usage contain a system for observing play and recreation in communities (SOPARC), and mobile signaling data/GPS data/LBS data (Hou et al., 2020). Compared to these objective measures, video enables documenting some of these complex interactions of individuals without missing any important moments. Therefore, this study uses video recording to examine how the older adults employ the park (time of day, type of activity, and activity level) and what is the gender difference. Zongbei Park in Chengdu City was selected because it is a typical pocket park located within a residential neighborhood. It is discussed how designers and planners reduce sedentary time and promote health for the target population. The remainder of the paper’s structure is organized as follows: the “Data and Methods” section provides an in-depth description of the data and methods. The “Results” section presents the overall usage of Zongbei Park and park-based PA for the middle-aged and elderly. The “Discussion” section offers the discussion that includes the role of the pocket park for the elderly and the gender difference for older adults. Finally, conclusions are drawn from the key findings.
2 DATA AND METHODS
2.1 Study area
Zongbei Park is located in Zongbei Community in the central urban area of Chengdu City, China (Figure 1). It was built in 1992, and its area is 0.12 [image: image]. 8449 people of 2416 households live there (2021). Zongbei Community consists of four residential blocks, Zongbei Park and Zongbei Primary School. Zongbei Park has an area of about 5500 m2, with a high vegetation coverage and various facilities, such as fitness equipment, a pavilion, and swings.
[image: Figure 1]FIGURE 1 | The location of the Zongbei Park.
2.2 Data collection
In September 2021, the daily usage of Zongbei Park was continuously recorded within typical weather (no rain or other severe weather conditions), and the data were collected from 7:00 a.m. to 7:00 p.m. This analysis uses high-definition (HD) cameras (Philips VTR-8101) with a 160-Degree Wide Angle Lens. It was decided where to put the cameras based on two principles: 1) a little far away from the center so nobody will see them; 2) be able to avoid backlighting. Finally, four cameras were placed to record a time-lapse of pedestrian activities across the most-used sites of the park (Figure 2). It is worth noting that each video was tagged with the date and location for research. All relevant laws and privacy protection policies were considered when obtaining the videos.
[image: Figure 2]FIGURE 2 | Cameras distribution.
2.3 Data interpretation
A total number of 4 days, including two weekend days (September 11 and 12) and two weekdays (September 16 and 17) were selected for the research data acquisition. The video was not fully complete due to multiple causes, including weather conditions, device discharge, or even device stealing. Video data are a continuum that can be translated into consecutive images. Previous studies have observed the parks from 1 to 14 times/day (Evenson et al., 2016). However, this leaves the information about the rest of the day missed. In this study, 1-h video was translated into four consecutive images to present the park use. This means that the park was observed 49 times/day. Accordingly, a total of 784 images captured by 4 cameras in 4 days were analyzed to obtain much more information than other studies.
Systematic observation permitted simultaneous recording of three characteristics for each park visitor. These characteristics were the approximated age group (child and teen = 2–18, youth = 13–40, and middle-aged and elder = 45+), the gender (male, female), and the type of activity (playing cards/mahjong, sitting at leisure, no-equipment exercise, exercise on fitness equipment, and caregiving). The interpretation of each type of activity is presented in Table 1. Demographic information can be distinguished by identifying individual’s facial and body characteristics. Indeed, two trained observers scanned the 784 images and recorded the characteristics of park users.
TABLE 1 | Coding users’ behavior and interpretation.
[image: Table 1]2.4 Data analysis
One research assistant entered all observation forms and double-checked by a second research assistant. Thereafter, inter-rater reliability for the systematic observation of the middle-aged and elderly age group was assessed using Kappa statistics. Kappa values were judged using an adjectival classification system created by (Landis and Koch, 1977): “almost” (≥0.80), “substantial” (0.61–0.80), “moderate” (0.41–0.60), “slight” (0.21–0.40), or “poor” (≤0.20). The analysis data include two weekdays and two weekend days. Pearson’s correlation was calculated to provide a simple and direct discussion about the relationships between these 4 days. If there is a strong correlation among the 4 days ([image: image]), the observation results can be averaged. Otherwise, weekdays and weekends need to be discussed separately. Next, descriptive statistics were used to document the characteristic of park users. Finally, a two-sample t-test was used to evaluate the gender difference in park use for middle-aged and elderly people by considering factors such as the time of day and type of PA. All tests were two-sided, and a 10% significant difference ([image: image]) was defined. The data analysis process of this study is shown in Figure 3. All statistical analyses were performed using SPSS 25.0 and OriginPro 2022 for Windows.
[image: Figure 3]FIGURE 3 | Flow chart of data analysis process.
3 RESULTS
3.1 Overall use
Agreement between raters for middle-aged and elderly gender groups (Kappa was 0.72 for women, and 0.68 for men) was substantial. For each day, a total of 196 images were obtained. The periodic range, median number, standard variation, and the total number of observations for each image are in Table 2. There is a median of almost 50 persons at any time, and the maximum number was estimated to be 128. It should be noted that the total number of users is not equal to the actual park visitors because some of the visitors were counted repeatedly.
TABLE 2 | Statistics of observations.
[image: Table 2]Pearson correlation coefficients for the relationships between paired days were all more than 0.9 with p < 0.01, indicating strong correlations between the 4 days. Therefore, the results of 4 days were averaged to proceed with the follow-up analysis. Overall, almost all the visitors were middle-aged and elderly (92.05%), followed by the youth (5.77%). The number of children and teens only accounts for 2.17%. For both all age groups and middle-aged and elderly, the majority of people were observed to be playing cards/mahjong, male, and presented in afternoon. The descriptive statistics of the usage pattern (gender, activity type, time of day) in Zongbei Park are shown in Table 3.
TABLE 3 | Descriptive statistics of users of Zongbei park.
[image: Table 3]3.2 Park use for middle-aged and elderly population by the time of day
LOESS curve fitting is used to present the relationships between total and group (male and female) observations and time, shown in Figure 4. It can be seen that the three curves presented a similar variation over time with a double-headed peak shape, with one maximum in the morning and one maximum in the afternoon, and the latter is much higher. During the period before 10:15 a.m., the number of older female users is higher than that of males. While after that period, more male users were observed. For the total duration, the peaks were recorded around 10:15 am. and 16:00 pm., with 53 and 115 observations, respectively.
[image: Figure 4]FIGURE 4 | Users flow diagram.
Further analysis of the number of middle-aged and elderly male and female users in each period (morning and afternoon) were compared to highlight the difference. Table 4 shows the difference by gender group and time of day. Indeed, a statistically significant gender difference in the afternoon can be seen. The ratio of males to females using the green spaces in the afternoons is twice that in the mornings.
TABLE 4 | Gender differences in the park use based on various times of the day.
[image: Table 4]3.3 Park use for middle-aged and elderly population by activity type
Table 5 shows the statistics of users engaged in each type of activity tabulated by gender group. Significant gender differences were displayed according to the total number and five types of activities ([image: image]). The male-to-female participation rates in playing cards/mahjong and sitting at leisure are 1.92 and 2.74, respectively. In contrast, more females than males utilize fitness equipment, no-equipment exercise, and caregiving. A considerable gender difference appeared in the activity of no-equipment exercise, and females were more than 5 times as likely to engage in it as males.
TABLE 5 | Comparison of the number of users stratified by gender.
[image: Table 5]4 DISCUSSION
4.1 The role of pocket park act for the middle-aged and elderly population
In this study, the middle-aged and elderly population constitutes a large proportion of park use (92.05%). Findings support Noon and Ayalon’s (2018) claim that small public spaces within the residential neighborhood are the extension of the private home for these people. For most park usage studies conducted in western countries, the proportion of older adults ranged from 2% (in the United States) to 13% (in Brazil). It is quite different from Chinese cities. According to the research conducted in Taiwan, around two-thirds of the park’s visitors are older adults (Pleson et al., 2014). Physical activity has a long history as a traditional health promotion method in Chinese culture (Wang and King, 2022). Most of the older adults participated in group activities, such as playing cards, dancing, and playing Tai chi, which is quite different from western countries (Cohen et al., 2007; Zhang and Lawson, 2009). The formation of these activities is rooted in Chinese traditional culture. In addition, one of the reasons that support and promote the use of parks by older adults in Chinese cities is the high residential density. Zongbei Community has a population density of almost 7.04 × 104people per km2. Zongbei Park has been a part of the Zongbei Community due to its high accessibility for the residents around.
4.2 Gender difference in park-based EE for middle-aged and elderly
Energy expenditure at a park is a combination of the intensity of activities occurring and the number of people engaging in them (Cohen et al., 2007). Metabolic equivalents (METs), which indicate the ratio of a person’s working metabolic rate relative to the resting metabolic rate, are used to calculate EE. When calculating park-based EE, the majority of previous studies used the method of adding up METs of people’s behaviors coded at the moment of observation (e.g., standing while playing basketball), even if they previously or subsequently walked or ran (Cohen et al., 2007; Besenyi et al., 2013). This approach ignores the activity’s integrity because the state of the participants changes during any activity. For example, sedentary behavior during playing cards and basketball are both coded as sedentary, making it difficult to distinguish the duration and number of people involved in long sedentary behavior. In this study, each type of activity was taken as a whole, and the PA intensity and METs of the activities were determined according to the research about sports science (Copeland et al., 2017), as shown in Table 6.
TABLE 6 | PA intensity and METs of the activities.
[image: Table 6]The gender differences in EE among the observed five types of activities in Zongbei Park were compared in this study. A total METs variable for each group (male and female) was calculated by taking the total number of users observed for each type of activity, multiplying each total by the respective METs value, and then adding the EE products for each type of activity. The mean MET per person was calculated by dividing the total METs by the total number of observations. The results are shown in Table 7. While more male users have been observed, the total METs of the males is slightly lower than female. In terms of indicator of mean METs per person observed, male (1.26–1.87) is much lower than female (1.87–2.99). That is to say, older Chinese men are less active in park-based PA. Gao et al. (2015) focused on leisure-time PA among Chinese older adults and found that a slightly higher percentage of women meet the widely recognized guideline—at least 150 min of leisure-time PA per week. A study of urban residents aged 40–74 years in Shanghai reported that women spent more time performing light-intensity PA and less time in sedentary behaviors than their male counterparts (Peters et al., 2010). Although the research was conducted based on different data sources and target areas, a similar conclusion has been made, which states that male Chinese older adults are less active. The finding is quite different from results for western countries, where older men’s PA levels were generally higher than women’s, and the difference ranged from 0.8% to 21.4% (Sun et al., 2013). This is of great significance for the formulation of health improvement plans for the Chinese middle-aged and elderly.
TABLE 7 | Type of PA versus intensity and energy consumption.
[image: Table 7]4.3 Majority’s choice: activity of cards/mahjong playing
Playing cards/mahjong accounts for 65.56% of all the five types of activities for middle-aged and elderly. Playing cards/mahjong was found to have the therapeutic effects of preserving functioning or delaying decline in specific cognitive domains (Cheng et al., 2014) and decreasing the likelihood of becoming lonely (Teh and Tey, 2019). It has also been found to be a viable treatment option for dementia (Cheng et al., 2006) and is encouraged to be adopted into the routine for the elderly to prevent loneliness as well as to maintain cognitive abilities, especially for those living alone. However, it should be noted that playing cards/mahjong is a special kind of sedentary behavior. Inactive people are more likely to develop health problems, such as non-communicable diseases, cognitive decline, depressive symptoms, disability, and physical functional decline (De Souto Barreto, 2015). Participants will benefit more significantly if they can reduce inactive behavior when playing cards/mahjong. Gaining an understanding of the daily amount of sedentary behavior measured in playing cards/mahjong is essential.
4.3.1 Characteristics of cards/mahjong playing
Older males account for 65.70% of all the playing cards/mahjong participants. It indicates that older males are more likely than females to play cards/mahjong, and this corroborates with findings obtained based on data from the Chinese Longitudinal Healthy Longevity Survey (Teh and Tey, 2019) and in Chinese communities in Sydney (Zheng et al., 2010). It could be concluded that an old Chinese male is more likely to participate in card-playing activities than a female.
Figure 5 shows the time-dependent changes in the number of users participating in playing cards/mahjong daily. It could be inferred that it happened between 09:00 a.m. and 7:00 p.m., lasting about 10 h. The number of participants reached a peak around 4:30 p.m., with a maximum of 86, consisting of 56 older males and 30 older females. It depicted the general participation trend, while the individuals’ information remains unknown. Getting the information on how many individuals joined the activity, how long they spent in the activity, and whether they keep sedentary all the time during the period will help us put forward more targeted interventions against inactivity, especially for older men.
[image: Figure 5]FIGURE 5 | Number of observations participating in playing cards/mahjong in a day.
Compared with other data types used in park use research, video helps document some complex interactions. The recorded data on 11 September 2021 is an example to get a deep understanding of the activity. The video was watched at 4x playback speed and recorded the start and departure times for the users who participated in playing cards/mahjong. During that day, all 10 table and bench sets located in Site 1, Site 2, and Site 4 were occupied for playing cards/mahjong for 4–8 h. A total number of more than 200 middle-aged and young older participated in the game, for which 71 of them were the players and the others were there to watch the game. The boxplot of time durations of the 71 players is presented in Figure 6, indicating that the minimum duration of the activity was 0.12 h, and the longest duration was 5.5 h. More than 50% of the people lasted more than 2.4 h, and more than 25% lasted more than 4.0 h. Almost 150 people on that day watched others play cards/mahjong. Their duration ranged widely from less than 2 min to more than 4 h. Some of them were attracted by the crowd and came over to stay for a short time. All the participants were sitting/squatting down/reclining/standing from the beginning to the end and were not moving for long periods.
[image: Figure 6]FIGURE 6 | Boxplot of the duration of cards/mahjong players.
Figure 7 gives four individual examples among the participants. The continuous states of four participant instances in playing cards/mahjong whose activity length surpasses 1.5 h (orange), 2.5 h (blue), 3.5 h (green), and 4.0 h, respectively, have been shown with the corresponding colors. It can be recognized from the video that all of them remained seated, squatted down, or reclined with little energy expenditure from the beginning to the end.
[image: Figure 7]FIGURE 7 | Four individual examples among the participants in playing cards/mahjong.
Overall, the characteristics of playing cards/mahjong may be summarized into three aspects: 1) It includes a large amount of middle-aged and young older people, with males about twice as many as females; 2) the participants spent a long time in it; 3) they remain sedentary and lack of movement during long periods (Figure 8). The integration will result in a large number of sedentary older adults. Reducing sedentary time in cards/mahjong playing and increasing benefits from the well-researched health and well-being enhancing effects of these social activities are crucial for good aging.
[image: Figure 8]FIGURE 8 | Characteristics of cards/mahjong playing.
4.3.2 Interventions to reduce sedentary: delivering knowledge and advice
Parks play a vital role in providing the elderly’s physical activity, sedentary behavior, and inactivity in cards/mahjong playing. Exploring methods to stimulate the potential of eco-design to remind people to be less sedentary or encourage them to engage in more exercises can reach many individuals already in the park but are primarily involved in sedentary activities.
Maintaining a sedentary lifestyle may be attributed to a lack of exercise advice (Cifu et al., 2018) or knowledge about the positive effects of PA and sedentary behavior (Azevedo et al., 2007; Zhu et al., 2016). A survey was conducted among the participants and indicated that 76.92% (10/13) of them were unaware of the dangers of sitting for lengthy periods, and 61.54% (8/13) were surprised to learn how long they had been sitting while playing cards/mahjong. It was observed that it is vital to keep the participants aware of the health risks of being inactive and provide them with exercise advice and facilities to reduce the sitting time and increase the breaks. Accordingly, this study adopts the term delivering knowledge and advice as the intervention to reduce sedentary behavior and promote health for the elderly. For example, the warning words (e.g., sedentary behavior: a silent killer) could be spray-painted on the stone table to remind the users. It is a cost-effective and convenient way. Overall, effectively providing the users with knowledge and advice through park design is a significant challenge for planners and designers.
4.4 Limitations and future directions
The restrictions of this study should be addressed in future studies. Firstly, the video recording was limited to 7:00 p.m. under dimming constraints. The study did not consider nighttime park usage. According to field observation, many users are there during the nighttime. The purpose of studies that include nighttime analysis is to comprehensively describe park usage and produce more robust and pragmatic results. Secondly, four cameras were placed in this study to collect data on park usage. Although they can cover the most frequented sections of the park, they have neglected some users, particularly those appearing on the walkways. Thirdly, the video was recorded in September 2021. At that time, the weather was generally sunny and comfortable to be outside in the park, with temperatures ranging from 19 to 26°C. The results of the study did not reflect how older residents used the park during hot or cold weather. The conclusions for other seasons should be based on the behavioral data of corresponding seasons. Relevant research in other seasons, especially in summer and winter, are needed to be conducted in the future. Additionally, there is a need for further analysis to be conducted in other parks with different environmental and social-cultural contexts to enrich the understanding of park usage by Chinese older adults.
5 CONCLUSION
Zongbei Park within Zongbei Neighborhood is utilized as a case study to investigate gender differences in the Chinese middle-aged and elderly population of park-based PA through video recording analysis. This analysis has indicated the videotape method’s applicability and strengths in measuring park usage objectively. It showed that most (92.05%) of Zongbei park’s users are middle-aged and elderly and confirmed the importance of public spaces within a community in the lives of the middle-aged and elderly population. Significant gender differences were found in the total number and five types of activities among the middle-aged and elderly. Sedentary activities (playing cards/mahjong and sitting at leisure) were much more prevalent among males than the other three types of activities. Although more males than females used the parks, males had fewer total METs than females. Males have significantly lower mean METs per person observed than females. Therefore, there are significant gender differences in park-based PA among Chinese middle-aged and the elderly, with males being less active than females.
The majority (65.66%) of older users were observed playing cards/mahjong, and its characteristics can be summed up into three aspects: involving a large middle-aged and young older population, lasting long periods, and lack of movement. It will lead to a large number of sedentary older adults. As China encounters formidable healthcare challenges due to the problem of aging, it becomes crucial to construct age-friendly design pocket parks. The findings highlight the need for researchers, policymakers, and planners to pay attention to increasing breaks from sitting for participants in playing cards/mahjong and to tackle the gender gap in park-based PA of Chinese older adults.
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Urbanization is both a global concept and a project that is connected with all aspects of the society. China’s new urbanization process has been attracting wide attention internationally due to its rapid development and rich content. This new urbanization has significant impacts on hundreds of millions of people’s lives, as well as global wellbeing. Although Western China has always been in a relatively weak state of development when compared to the other parts of China, it has a large area and a significant amount of people, which all require a reasonable urbanization method. To show the development level of new urbanization in western China, we constructed an evaluation system and used entropy and weighted summation methods to get the development scores. We then obtained the correlation coefficient with the partial correlation analysis method. The results indicate that: 1) economic, land, and social urbanization are significant influencing factors; 2) temporal and spatial differences were significant during the 15-year period in these 11 cities; 3) among the factor layers, the score of social urbanization fluctuated the most, ecological civilization and economic urbanization showed an upward trend, and population urbanization and land urbanization have been relatively stable in the last few years; 4) for the western capitals, although economic urbanization and ecological civilization have achieved coordinated development in recent years, the endogenous power of the economy still needs to be tapped, and ecological development is facing greater pressure. Meanwhile the expansion of urban land has been too fast to respond well to population growth, which also damages the urban ecosystem to a certain extent. We conclude that it is necessary to realize the coordinated development of different factors in new urbanization, promote new urbanization, while considering the actual needs of the city and also developing the rural areas. This study can provide decision support for the development of new urbanization in the western region.
Keywords: new urbanization, evolution characteristics, entropy method, quality evaluation, western provincial capital cities
1 INTRODUCTION
Developed countries have generally reached a stable stage of urbanization, with more than 70% of the population living in urban areas. The focus of world urbanization has therefore shifted to developing countries, and the global urbanization pattern is rapidly changing (Wei et al., 2018). As the largest developing country in the world, China plays an important role in the world urbanization pattern. In the nearly 30 years from 1949 (foundation of the state) to 1978 (reform and opening up), the tortuous pathway of the country’s development (Chen C. et al., 2018) meant that China’s urbanization rate had only increased from 10.64% to 17.92%, with an average annual growth rate of 1.81%. Following the reform period and opening up, the speed and scale of China’s urbanization have been unprecedented, reaching 57.35% in 2016 (Friedmann, 2006; Guan et al., 2018). However, along with the achievements, a series of problems have emerged, such as the blind expansion of urban space, the semi-urbanization problem, a dual urban–rural structure, and ecological deterioration (Lu et al., 2014; Zhang and Xu, 2017; Chen M. et al., 2018; Li et al., 2018). Throughout the history of China’s urbanization, the achievements and challenges have been closely related to national policies. This is also the main reason why China’s urbanization differs from other countries and presents distinct stages.
In view of these issues, in 2002 the Chinese government formally put forward the idea of “taking the road of urbanization with Chinese characteristics,” explicitly using the term “new urbanization” at the 18th National Congress of the Communist Party of China (CPC) in 2012. The pilot work was started in 2014. New urbanization focuses on not only the transfer of rural residents to cities but also on the development of all aspects of a society. For instance, when promoting new urbanization, sustainability is an important characteristic as well as a goal. In the process of new urbanization, development should be realized without sacrificing resources and the environment (Deng and Bai, 2014). Sustainable new urbanization should consider cleaning waterways, sewage treatment, resource shortages, and air pollution, which are definitely responses that are capable of well-off societies (Chen et al., 2019). Sustainability is not the sole goal that new urbanization pursues but it is one unique feature that differs new urbanization from traditional urbanization.
The academic world has discussed the characteristics and connotations (Taylor, 2015; Griffiths and Schiavone, 2016; Chen C. et al., 2018), the problems (Wang et al., 2015), the route to realization (Kim, 2015; Chen et al., 2016; Wu et al., 2016), and the potential impacts (Hu and Chen, 2015) of new urbanization, thus laying a theoretical foundation to promote the concept in China. Meanwhile, to evaluate the quality of new urbanization in cities, and to guide decisions, experts and scholars have constructed a variety of index evaluation systems (Fang et al., 2015; Yang and Lu, 2016; Chen M. et al., 2018), using the entropy method (Zhao and Wang, 2018), variation coefficient method (Zhao and Wang, 2018), expert evaluation method (Yang and Lu, 2016), as well as other subjective and or objective approaches to index calculation. While they usually concentrated on the horizontal and static comparison of a time node between regions, they lacked dynamic trend analysis on the vertical scale of time and did not pay attention to the western underdeveloped region.1
Obviously, new urbanization is a complex research topic. Therefore, a discussion of the connotation and multi-dimensional assessment of new urbanization are necessary to help understand its meaning and characteristics. Meanwhile, a study of the typical research area could manifest the evolution features and dynamic changes in promoting new urbanization. Therefore, this paper discusses the concept of new urbanization. It then uses existing research results to construct a comprehensive evaluation system from an examination of five aspects: population urbanization, economic urbanization, land urbanization, social urbanization, and ecological civilization. It measures the level of new urbanization in the western provincial capital cities from 2005 to 2019, and analyzes the cause of the changes. Finally, it provides decision support for the promotion of new urbanization in the western region.
2 MATERIALS AND METHODS
2.1 Study Area
Western China includes six provinces (i.e., Shaanxi, Sichuan, Yunnan, Guizhou, Gansu, and Qinghai), five autonomous regions (i.e., Inner Mongolia, Guangxi, Ningxia, Xinjiang, and Tibet), and one municipality (i.e., Chongqing). Due to the policy and location disadvantage, the western region lags far behind the central and eastern regions. In particular, its urbanization and the gap between urban and rural areas are serious (Chen C. et al., 2018; Chen et al., 2019; Feng et al., 2019). However, the development of the western region is directly related to the realization of national modernization, and has an important strategic position in the country (Luo et al., 2018). Considering the difference of economic development and administrative management in Chongqing, the other 11 provincial capitals were finally selected as the research object (Figure 1).
[image: Figure 1]FIGURE 1 | Study area.
2.2 Data Sources and Processing
The data in this paper were all collected from national and provincial statistical sources, including the China Statistical Yearbook, China City Statistical Yearbook, China Statistical Yearbook on Environment and other statistical yearbooks and bulletins from various cities. Because of the lack of some data in Lhasa, interpolation has been used to complete the results from there.
2.3 Methodology
Inspired by the key goals of National New Urbanization Plan (2014–2020) (NNUP) and recent research on new urbanization, the connotation of new urbanization was defined. Based on that, a comprehensive evaluation index system for new urbanization was constructed, including five factor layers: population urbanization, economic urbanization, land urbanization, social urbanization, and ecological civilization. The entropy method (Zhao J. et al., 2018; Wei et al., 2018) was used to determine the index weight, and the weighted summation method was used to calculate the new urbanization comprehensive scores of the western provincial capitals. The standard deviation method (Tang and Song, 2006) was then used to define three levels: high, medium, and low, and regional comparison was made with ArcGIS software. The development status of each city was finally classified into one of four categories: increased erratically; increased rapidly; increased then decreased; and decreased sharply and then leveled out. Geared towards differences at the monomial level of new urbanization for western provincial capitals, this paper made dynamic comparisons from these five factors and explored the driving factors for the differences. The effects of policies on the score of each factor, each city, and each index were analyzed in detail. The evolution characteristics of new urbanization in western provincial capitals in the past 15 years from 2005 to 2019 and the trend of new urbanization in the future were concluded. Finally, the correlation and coordination of each factor were discussed by using partial correlation analysis (Figure 2).
[image: Figure 2]FIGURE 2 | Research flowchart.
2.4 Definition of New Urbanization
The word urbanization was first proposed by the Spanish Engineer Cerdà in the General Theory of Urbanization in 1867. Early scholars defined urbanization as the concentration of population into cities (Hertzler, 1956; Kuznets, 1966). However, this definition ignored the changes in industrial structure, economic development, lifestyle, ideology, and other aspects brought about by population flow. With the development of cities in Western countries, the connotations of urbanization were: increased transition from a rural economy to an urban economy, from primary industry to secondary and tertiary industry (Kuznets, 1971; Hirsch, 1984), and from rural lifestyle to urban lifestyle (Wirth, 1938; Mendras, 1970), as well as the encroachment of the urban landscape into rural areas (Antrop, 2004). Scholars of different fields have interpreted urbanization from many dimensions, such as economy, society, and geography. These various interpretations imply that the subject of transformation is as complex as the process of urbanization itself. Friedmann and Wolf (1982) considered various viewpoints and divided urbanization into two types: I and II. Urbanization I refers to the transformation of physical aspects, such as population, economic activities, space, and landscape, which are visible. Meanwhile, urbanization II refers to the transformation of ideas such as values, social relations, and lifestyle, which are invisible.
Traditional urbanization has on the one hand brought economic growth and improved living standards, but on the other hand it has caused pollution and urban diseases (Cui et al., 2019; Liang and Yang, 2019). In addition, new problems have emerged in China, such as semi-urbanization, land urbanization progressing faster than population urbanization, and a dual urban–rural structure. Clearly, China can no longer take the traditional road of urbanization, and has little experience to learn from (Gu et al., 2012). After exploring (in 2003) the idea of “taking the road of urbanization with Chinese characteristics,” in 2012 the 18th CPC national congress formally proposed the term “new urbanization.” To promote new urbanization, the Decision of the Central Committee of the CPC on Some Major Issues Concerning Comprehensively Deepening the Reform was published in November 2013, which required acceleration of reform to the household registration system (hukou) and improvements to the system of urban–rural integration. In December 2013, the Central Economic Work Conference (CEWC) further defined it as “a new type of intensive, smart, green, and low-carbon urbanization path.” In March 2014, the NNUP was issued. As the government anticipated, the gap in urbanization rate between the resident and registered populations in cities is expanding year by year. For rural migrants, the absence of urban household registration means that they cannot enjoy the same level of public services as urban residents, and their consumption will also be limited because they lack social security. Therefore, in July 2014, the State Council issued Opinions on Further Promoting the Reform of the Household Registration System ended the dual household registration management model that had prevailed for half a century and instead laid a foundation for the healthy development of urbanization in China. From the end of 2014–2016, the central government determined three batches of pilot lists of places implementing new urbanization,2 which meant that it had now entered the development stage. However, the connotations of new urbanization have not yet been unified and made clear.
In 2012, the report of the 18th CPC National Congress pointed out that the “new” part of new urbanization is urban–rural coordination, integration, and interaction. This entails intensive economic, ecological viability, and harmonious growth, and also represents the coordinated development of large, medium, and small cities, small towns, and new rural communities. Scholars tend to define new urbanization considering its characteristics, especially the differences from traditional urbanization, which pursues an increase of urban population and expansion of urban areas. However, traditional urbanization involves turning non-urban land into urban land, which results in loss of biodiversity, and environmental damage. In contrast, new urbanization is a process of urban–rural integration with humans placed at the core, emphasizing the rights of the individual, and attaching importance to harmony between humans and nature. People-oriented target, urban–rural integration, ecological protection, and sustainable development (Kim, 2015; Li and Martin, 2017; Bai et al., 2018; Chen et al., 2016; Chen et al., 2019) are therefore the key components of a new urbanization. The realization of new urbanization requires resource saving, especially with regard to land, optimization and upgrading of industrial structure and economic development, regional coordination, equalization of public services, and improvements of urban livability (Tan, 2017; Yang et al., 2017; Ma et al., 2018; Shang et al., 2018; Zhan et al., 2018; Zhao Z. et al., 2018). Therefore, new urbanization is a multi-factor and multi-level systematic process, in which people-oriented urbanization is at the core and population urbanization is pivotal. High-quality economic development is the driving force, and consequently economic urbanization is an important part of this concept. Urban construction emphasizes saving, intensive, and livable, and therefore land urbanization is the optimization part. Effective protection of the ecological environment and harmonious development between man and nature are new aspects. The ultimate goal is urban–rural integration, with social urbanization leading to social security and public service realization.
2.5 Construction of an Index System
Inspired by the NNUP, the connotations of new urbanization and existing research results (Fang et al., 2015; Yang and Lu, 2016; Chen M. et al., 2018; Zhang and Wang, 2018), an index system of new urbanization (Table 1) was constructed from five factors: population urbanization, economic urbanization, land urbanization, social urbanization, and ecological civilization.
TABLE 1 | Comprehensive evaluation index system of new urbanization level.
[image: Table 1]Population urbanization reflects the concentration of people moving from rural areas to urban areas, leading to a change in the employment pattern of the migrant population. The new urbanization pays attention to the new migrants and their significance to the development of the new urban areas. Hence, percentage of urban resident population (PURP) is used to reflect urban population agglomeration. Percentage of non-agricultural employees (PNAE) indicates the change in lifestyle of the migrant people. The number of students in colleges per 10 thousand people (NSCPTTP) reflects the quality of the population and directly embodies the popularization of higher education.
Economic urbanization means not only the efficient development of the urban economy and the upgrading of industrial structure but also sharing of the fruits of economic development. The GDP growth rate (GDPGR) is the efficiency index, and the GDP per capita (GDPPC) is the quality index. A combination of the two can measure the local economic development more effectively. The GDP proportion of tertiary industry (GDPPTI) represents the upgrading of the existing industrial structure. Total imports and exports per capita (TIEPC) is an important driver of the development of the western cities in the context of greater reform and opening up. Disposable income of urban residents per capita (DIURPC) and consumption expenditure of urban residents per capita (CEURPC) can express whether urban residents benefit from economic achievements, it can also indicate improvements in their quality of life.
Land urbanization (the transformation of agricultural land into non-agricultural land) is accompanied by the expansion of the urban landscape and an increase in land investment. Infrastructure plays an important role in land investment and the per capita area of paved roads (PCAPR) is chosen as a measure in this paper. Although the huge incremental value of non-agricultural land makes rapid urbanization a reality, urbanization requires efficient use of the newly developed land, therefore built-up area per capita (BUAPC) is chosen to reflect the expansion of urban landscape. Analyzing it from the “people-oriented” perspective leads to the important questions of whether the urban housing supply matches the population growth and whether the urban environment is livable. Therefore, two indexes—per capita housing area of urban residents (PCHAUR) and per capita area of parks and green land (PCAPGL)—have been selected.
The index of social urbanization is the richest, mainly due to the varied activities associated with social development (e.g., construction of infrastructure, public services, and social security). Urban–rural coordination development and the narrowing of the wealth gap between urban and rural residents have also become key issues. The number of Internet users (NIU), the number of public transportation vehicles per 10 thousand people (NPTVPTTP), the number of medical beds per 10 thousand people (NMBPTTP), and the number of public library collections per 10 thousand people (NPLCPTTP) are selected to represent public service. The number of urban residents participating in endowment insurance (NURPEI) and the number of urban residents participating in medical insurance (NURPMI) indicate social security. The ratio of per capita disposable income between rural and urban residents (RPCDIBRUR), and the ratio of per capita consumption expenditure between rural and urban residents (RPCCEBRUR) measure the coordination of the two areas. With both indicators, the ratio is closer to one when the gap between urban and rural residents’ income and expenditure is smaller. The registered unemployment rate in urban areas (RURUA) is the only negative index. The higher the rate is, the lower the new urbanization level will be.
Ecological civilization is a special emphasis of new urbanization, entailing the inclusion of sustainability, resource conservation, and environmental friendliness as rigid constraints during urbanization. This can be measured by improvements to environmental indicators. The percentage of greenery cover in built-up areas (PGCBUA) should be increased, as should be the proportion of harmlessly treated garbage (PHTG) and the waste water treatment rate (WWTR). The proportion of good air quality days in cities (PGAQDC) (i.e., days whose air pollution index is equal to or less than 100) is the most intuitive and easily monitored index of pollution, therefore it has been chosen to represent the air quality of a city.
3 RESULTS
3.1 Weight Determination
The trend chart (Figure 3) was used to show changes in the weight of each index over the years. To find significant influencing factors, the average index weight for each year was calculated, and was found to be 0.0370. This was treated as a critical value, a figure above this value would indicate a significant effect on the new urbanization (Yang and Lu, 2016). We found that significant influencing indicators were mainly concentrated in economic urbanization, land urbanization, and social urbanization, but the weight of these indicators changed widely. The weight of population urbanization and social urbanization increased notably for each factor layer for the 15-year period, showing that their impact on new urbanization has been significantly strengthened. The weight of economic urbanization increased before 2012 but then decreased rapidly, which indicates that the influence of the economy on new urbanization weakened from 2012. However, the weight of land urbanization is the opposite, and land expansion became a driving force instead of the economy after 2012. The weight of ecological civilization did not stop declining until 2013, and then kept rising in fluctuation until 2017. The year 2013 was also the time when new urbanization was widely discussed, and ecological civilization development became gradually more widespread.
[image: Figure 3]FIGURE 3 | Weights of each index over the years. (A) Population urbanization. (B) Economic urbanization. (C) Land urbanization. (D) Social urbanization. (E) Ecological civilization.
3.2 Overall Evaluation
First, for each year, the score for each index was calculated according to the weight, and the score for each city was obtained by summing up the indexes. We then added up the score for each city to get the total score for new urbanization of western provincial capitals for each year. Finally, by graphing the data (Figure 4), we visualized the total score for new urbanization from 2005 to 2019. The results show that the level of new urbanization in the western provincial capitals has risen in a zigzag way, and the total score tends to reach a low point every 3 years. This means that these cities lack experience in the process of developing new urbanization, and are still in an exploratory phase. Furthermore, it achieved “great-leap-forward” status in and after the 12th Five-Year Plan period. And the 13th Five-Year Plan period is a smoothly developing period.
[image: Figure 4]FIGURE 4 | Total scores of new urbanization and factor layers in western provincial capitals from 2005 to 2019.
The year 2007 was the fastest for GDPGR in most western provincial capitals, during which time ecological civilization was neglected and its total score decreased. In 2010, the GDPGR of each city was quite different, highlighting the imbalance of development, and the total score declined. In 2011, the beginning of the 12th Five-Year Plan, this imbalance narrowed, due to the change in the orientation of economic development from speed to quality in this new period. The economy of each city entered a steady rapid growth stage, and the economic urbanization score increased significantly. Sustainability and ecological development also played a key role in the process of new urbanization, and therefore this year achieved a leapfrog increase. Since then, the total score has fluctuated, but all the years were above 4.800. In 2013, the economy remained positive but the score for NSCPTTP dropped generally, which was affected by the suspension of the policy of college enrollment expansion in 2012. The score for social urbanization also dropped. In 2015, most cities were limited by built-up areas and guided by the acceleration of ecological development. The construction of paved roads dropped, while the parks and green land and greenery cover increased. However, the score for NPTVPTTP and NIU decreased, which eventually led to the decline of land urbanization and social urbanization scores in this year, and the total score decreased again.
Thus, before the 12th Five-Year Plan, the focus of new urbanization was on the contradiction between economic development and ecological protection. Since 2011, the focus has shifted to the coordination of economy and society. At the same time, the contradiction between ecological development and urban expansion has gradually emerged. However, after entering the 13th Five-Year Plan period, only social urbanization and ecological civilization were steadily rising. Population urbanization, economic urbanization, and land urbanization all suffered a sudden fall in 2017 and then subtly rose.
To further evaluate the level of new urbanization and trends in each city, as well as to explore the driving factors, we visualized the score and level of each city through ArcGIS software (Figure 5). The development of new urbanization of 11 western provincial capitals can be divided into four categories during the period of 2005–2019.
[image: Figure 5]FIGURE 5 | Spatial distribution of new urbanization in western provincial capitals.
3.2.1 Increased Erratically: Chengdu, Kunming, Urumqi, and Xining
Chengdu has always been at a high level of new urbanization, but Kunming dropped to a medium level in 2016, 2018, and 2019. Kunming’s score fluctuated more obviously than Chengdu’s, especially since 2013. In 2013, Kunming dropped to fifth place, it then rose to second place in 2014 and dropped to a medium level in 2016. Xining reached a small peak in 2008 and then began to develop rapidly after 2012. However, it has always been at a low level and has always ranked low. Urumqi rose sharply in 2011 and has been at a high level for most of the years since then.
Specifically, Chengdu is the only sub-provincial city and megalopolis3 in western China. Whether measured by population, city scale, economy, or public service, Chengdu is the leader of the western4 provincial capitals, and its new urbanization score has always been ranked first. However, serious air pollution also restricts Chengdu’s development. It is predicted that the new round of the urban overall plan (2016–2035) will bring new opportunities for Chengdu.
Kunming, located in the middle of the Yunnan-Guizhou plateau, has good conditions for the diffusion of air pollution. Consequently, its air quality is better than that of all other western provincial capitals. In 2013, when the China-South Asia Expo (nanbohui) convened, the air quality declined due to construction dust and congestion. In 2014, Kunming implemented a large number of projects benefiting the people. The integration of medical insurance for urban and rural residents has been successfully promoted and expenditure on people’s livelihood increased. Various social undertakings were developed in a coordinated manner, thus scoring a small peak. However, by and after 2016, the establishment of the new district in central Yunnan (Dianzhongxinqu) and other major projects affected the results. Although the scores in population, economy and land improved, the low green coverage rate and the widening gap between urban and rural incomes in the new district still resulted in a small decrease of the score in that year. Therefore, ecology and society are the two driving forces of Kunming’s new urbanization.
Urumqi and Xining are both located in the northwest of China. Due to geographical and climatic constraints, natural vegetation coverage in both of them lags behind that of other cities and they are less attractive to the population. However, Urumqi had a higher score in TIEPC due to its positional advantage of being close to eight different countries. Before 2011, the rapid economic development of Urumqi was realized at the cost of the environment, leading to a low score in ecological civilization. In 2011, Urumqi began a transformation of its economic development and gave priority support to strategic emerging industries. People’s livelihood was also given priority, and a large amount of money was spent on it, especially on NIU. It then achieved a strong leap in economic and social urbanization. At the same time, Urumqi vigorously promoted changing fuel from coal to gas (meigaiqi), which achieved remarkable results for environmental protection. Therefore, economy, society, and ecology were the three driving forces of Urumqi’s new urbanization.
For Xining, although the GDP is relatively low, the GDPGR was better. In 2008, various policies were introduced to support the development of enterprises, and all of the city’s economic indexes reached a record high. In the period of the 12th Five-Year Plan, the government of Xining implemented policies such as financial support for economic restructuring and giving priority to the development of producer services. With the rapid development of the economy, Xining’s transportation, energy, communications, and other infrastructure gradually improved. The residents’ quality of life was also significantly improved. Consequently, the new urbanization of Xining was driven by economy and society.
3.2.2 Increased Rapidly: Xi’an and Guiyang
From 2005 to 2012, Xi’an moved from a medium to a higher level. This was the fastest period of development in Xi’an. After this, in 2012–2015, the speed declined but this ushered in a new opportunity for development in 2016. Guiyang’s development rate was slow in 2005–2010, mostly at a medium level, except for 2006 and 2008, which were low. From 2011, it entered a stage of rapid development, but neither the level nor the ranking changed significantly and it only reached a high level in 2015.
Xi’an has a large number of universities and research institutes, so its NSCPTTP is the highest in the western capital cities. The population urbanization scores declined after 2012, as a result of the central government policy on stabilizing the scale of enrollment to colleges. Also in 2012, the GDPGR slowed down as a result of guidance from the 12th Five-Year Plan national economic goals. However, Xi’an was selected as the starting city of China’s Belt and Road5 initiative in 2016, which has opened up foreign markets and promoted its economy. Foreign trade has become the driving force for new urbanization in Xi’an. Therefore, in this new era, it is very important for Xi’an to seize the opportunity offered by the Belt and Road initiative and formulate policies to retain talented people.
Guiyang’s infrastructure was relatively backward before 2010. After 2011, development clearly accelerated, but the ranking and level did not change significantly. This happened because most of the western provincial capitals entered a stage of rapid development in 2011, and Guiyang’s achievements did not particularly stand out from the others. In 2013, Guiyang began to plan an industrial future based on data processing, and its capability rose to the forefront in China. Guiyang relies on this approach, promoting industrial transformation and the development of high technology. The inflow of talented people, technology, and capital injects a new vitality into urban development. The development of the economy, especially high-tech industries, has therefore become an important driving force for new urbanization in Guiyang.
3.2.3 Increased Then Decreased: Hohhot, Yinchuan and Nanning
Nanning peaked in 2018 and the other two cities peaked in 2009, but they all have been in a declining situation after short-term rising. Hohhot fell to a medium level in 2014 and then stayed at this status for all the rest years except 2015. In 2009, Yinchuan got to its only high level in the 15 years, and was at a medium level from 2010 to 2018. Nanning developed slowly at a low level almost throughout the period.
In the 15-year period, because of a strong dairy industry, the GDPPC of Hohhot was the highest in the western capitals. Hohhot mainly promoted new urbanization with material production. Higher scores in 2009 were mainly attributable to the increase in WWTR, PHTG, and PGAQDC, which were stimulated due to the opportunity of “San Cheng Tong Chuang.”6 In the 12th and 13th Five-Year Plan periods, Hohhot’s GDPGR slowed down in the face of new economic goals and a large-scale economic foundation, which was coupled with the relative lagging in the development of modern service industries.
In 2009, the economy of Yinchuan developed well because it focused on expanding investment and consumer demand. With improved landscaping and ecological development, its score for ecological civilization and land urbanization rose. In the 12th Five-Year Plan period, ecological civilization has emerged as the driving force of Yinchuan through efforts to create a business card of “Green Water, Blue Sky, Bright Yinchuan” (lvshuilantian, mingmeiyinchuan). Yinchuan’s PCAPGL and PGCBUA were in the forefront of China in 2016.
In Nanning, although the PNAE has increased, the scores of GDPPC and RPCDIRUR have always been at a low level. The GDPPC has even been at the bottom of the ranking compared with other western provincial capitals. Since 2011, construction of new campuses in many universities has provided additional capacity. Consequently, Nanning’s Colleges have entered a golden period of enrollment expansion. At the same time, the financial expenditure on technology has been greatly increased and urban construction has intensified, so the scores of social and land urbanization have increased. In 2018, Nanning reached a medium level, due to its obvious progress in transportation system building and completion of house-buying foundation. Consequently, people’s quality of lives was greatly prompted. However, there has always been a lack of innovation in science and technological development, and a concentration of endogenous power in economic development, relying solely on the government to expand construction efforts and the supply of public resources. Therefore, in 2019 Nanning has failed to achieve substantial development, and the total score again declined to a low level.
3.2.4 Decreased Sharply Then Leveled Out: Lhasa and Lanzhou
Lanzhou and Lhasa are special cases. Their scores were trending downward during 2005–2007, but after 2008 they were relatively stable. In 2006, Lanzhou fell from a medium to a low level. In 2007, Lhasa dropped from a high to a medium level and then to a low level in 2008. However, in recent years, Lanzhou has been on a positive trend and surpassed Lhasa.
With the advent of the market economy, Lanzhou, which relied on policy inclination and the state-owned enterprise model, began to suffer. Until 2005, the total score was still at a medium level, which can be attributed to Lanzhou’s relatively strong economic base. Indexes such as GDPPC and PNAE were amongst the middle and upper rankings of the western provincial capitals. However, Lanzhou, an old industrial city, has been facing serious environmental pollution for a long time. It was only in 2013 that it was withdrawn from the ranks of the country’s top 10 air pollution cities. From another perspective, long-term dependence on heavy industry has also caused secondary industry to be affected by reducing excess capacity in recent years. Lanzhou’s GDPGR has been declining since 2011. In 2017, Lanzhou’s GDPGR was only 5.7%, down 62% since 2011. Since 2016, like Xi’an, the implementation of the Belt and Road initiative has ushered in new development opportunities for Lanzhou.
Located on the Tibetan plateau, Lhasa is a typical city with a sparsely populated surrounding area, and urbanization being mainly driven by the expansion of construction land. The central government has formulated a series of special support policies in Tibet as part of the strategy for the development of the western region. Lhasa has carried out many investment and construction projects, but in the face of population scarcity and other shortcomings, the development of urbanization is still weak.
Based on these four categories, there are two prominent problems with new urbanization in the western provincial capitals. The first is large regional differences, meaning uneven development. This is mainly reflected in the southwestern and northwestern regions, such as the differences between Yinchuan, Lanzhou, and Xining, all in the northwest, and Chengdu and Kunming, which are both in the southwest. However, the geographical location is not the only factor that causes the differences. For example, Xi’an and Guiyang show similar development of new urbanization because of their similar locations. The second is that, with time, the gap between them has not been significantly narrowed by improvements of new urbanization and there is also no trend of expansion. In the process of new urbanization, developing the economy, expanding urban land, increasing financial expenditure, and infrastructure construction have become the choices of most cities. However, these choices also lead to a series of problems; for example, the supply of public services public and healthcare in urban areas fail to fully match public demand, and the gap between urban and rural areas is still large. Furthermore, government expenditure can be the main driving force in, for instance, increasing greenery coverage, expanding built-up areas, and perfecting paved roads. However, because this lacks the element of industrial innovation, it is not a perfect system of social security. In addition, it does not unlock the vitality of the economy or reduce instability factors in society, and so the development of new urbanization will be unsustainable. Therefore, in the process of new urbanization, measures should be taken to free up the energy of the economy. Meanwhile, economic and social development must still be coordinated.
3.3 Evaluation of the Factors
3.3.1 Population Urbanization
The score for population urbanization, summed from all western provincial capitals, fluctuated slightly, but was similar to the total score (Figure 6A). It declined in 2007, 2010, 2013, and 2018 to varying degrees, mainly affected by the scores of NSCPTTP. In 2007, the expansion of college enrollment had not stopped but its speed in some cities such as Urumqi, Lhasa, and Guiyang was far less than the resident population growth because of its low appeal to talented people, and therefore these cities’ NSCPTTP decreased. In 2010, the Ministry of Education requested a slowdown in the pace of university enrollment expansion. The decline then spread to other western capital cities, except for Xi’an, and the score for population urbanization also showed a significant reduction for the first time. In 2012, the Ministry of Education introduced relevant policies to stabilize the scale of enrollment. Consequently, NSCPTTP stabilized after the decline in 2013, while the other two indicators, PURP and PNAE, did not fluctuate significantly until 2017. The score for population urbanization has also fluctuated significantly around 2017. In this year, the supply-side structural reform in agriculture kept promoting and got a transitory achievement. Those people from rural areas working in cities were willing to go back to do agricultural work. However, in 2018, farmers suffered from natural disasters and an international trade war, which led the number of farmers to drop again. It can be seen that the contraction of college enrollment has increased the pressure on western provincial capitals to attract talented people. The policies and environment for agriculture also influence people’s movement, both spatially and vocationally. Under such circumstances, the implementation of the new talent policy (rencaixinzheng) and the establishment of a stable environment for agricultural development attracted people who wished to settle down, which will undoubtedly become a measure for these cities ability to retain the quality of their population.
[image: Figure 6]FIGURE 6 | The scores of the factor layers of all cities from 2005 to 2019. (A) Population urbanization. (B) Economic urbanization. (C) Land urbanization. (D) Social urbanization. (E) Ecological civilization.
Comparing the conditions of population urbanization of each city (Figure 7A), the changes of both scores and rankings are relatively stable. Xi’an and Lanzhou have long been among the best, while Lhasa has always been at the bottom. Since 2009, Xi’an has dropped from first to second place, and Lanzhou ranks first instead. Since then, the score gap between the two cities has begun to expand. Lanzhou’s score keeps rising, while Xi’an shows a downward trend. In fact, the NSCPTTP of Lanzhou is better than other cities, due to the score line of college entrance examination (Gaokao) and the admissions policy. In addition to the high-intensity reconstruction of the old city and other urban construction in Lanzhou in recent years, the boundaries between urban and suburban are increasingly blurred. The statistics on urban population are not very accurate, and the population urbanization score also increased. Although Xi’an is one of the top science and education towns in China, and its number of colleges ranks third in China, it has long been limited by the level of local industrial development. As eastern coastal cities are becoming ever more attractive to those well-educated youngsters to dwell in, the population since 2016 has been fleeing fast from western China to eastern China. Lhasa is located in the southwestern frontier of China. The special history and poor natural resources have led to its weak economic base, sparse population, poor industrial structure, and low level of education. This is also one of the main reasons for the dilemma of urbanization development throughout Tibet.
[image: Figure 7]FIGURE 7 | The single urbanization scores of each city from 2005 to 2019. (A) Population urbanization. (B) Economic urbanization. (C) Land urbanization. (D) Social urbanization. (E) Ecological civilization.
Judging from each index for each city (Figure 8A), in the last 15 years, the scores of PURP were fairly even except for Lhasa, Urumqi, and Nanning. Lhasa and Urumqi are located in the westernmost part of China. Compared with other western capital cities, they have shortcomings in natural resources and location, and are sparsely populated. Nanning is close to the Pearl River delta (zhusanjiao), with a large net population outflow. The increase of the resident urban population depended mainly on natural growth, college enrollment and urban expansion during the 12th Five-Year Plan period. The PNAE index increased slowly, which means that the employment in secondary and tertiary industries in each city was limited and the number of new jobs was small. The employment situation is very severe, and a change to the industrial structure needs to be implemented. The difference in the scores of NSCPTTP is relatively large, with Xining and Lhasa being the most pronounced. NSCPTTP has become an important index of the restriction to people’s development. This difference reflects the fact that the allocation of educational resources among cities is extremely uneven. Therefore, in the future, new urbanization processes need to pay more attention to the allocation of employment and educational resources.
[image: Figure 8]FIGURE 8 | The scores of the factor layers of each city from 2005 to 2019. (A) Population urbanization. (B) Economic urbanization. (C) Land urbanization. (D) Social urbanization. (E) Ecological civilization.
3.3.2 Economic Urbanization
The score for economic urbanization, summed from all western provincial capitals, increased (Figure 6B). It rose rapidly, especially in the period of the 11th Five-Year Plan. After 2009, it fluctuated, mainly around 2010 and 2012, and then there were two declines. The trend of GDPGR in the 15 years is very similar to the total score for economic urbanization. It can be seen that GDPGR was an important factor affecting the overall score for economy, especially before 2011. From 2006 to 2010, with the national goal of doubling the GDPPC in 2010 compared with 2000, the development of the economy was rapid around the whole country, and the GDPGR of the western provincial capitals was generally over 12%. However, in 2010, the imbalance of GDPGR led to the first decline in the score for economic urbanization in the research period. In the 12th Five-Year Plan period, the focus of economic development had changed from speed to quality and the GDPGR of western provincial capitals slowed down. At the same time, the trend of TIEPC showed a strong match with the total score curve of economic urbanization in the later part of the period—this was a new stage of the economy, when expanding and opening up had become the choice of most cities. In 2012, as Lhasa vigorously promoted the construction of transport infrastructure, the total imports and exports increased by 154.7% over the previous year, while the majority of cities only grew by about 20%. This led to an imbalance of the TIEPC in 2012, and the scores of the other cities declined in succession. As a result, in 2012, the score for economic urbanization declined for the second time in the research period. There was a sharp drop of the total score in 2017, mainly because of the drop of the score of CEURPC. For instance, the typical city Hohhot in this year focused on major industry projects, thus the market for citizens to participate in was relatively ignored. Other cities were all alike, whose civilian area lagged behind a little.
Amongst the other indexes, the score for GDPPTI has increased year on year, meaning that the adjustment to the new economic structure has achieved notable results. There is no significant fluctuation in the score for GDPPC, suggesting that the quality of the economy needs to be improved. Although the score for DIURPC has increased each year, the score for CEURPC has not necessarily followed the same path. In particular, from 2009 to 2014, DIURPC rose while CEURPC declined, which has a lot to do with the Chinese emphasis on saving. The consumption potential was gradually realized with the advance of supply-side structural reform in 2015.
Comparing the scores and rankings of economic urbanization in each city (Figure 7B), it can be seen that there are large fluctuations in both. The development of the economy is not stable. Aside for Hohhot always being in the first place and Xining often in the last two places, the rankings of other cities have fluctuated to varying degrees. However, although Hohhot ranked high all the time, its score showed a marked downtrend. After reaching a peak in 2009 and 2016, the score began to decline rapidly, which was closely associated with the fact that Hohhot did not open up further to the world in the face of the new situation of declining GDPGR. The TIEPC rapidly declined. Beijing, Tianjin, and Hebei act as the open doors and carry out the trading functions. Even though Hohhot is close to a border (with Mongolia and Russia), the international market is small. Therefore, Hohhot has always focused on the development of its dairy industry, which has advantages and has promoted the rapid development of the economy. However, judging from Hohhot’s score in recent years, it is important to find new economic driving forces.
Xining is located in the northeast of Qinghai-Tibet plateau. Compared with other cities, the GDP and TIEPC are low. It seized the opportunity offered by the Belt and Road initiative during the 12th Five-Year Plan period. In the more recent years, the economic development of Xining has improved. However, it still lagged behind other cities. Consequently, despite the rising score, there was no obvious change of ranking.
Lanzhou and Nanning are also two cities with long-term low ranking and scoring. Lanzhou, an old industrial city, depends on heavy industries and has not developed lighter industries. During the 11th Five-Year Plan period, the economy became weaker, and the income gap between urban and rural residents continued to expand. In later years, through the transformation of the economy, the scores and ranking have increased. By comparison, the economy of Nanning was impacted in recent years by the phasing out of some enterprises in the process of promoting supply-side reform and the transformation of the economy. These enterprises were either excess capacity, high energy consumers, or serious polluters, such as thermal power plants and paper mills. After 2014, the GDPGR of Nanning slowed down, and was 3.5% lower than that of 2013. Hence, Nanning, whose economy was usually average amongst the western provincial capitals, has had a lower ranking in recent years, and has even been found at the bottom of list.
The annual variation of each index for each city was large (Figure 8B). The economic level between cities and the economic structure within cities were also uneven. The TIEPC and GDPPC are important causes of the economic difference of between cities. Taking Hohhot, a city in the best economic condition, and Urumqi with the highest score of TIEPC for many years as examples, Hohhot ranked first in economic status for a long time with higher scores of GDPPC, GDPPTI, DIURPC, and CEURPC, but the TIEPC was low and had a downward trend in later years. Urumqi is adjacent to eight countries and relies on its unique locational advantages, and optimizes a structure that is based on foreign trade and expanding exports. It depends on trade and tertiary industry to promote economic development. However, after 2012, the TIEPC in Urumqi also showed a downward trend, which led directly to the decline of its final score, as with Hohhot and other cities. Thus, the economic development of western provincial capitals is not stable and the quality needs to be improved, which is greatly influenced by the international market. Therefore, it is important to open up the energy of the economy by clarifying the city’s direction, optimizing the structure of trade and industry, strengthening technological innovation, and increasing the added value of its products. This will promote a change in economic growth from external demand-driven to domestic demand-driven, and reduce the dependence on the international market.
3.3.3 Land Urbanization
The score of land urbanization, summed from all western provincial capitals, fluctuated a little (Figure 6C). There were troughs in 2007, 2010, and 2017; and the score began to decline after 2011. After 2007, the construction speed of PCAPGL in most cities slowed down significantly, and the land urbanization score declined. In 2010, the first-tier cities such as Beijing, Shanghai, and Guangzhou, began to control their populations. Together with high housing prices and huge living pressure, this led to the increasing popularity of fleeing from big cities (taolibeishangguang) to second- and third-tier cities. However, the roads and houses of the western provincial capitals failed to respond to the increasing population in time, and therefore the score for land urbanization declined. In 2011, Nanning, Urumqi, and Kunming increased the development of green land. To relieve congestion, the PCAPR increased in most cities, as well as the total score. However, in 2013, urban developable land decreased and BUAPC, which had been on an upward trend, began to slowdown. The PCHAUR score also declined. Some problems typical of cities gradually appeared and the score for land urbanization began to decline.
Looking at the scores for each city for each year (Figure 7C), Lhasa scored the highest during the period of 2005–2013, and was significantly higher than the other cities before 2010. However, after two sharp declines in 2011 and 2014, the gap between Lhasa and the other cities narrowed. Lhasa eventually fell from first place in 2014–2016, and was replaced by Hohhot. Construction in Lhasa is associated with state aid. In 2005, Lhasa took advantage of the opportunity of the 40th anniversary of the establishment of the Tibet Autonomous Region to strengthen environmental governance and develop road reconstruction. After the opening of the Qinghai-Tibet Railway in 2006, a new upsurge of construction in Lhasa was initiated. However, the process of urbanization has caused green spaces to face considerable challenges. In addition, the poor natural conditions on the plateau restrict the growth of greenery. Since 2011, the score for PCAPGL has dropped sharply. During the 11th Five-Year Plan period, the state invested 1.5 billion yuan to build more than 14 thousand turnover houses (zhouzhuanfang) in Tibet. At the same time, it carried out the reform and monetization of the housing system, effectively promoting the process of housing commercialization. This alleviated the housing shortage and the PCHAUR of Lhasa was best in the western provincial capitals for a long time. However, housing construction slowed down after 2014, and the score of the corresponding index also dropped rapidly. Lhasa fell to fourth place in 2014, while Hohhot rose to first because of the rapid growth of PCAPGL after the completion of the ecological control project on the slopes of Daqing mountain, the construction of new parks, and roads renovation.
Over the 15-year period, Xi’an, Xining, Guiyang, and Lanzhou were in the last four places for a long time. What these four cities have in common is that the scores of BUAPC and PCAPR are low. In 2008, the fourth overall city plan of Xi’an was approved. A number of roads were built and opened to traffic, and the land urbanization score increased. In 2010, the Greater Xi’an Plan (daxi’anguihua) was issued, and Xi’an’s score increased in the subsequent years, but the ranking did not change significantly. In Guiyang, because of the low density of roads and over-centralized function of the main city, congestion has always been a major problem and its PCAPR came later than the other western provincial capitals. The expansion of Lanzhou and Xining is restricted by topographic conditions, and the urban form is in a line from east to west. In particular, Xining, located in the Qinghai-Tibet Plateau, has a small population and underwent late development. Consequently, the score for economic urbanization was low and there was little demand for urban expansion. However, inadequate transportation facilities also hindered the development of Xining to a certain extent. In 2012, urban planning achieved a major breakthrough. A number of construction projects were implemented, especially urban greening and optimization of the road network, so scores and rankings improved.
The scores of each index for each city (Figure 8C) show that PCAPGs are low with slight differences, but trends are widely varied. The other three factors are similar in most cities, which means that they are faced with similar problems with land, and the PCAPR and BUAPC are the main reasons for the difference in land scores. Although these capitals are expanding their city boundaries, as well as building transportation and housing facilities, they still fail to respond well to the changes in population. Moreover, as a result of expansion, green land has been occupied and the PCAPGL needs to be increased.
3.3.4 Social Urbanization
The social urbanization score, made by summing up the scores of all provincial capitals in the west, is the most volatile of all factors, but the general trend is upward (Figure 6D). In 2006, the score declined sharply, and then entered an upward phase. In 2013 and 2015, the score fell twice. In 2006, “social security” replaced “reemployment of laid-off stuff” for the first time, and became the primary social problem concerning urban residents. Faced with the new situation, Urumqi substantially increased its expenditure on social security and Chengdu launched a pilot project of medical insurance for urban residents, as well as a new endowment insurance for peasants. However, there are some cities that have not taken relevant measures. This imbalance of development has led to the first decline in scores. In 2013 and 2015, the main reason for the decline was the uneven growth of public transport vehicles in different cities.
Comparing the scores of each city for each year (Figure 7D), it can be seen that there is a distinct rule of differentiation. From 2005 to 2011, Chengdu, Kunming, and Urumqi were significantly higher than the other cities. From 2012, Chengdu continued to score higher, then went far ahead of the other cities. Chengdu has always scored higher because its NURPEI and NURPMI were not only significantly higher than the other cities but also higher than its other indexes. As early as 1986, Chengdu began reform of its social security system, and since 2009 it has taken the lead in the integration of urban and rural medical insurance. Chengdu has increased financial expenditure on public services, especially in the 12th and 13th Five-Year Plan period, whilst maintaining sustained and healthy economic growth. It has realized the equalization of employment, social security, and public services between urban and rural areas, and has built a unified urban–rural social insurance system with multi-level security standards. In recent years, the scores of RPCDIRUR and RPCCERUR in Chengdu have both increased, meaning that the gap between income and expenditure of urban and rural residents has further narrowed. This happened because the employment priority strategy had been implemented, so that urban and rural workers in the city could enjoy employment opportunities fairly and public employment services equally. According to the latest new urbanization plan of Chengdu (2015–2020), it will gradually promote the coverage of basic public services from the registered population to the resident population, and the level of public services will be further improved.
Urumqi was in the top three in social scores for the 15 years. Generally speaking, Urumqi has a higher score in NMBPTTP, which is closely related to the reform of its healthcare system and the improvement of primary healthcare services in recent years. However, the scores and rankings of Kunming are not as good as those of Chengdu and Urumqi, and the downward trend is clear after 2012. On the one hand, the RURUA in Kunming increased that year, while on the other hand the RURUA declined in Lanzhou, Lhasa, and other cities due to exporting surplus labor in urban and rural areas.
Lhasa and Nanning have been last in the ranking of social urbanization for a long time. In Lhasa, except for the relatively high scores of PFESTPC, RURUA, and public service facilities such as NPTVPTTP, NMBPTTP, and NPLCPTTP, the scores of the other indexes are very low. The development of an imbalance between urban and rural areas and the imperfection of the social security system are key problems of new urbanization in Lhasa. The population is small and the level of economy is low, both for historical reasons and due to poor natural resources. Moreover, the NURPEI, NURPMI, and NIU are lower than the other western provincial capitals. In 2006, Lhasa scored higher and ranked 6th, then fell back to 11th, and even to last in 2008–2014. In 2015, the ranking rose again to 8th but then returned to the last place in 2016. In 2006, Lhasa increased its financial expenditure on science and technology and brought in advanced technology. Subsequently, the expenditure of other cities also increased rapidly, and Lhasa’s advantage was no longer clear, so ranking fell. The large income gap between urban and rural residents means that Lhasa has always scored low. This was also an important issue facing Nanning. In addition, the supply of public service facilities, including medical beds and public transportation vehicles, was insufficient, which is also a key reason for the difficulty of urbanization of rural migrants in Nanning. Therefore, in the 15-year period, Nanning’s score barely rose.
Judging from the scores of each index for each city (Figure 8D), the NURPEI, NURPMI, NIU, NMBPTTP, NPLCPTTP, and RPCDIRUR are significantly different amongst the cities, becoming the main indicators that affect the residents’ quality of life and the integration of urban and rural areas in the process of new urbanization. Taking NURPEI and NURPMI as examples, Chengdu and Xi’an scored higher than the other cities. At the same time, these two cities ranked higher in economic urbanization. Therefore, in the western provincial capitals the regional differences of social urbanization are large and are affected by the economy. Consequently, the quality of life of most urban residents needs to be improved.
3.3.5 Ecological Civilization
The ecological civilization score, summed from all western provincial capitals, is relatively stable but rose sharply in 2010 (Figure 6E). After 2010, the score was around 0.900, and before that the score was about 0.800. In 2010, the final year of the 11th Five-Year Plan, environmental protection in China had made positive progress. The PGCBUA in Kunming, Hohhot, and Yinchuan steadily increased. The PHTG in Urumqi, Guiyang, and Yinchuan increased. The WWTR in Nanning improved and the air quality in most cities was maintained in a better state. Although the score entered a new phase after 2010, it fluctuated a lot after 2012, which showed that although the achievements during the 11th Five-Year Plan laid the foundation for ecological development, environmental protection was still facing great pressure. The problem of green space occupied by infrastructure was becoming increasingly prominent, and the pressure to maintain rapid economic growth while taking into account energy conservation and emission reduction was increasing. Therefore, environmental protection needs to be the key concern in the process of new urbanization of the western provincial capitals.
By comparing the scores of each city in the 15 years (Figure 7E), it was found that the fluctuation is far less than that of the ranking. Relatively speaking, the score of Kunming is better, ranking first in most years, but in 2007 it dropped dramatically to fifth. From 2009 to 2011, its ranking declined again. In 2007, Chengdu rose from the fifth to first, and Yinchuan and Guiyang ranked first in 2009–2010 and 2011, respectively. They then hovered in the upper and middle reaches of the rankings. Kunming has good air pollution diffusion conditions due to its special climate and geographical conditions, and the PGAQDC was significantly higher than that of other cities. In 2007, PHTG, WWTR, and total score decreased because Dongchuan district was not counted for these two indicators in the statistical yearbook of that year. At the end of 2008, the local government relocated from the main city to Chenggong county, which resulted in a sharp expansion of the county’s population. However, facilities to treat garbage were seriously insufficient and PHTG decreased significantly. Projects for garbage treatment began construction, and by 2012 a number had been completed, including Chenggong district, which was established in 2011. Therefore, the PHTG increased significantly. This is also an important reason why the ranking of Kunming declined in the period 2009–2011 but returned to the top in 2012.
As for the other three cities ranking first in a few years, Chengdu had built the largest waste incineration power plant in southwest China in 2007, the PHTG went up a lot, and the total score increased accordingly. However, since 2012, the number of motor vehicles in Chengdu has risen rapidly. There is no doubt that congestion in the central city will aggravate air pollution. Dusty weather, straw burning, and pollution control are important reasons for the fluctuations in air quality every year, and are also important factors for the fluctuations of the total score and ranking of Chengdu. Yinchuan ranked first not only in 2009–2010, but also ranked well during 2006–2013. This is closely bound up with the vigorous implementation of landscaping projects that have been carried out since 2006. In 2009, Yinchuan won the title of “model city of greening,” then “model city of environmental protection” in 2012. Since 2014, Yinchuan has carried out the project of the blue sky for creating the card of “Green Water, Blue Sky, Bright Yinchuan,” and the PGAQDC has increased. However, most cities are aware of the importance of preventing air pollution, and Yinchuan has not achieved outstanding results. Consequently, its ranking has declined in recent years. In 2011, Guiyang built a large-scale plant for sewage treatment, and their capacity increased significantly. Consequently, ranking and scoring also rose to first place. Although Guiyang was soon overtaken by other cities, it remained among the higher rankings.
Lanzhou is the least volatile of the cities, ranking in the last but one or the last one for many years. Urumqi also ranked in the last three places from 2005 to 2012. Since 2013, rankings and scores have risen. Lanzhou, a coal-based industrial city, faced serious air pollution, having made great efforts at improvement since the 1990s but achieving little. After 2012, the campaign on air pollution was launched. Through legislative means, the adjustment of energy use structure and the elimination of primitive production methods have been steadily promoted and the air quality has improved. However, due to the closure of the landfill in Lujiadagou, Fulongping, Chengguan district in 2012, the garbage problem became increasingly serious. The PHTG was then about 20%, which is far more that of other cities. Although the PGCBUA in Lanzhou has increased a lot with the development of the western region in China since 2000, landscape greening has grown only slowly, ineffectively and with a limited structure because of financial and natural resources restrictions. In recent years, to alleviate the increasingly serious congestion problem, the government has mainly concentrated on the improvement of the infrastructure, such as paved roads, causing considerable damage to green land. The combination of these reasons means that Lanzhou’s ecological civilization score has gradually declined. Similarly, the PGCBUA and PGAQDC of Urumqi were also low in its early years. Later, the city strengthened control of air pollution by promoting energy conservation and emission reduction, raising 12.1 billion yuan in 2012 to change fuel from coal to gas (meigaiqi) for all heating facilities in the central city. Improving air quality is a task with a long payback time, and the score of PGAQDC has increased but not significantly in Urumqi. Thus, Urumqi’s rise in overall score is mainly due to the increase of PGCBUA in recent years.
From the above, we can see that the large fluctuation of the cities’ ranking is caused by different policies in different time periods, and the ecological civilization score in most cities is not very different. In recent years, responding to central government’s request to build an ecological civilization, most cities chosen to build garbage facilities, sewage treatment works, and to increase the area of green land. Although importance is also attached to the control of air pollution, the scores fluctuated widely between years, meaning that environmental protection is still facing great pressure.
The index scores for each city (Figure 8E) show that WWTR and PGAQDC have the greatest difference amongst cities and became the two most influential factors of ecological civilization scores. As for the PHTG, the technology and means are now relatively mature. From 2013 to 2016, the cities’ PHTG scores (except Lanzhou) were relatively balanced. The PGCBUA increased in all cities during the 11th Five-Year Plan period, but in recent years there was a downward trend. In the process of new urbanization, each city should take the construction of green towns as a breakthrough point, improving the treatment of sewage and controlling air pollution, so as to promote sustainability.
3.4 Correlation of Each Factor
The total score for a factor layer for each year is calculated by summing up all cities, so 15 values were obtained for each factor layer. To ensure that the results are scientific and the correct correlation type is carried out, it is first necessary to carry out a normality test on the 15 data points. Because the sample size of each factor is small, the Shapiro-Wilk test was selected. When p > 0.05, the data shows normal distribution. The results (Table 2) show that the data for each factor are normally distributed. To analyze the correlation between every two factors more accurately and eliminate interference from other factors, partial correlation analysis was finally selected for this paper. When there are several control variables, the partial correlation coefficient is called a multiple order partial correlation coefficient. When the number of control variables is zero, the partial correlation coefficient is called the zero-order partial or Pearson correlation coefficient.
TABLE 2 | Correlation coefficients of each factor layer.
[image: Table 2]The results show (Table 2) that, with or without control variables, only economic urbanization and ecological civilization have significant correlation. When there is no control variable, the correlation coefficient is 0.836, and there is a strong positive correlation between economy and ecology. When the other three factors are taken as control variables, the pure correlation coefficient is 0.714 yet non-significant, which shows that the correlation between the two will disappear due to the influence of population, land, and society. In a similar way to developed countries, China’s early economic construction has often paid the price of destroying the environment, which was not only the result of China’s own development strategy but also related to developed countries’ competition for natural resources and industrial transfer. Severe environmental problems show that the old approach of pollution followed by treatment is not sustainable—it is essential to protect the environment and develop an ecologically sound society. In 1983, China established environmental protection as its basic national policy. In 1996, sustainable development was clearly designated as an important strategy for modernization. In the twenty-first century, President Jiang Zemin stressed the harmonious development of humans and nature (2001) and President Hu Jintao emphasized resource saving and an environment-friendly society (2005). The 17th CPC National Congress took ecological development as its new goal to build an overall wealthy society. The 18th CPC National Congress made a further decision to vigorously promote the development of an ecological society and drew up a grand blueprint for it from 10 aspects. In the latest era of building Chinese socialism, President Xi pointed out in the report of 19th National Congress that we should speed up the reform of system for developing an ecological civilization and build a beautiful China. It can be seen that in recent decades, China has constantly placed ecological development in the same important position as economic construction. The practice of western provincial capital cities in the recent 15-year period shows that China has moved away from the common development of environment and economy. Lucid waters, lush mountains, and invaluable assets7 are by no means opposites. Correctly handling the relationship between the two can help promote both and achieve coordinated development. The key lies in people and ideas.
Amongst other unrelated factor layers, the fact that population urbanization is not related to land urbanization deserves special attention. It can be seen that the expansion of capital cities in western China cannot respond well to population changes. In China’s overall land use planning over the years, the supply of land is mainly determined by local demand. Many local governments, out of considerations of self-interest, have constantly tried to have the highest amount of construction land. Too much attention has been paid to the expansion of cities, while the concentration of the urban population has been ignored. Therefore, urbanization of the population is often accompanied by faster urbanization of land. Lhasa is the most obvious example. Although its population urbanization has long been ranked last in the western provincial capitals, the land urbanization has long been ranked first. At the same time, in the process of rapid land urbanization, green land in urban areas was sacrificed and the urban ecosystem was destroyed. Therefore, western provincial capitals should make more intensive and economical use of urban land in the next few years.
4 DISCUSSION AND CONCLUSION
Urbanization is an important driving force for the healthy development of the national economy. The massive migration brought about by urbanization will satisfy the demand for urban labor and stimulate the demand market. At the same time, it will drive the adjustment and development of urban industries and feed agriculture, so as to achieve coordinated urban and rural development and social equality. Throughout the history of China’s urbanization development, the speed of urbanization has increased rapidly. However, while the urbanization rate has increased significantly, the problems of urbanization and the ecological environment have emerged concurrently, and these problems have expanded in scope and deepened their impact, posing potential threats to people’s lives, economic health, social harmony, and ecological security. In essence, behind the increase in the speed of urbanization development is the neglect of the quality of development. The strength of big cities is weak, the transformation of small towns is difficult, and the gap between cities is expanding. Although the score of indicators has increased, the urbanization quality does not match the increasing speed. China’s urbanization process still lags behind the developed countries in the world. Even though the overall situation is relatively healthy, local problems should not be ignored. In the new era, coping with the crisis brought about by historical development and exploring a new sustainable development path in which cities and nature can coexist in harmony are inevitable choices to improve China’s international status.
Scholars have proven that new urbanization is a project that influences not only population transfer but also an area’s total environmental quality, land use, industry agglomeration, and many other aspects (Wu et al., 2022; Zhang et al., 2022; Zhao and Wang, 2022). These specific aspects are the manifestation of new urbanization. Moreover, the construction status of these aspects may promote or hinder the process of new urbanization. This research reveals that the new urbanization construction level is in a rising trend, but is not stable in the long term. The unstable status of new urbanization is often caused by uncoordinated development of different factors. An ideal status of new urbanization requires the inner parts to be in a symbiotic state (Chu, 2020; Dijkstra et al., 2021). Accordingly, focusing on realizing coordinated development of each factor would be vital to improve the quality of new urbanization. Besides, in the future, blind rapid expansion of cities would not match the aim of sustainable development. Demolition, expansion, and projects should be implemented based on the objective needs of a city instead of improving the government’s performance. Another easily overlooked problem is the tense relationship between city and rural areas. The realization of new urbanization should not mean the disappearance of rural areas (Lang et al., 2016). It is necessary to take into account the creation and improvement of rural infrastructure, living conditions, and production conditions in the process of new urbanization. Hence, farmers could have more work and life options.
Due to constraints of time and energy, the period of this study is relatively short, and the years of 10th Five-Year Plan period have not been completely analyzed. Data limitation meant that this paper only selected the western provincial capitals for study because these capitals concentrate most of the economic, cultural, and political functions of the province. There is still a big gap between other prefecture-level cities and the provincial capital within the province. Future research can consider expanding the time period and increasing urban samples, so as to more objectively reflect the dynamic development process of new urbanization in the western region.
This paper has constructed an evaluation system for new urbanization that is based on the connotation of new urbanization, existing research results, and the key goals set out in NNUP. We then objectively evaluated new urbanization in 11 western provincial capitals from 2005 to 2019. The conclusions are as follows:
(1) Economy, land, and society are the factors that have had significant influence on the new urbanization in past years. Among them, the impact of economic urbanization weakened after 2012, and the impact of land urbanization has since increased. This means that in the latest stage of the economy, land expansion has become another driving force of new urbanization, following economic development.
(2) The level of new urbanization of all the western provincial capitals is rising in waves. It has achieved “great-leap-forward” status in and after the 12th Five-Year Plan period. The focus has shifted from the contradiction between economic development and ecological protection, to the coordinated development of the economy and society. Cities are still in an exploratory phase due to the fluctuating status. The level of new urbanization in most cities is constantly improving, but the gap has not been significantly narrowed with the passage of time and regional development disparity still exists. The economy is the main driving force of most cities. However, the endogenous power of the economy in most cities is still being tapped, and social security and public services are still improving.
(3) Among the factor layers, the score of social urbanization fluctuated the most. Social development between cities and the allocation of public resources within cities are both imbalances. The scores of ecological civilization and economic urbanization showed an upward trend. However, these cities need to reduce the dependence on the international market and adopt more active policies to cope with environmental protection pressure. The scores of population urbanization and land urbanization have been relatively stable in past years. With the influx of the rural population into cities, areas of built-up land and paved roads are still increasing. However, rapid land urbanization has also damaged the urban ecosystem to a certain extent, and cities should move towards intensive and economical use of land.
(4) Through the correlation of various factors, it was found that the western provincial capitals have already embarked on a road of economic-ecological co-development. However, it is worth noting that although the score of economic urbanization rose, it is not stable and is greatly influenced by the international market. In addition, ecological development is facing greater pressure. Unfortunately, there is an imbalance between other single factors. The correlation results show that urban land expansion fails to respond well to population increase. These results indicate that development within cities is very uncoordinated and this phenomenon has also existed in cities for a long time. Therefore, approaches to coordinating development within cities are also a problem worthy of future attention.
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FOOTNOTES
1The division of China into three parts, namely the east, central and western regions, began in 1986 with the Seventh Five-Year Plan for National Economic and Social Development of the People’s Republic of China. The division was a function of policy, not administration or geography. So, the provinces in the eastern, central, and western regions have so far changed according to the extent of policy adjustment. As the eastern region benefited earliest from the opening-up policy, its level of economic activity is relatively high. The central region is less developed, and the western area is least developed.
2From 2014 to 2016, the state listed two provinces (Anhui and Jiangsu) and 246 cities (towns) as pilot projects in three batches, making them the pioneers in implementing the new urbanization strategy. Batch one: http://www.ndrc.gov.cn/zcfb/zcfbtz/201502/t20150204_663078.html; Batch two: http://www.ndrc.gov.cn/gzdt/201511/t20151127_759921.html; Batch three: http://www.gov.cn/xinwen/2016-12/07/content_5144553.htm#1.
3The term “megalopolis” comes from the Notice of the State Council on the classification of urban scales, and is used for cities with more than 10 million residents in an urban situation. Source: http://www.gov.cn/zhengce/content/2014-11/20/content_9225.htm.
4Chengdu is committed to build a sustainable world city in this new plan. Source: http://www.chengdu.gov.cn/chengdu/home/2017-12/12/content_ba147a549692440bb298ae661f0ffe0b.shtml.
5The Silk Road Economic Belt and the 21st-Century Maritime Silk Road, or the Belt and Road for short, was unveiled by Chinese President Xi in 2013. Source: https://www.yidaiyilu.gov.cn/.
6To participate in the selection of National Civilized City, National Health City and National Food Safety Demonstration City. Source: http://www.huhhot.gov.cn/zwgk/zfxxgkzl/zfxxgkmlx/201809/t20180918_340954.html.
7Lucid waters and lush mountains are invaluable assets was put forward by Comrade Xi Jinping in 2005, when he was the Secretary of the Zhejiang Provincial Party Committee. In October 2017, the report of the Nineteenth National Congress emphasized that China advocates harmonious coexistence between humans and nature, and sticks to the path of green and sustainable development; that is, to establish and practice this conviction. Source: http://cpc.people.com.cn/GB/67481/412700/.
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Land-use/cover change (LUCC) caused by human activities is an important factor in changes in global ecosystems; however, the impact of LUCC on ecosystem service value (ESV) has never been previously assessed in Luoyang City, China. This paper explores spatial and temporal evolution patterns of land use pattern change, ESV change and response to LUCC in Luoyang City from 2010 to 2019 through GIS and remote sensing techniques, and employing transfer matrix, ESV spatial autocorrelation analysis and elastic coefficient change. During the study period: 1) Between 2010 and 2019, land-use changes in Luoyang City showed a trend of “two increases and four decreases,” specifically, built-up land and forest areas increased, while the extent of cropland, grassland, water, and unused land areas decreased. 2) The recorded land-use conversion in Luoyang City is complex, with forest and cropland land uses increasing and decreasing fastest, respectively, with the proportion of forest increasing by 10.19% and cropland decreasing by 3.37% — the reason for this change is the transition from cropland and grassland to forest and occupation of cropland by built-up land. 3) The ESV change in Luoyang City was U-shaped, with the total ESV increasing 1.96% from ¥44.78 billion to ¥45.66 billion; additionally, the ESV provided by forest areas increased by 23.83%. 4) From 2010 to 2019, Luoyang’s hydrological regulation, climate regulation and soil and water conservation contributed the most to Luoyang’s ESV, accounting for 63.89% of the total ESV in 2019. 5) The overall ESVs of the townships in Luoyang City have obvious clustering and are not completely randomly spatially distributed. With the optimization of land-use allocation, the ESV high–high clusters have expanded. 6) The overall elasticity coefficient is high in Luoyang City and ESV responds intensely to LUCC, with the most significant response shown by the forests of Luolong District. The findings of this survey are practical for helping Luoyang City to optimize land resource usage scientifically.
Keywords: ecosystem service value, land-use/cover change, elasticity coefficient, spatial correlation, GIS
1 INTRODUCTION
Ecosystem services are life-supporting products and services obtained directly or indirectly through the structure, processes, and functions of ecosystems (Costanza et al., 1997; Ye et al., 2018), including provisioning services (e.g., food production, water supply, raw material production), regulating services (e.g. climate regulation, hydrological regulation), and cultural ser-vices (e.g. recreation, landscape aesthetics) that directly affect humans. Additionally, support services have an indirect impact on humans (e.g. soil conservation and maintenance of biodiversity) (de Groot et al., 2012; Wang et al., 2017). Overall, these ecosystem services form the material basis from which human societies sustain their survival and development (Zhang and Wang, 2022).
Land-use/cover change (LUCC) is a significant element of global ecosystem change caused primarily by human activities. As a result of global population boom, urban spread and rapid economic development. Land-use/cover has changed significantly at both global and regional scales (Zhang et al., 2007; Song, 2017; Zhang H. et al., 2022); according to the Millennium Ecosystem Assessment (Berry et al., 2018), about 60% of global ecosystem services have decreased in the past 50 years, with the rapid conversion of natural ecosystems to cropland, built-up land, etc. Around 13 million hectares of forest are converted to agricultural land globally every year (Foley, 2005), and about 40% of the Earth’s habitable surface is used for agriculture, such as croplands (Fu et al., 2009). Ecosystems are now facing increasingly serious threats (Zhang J. et al., 2022), representing a global problem that limits sustainable human development.
As public good has not been captured by global markets, the economic value of ecosystem services is not well understood by policymakers and the public; accordingly, identifying how to better quantify ecosystem services and analyze value changes are challenges that have attracted widespread attention from researchers (Xie et al., 2008). Based on Costanza’s research, Xie et al. developed the Chinese ecosystem service value (ESV) equivalent factors and ESV coefficients with reference to Chinese geographic conditions after several revisions, this research has provided a basis for Chinese scholars to assess the value of regional ecosystem services and has been broadly applied in China (Millennium Ecosystem Assessment, 2005). In recent years, more studies has emphasized the impacts of LUCC on ecosystem service functions and values. Bisui et al. analyzed the value of ecosystem service functions through the value transfer method; their study found that total ecosystem services in tropical rainforest areas decreased by 31.20% due to deforestation and there were differences in the values of individual ecosystem service functions, which play a crucial role in ecosystem services as a whole (Bisui et al., 2020). Assefa et al. analyzed the value of wetland ecosystem services in the city of Bahada, Ethiopia, over 35 years (1984–2019) using the corresponding global value coefficients and found that the extension of built-up land areas was the principal driver of wetland ecosystem loss and that ESV loss led to changes in soil acidification (Assefa et al., 2021). Using a value transfer approach, Song et al. explored LUCC over the last 30 years in China, concluding that ESV changes in China from 2000 to 2008 were relatively benign compared to ESV changes in other countries worldwide over a similar period (Song, 2017). Meng et al. used remote sensing and landscape indicators to analyze the wetlands of Nansi Lake, China, from 1987 to 2017; these authors found that LUCC was driven by human manufacturing and that economic advancement led to a decrease in ESV (Meng and Dong, 2019).
Located in the western part of Henan Province, it is a national key development zone and the sub-center of the Central Plains urban agglomeration. Luoyang City is the ancient capital of nine dynasties and has been known as “the middle of the world” and “the hinterland of nine states and the thoroughfare of ten provinces” since ancient times. Influenced by the differences in topography and resource conditions between the north and the south, the land re-sources of Luoyang City and their utilization have obvious regional characteristics. Luoyang City has diverse ecosystems, rich species, prominent contradictions between social and economic construction and ecological environmental protection, and complex and diverse ecological environment conditions. The total area of the existing nature reserves is 2058.86 square kilometers, and the coverage rate of nature reserves is 14%. Species in the north-south transition zone are widely distributed. The forest covers a wide range, and the main types are deciduous broad-leaved forest dominated by oak trees, coniferous forest, shrubs and artificially cultivated trees. From an ecological point of view, it faces greater pressure in preventing soil erosion and protecting biodiversity. Focusing on the strategic goals of building an international cultural tourism city, a model city for the coordinated development of “three cultures” and an important economic growth area in the Central Plains Ecological Zone, an ecologically pleasant mountainous city, a new industrialized city with obvious characteristics and a vice central city of Henan Province, Luoyang City shoulders the heavy responsibility of land ecological environment construction and ecological environmental protection. Some LUCC studies have been conducted in several counties in Luoyang; for example, Zekai et al. used ecosystem factor weighting and spatial autocorrelation analysis to assess ESV changes in response to land-use change in Song County, located in the south of Luoyang, finding that the expansion of land for urban construction and the continued reclamation of cropland have driven ESV loss throughout the townships (Yin et al., 2020). However, research to date has mostly focused on the impacts of LUCC on the ESV in a certain area or eco-system in Luoyang, while relatively few studies have investigated these factors on a city-wide scale. Therefore, this paper aims to: 1) constrain LUCC and associated spatial patterns during the period from 2010 to 2019; 2) evaluate the reaction of total ESV to changes in LUCC and individual ecosystem service functions according to modified coefficients; 3) discussion of the spatial-temporal features of ESV using exploratory spatial data analysis; and 4) discern the elasticity of ESV changes in response to LUCC.
2 MATERIALS AND METHODS
2.1 Study area
The research area is the entirety of Luoyang City, located in the western part of Henan Province, China (Figure 1), straddling the north and south banks of the middle and lower reaches of the Yellow River with a gross territorial area of 15,230 km2 and a temperate monsoon climate, located in the region 112° 16′–112° 37′ E and 34° 32′–34° 45′ N. The study area comprises seven municipal districts and six counties: Change District (CHH), Jianxi District (JX), Laocheng District (LCH), Luanchuan County (LC), Luolong District (LL), Luoning County (LN), and Mengjin District (MJ), in addition to Ruyang County (RY), Song County (SX), Xigong District (XG), Xin’an County (XA), Yanshi District (YSH), and Yichuan County (YCH). The city has a total population of approximately 7 million. Guided by the development strategies of “strong industrial city, strong tourism city, strong science and education city” and “double-driven project attraction”, Luoyang City is actively exploring the road of coordinated development of new industrialization, urbanization and agricultural modernization, and the city’s economy and society are developing steadily and rapidly. The city’s economy and society are developing steadily and rapidly. In 2020, Luoyang City’s annual gross domestic product (GDP) was estimated at ¥ 512.84 billion, with an average annual GDP growth of 3% at comparable prices, exceeding the national average by 0.7 percentage points and the provincial average by 1.7 percentage points.
[image: Figure 1]FIGURE 1 | Location of Luoyang city.
2.2 Data sources
The primary source of time point data of land-use policy and economic development rate was the database of the Third Land Survey of Luoyang City from 2010 to 2019. In 2010, the overall land-use plan of Luoyang City emphasized the need to strengthen cropland protection, especially basic cropland, and strictly control the scale of built-up land. By 2015, Luoyang City had adjusted the structure of land supply, transformed land use approaches, and switched to a full state-owned built-up land supply plan in macro-control to facilitate rapid development of the city’s economy and society. In 2019, the gross domestic product of Luoyang City was ¥503.49 billion, with citizens’ per capita income economy having increased substantially. The socio-economic data were obtained from the Luoyang City Statistical Yearbook and published on the official Luoyang City government website (http://www.ly.gov.cn/html/1//2/64/index.html) (Luoyang Municipal People’s Government, 2022).
2.3 Land-use/cover change analysis
In this paper, the dynamic analysis of LUCC in Luoyang City is carried out through the two aspects of land use patterns and temporal and spatial characteristics of land use change, and the temporal and spatial changes of LUCC in Luoyang City are explored through Markov model. The practical application of the Markov model in the direction of land use is reflected by the land use transition matrix. The goal of the land use transition matrix is to more dynamically and directly reflect the structural characteristics and transition directions between various land use types through a two-dimensional table, while including the static information of different land types and areas, it explains the transfer-in and transfer-out information of different land use types, so it can intuitively reflect the dynamic process of land use change. Based on the previous research results, this paper investigates the characteristics of LUCC using a Markov transfer matrix (Liu W. et al., 2021).
[image: image]
Among them, [image: image] is an n×n matrix; A is the area; the land use types at the beginning and end of the research period are i and j, respectively, and n is the number of land use types in the study area.
2.4 Calculation of ecosystem service value
The ESV equivalent for food production per hectare of cropland was assumed to be 1 by Xie et al. (Zhang et al., 2010), with the ESV of cropland food production per unit area taken to be equivalent to 1/7 of the product of the national average output of grain. The purchase price of grain, and the ESV equivalent factors of other land types, are defined relative to the service value of cropland food production (Xie et al., 2008). Based on the actual production capacity of Luoyang, the grain yield correction method was then applied. The specific correction process is as follows. The main food types were assumed to be corn, wheat, peanuts, and soybeans; the average price of these crops was set using prices in the province in 2019 as a benchmark. By consulting the 2010–2019 Luoyang Statistical Yearbook, the value of a single ecosystem equivalent in Luoyang was finally derived as ¥1,639.40 per hectare according to (1):
[image: image]
Where [image: image] denotes the financial value of crop per unit area supplied by the farming system, [image: image] denotes the type of grain crops in the region studied, [image: image] is the number of main food crop categories in the area investigated in total, [image: image] indicates the total sown area of the ith food crop in the study area, [image: image] represents the average price of the ith food crop in the region studied, [image: image] is the average unit output of the ith grain crop area in the region studied, and [image: image] is the total sown area of all food crops in the region studied.
To investigate the ESV of Luoyang, this paper uses the ESV assessment system proposed by Xie for China (Hu et al., 2019) and the equivalence factors are then modified by the ecosystem service equivalence factor system proposed in previous literature (Yin et al., 2020); the ecological service value coefficients per unit area of various land-use type in Luoyang City are then calculated according to (2), as shown in Table 1.
TABLE 1 | ESV per unit area in Luoyang (RMB/ha).
[image: Table 1]The value of ecosystem services supplied by each land-use type (Zhou et al., 2018; Jw et al., 2019; Ylab et al., 2020) can be estimated by:
[image: image]
Where [image: image] refers to the distribution area of the kth land-use type and [image: image] refers to the ESV per unit area.
2.5 Spatial statistics
Spatial autocorrelation analysis is mainly used to measure the degree of correlation in the spatial distribution of a variable based on its values in adjacent areas; The importance of spatial autocorrelation is that it helps to determine the importance of spatial features affecting objects in space and whether there is a clear relationship between objects and spatial properties; thus, spatial autocorrelation can express the correlations and differences of a given spatial phenomenon (Cabrera et al., 2012; Zhu et al., 2021). This paper takes the township as a unit, and explores the spatial correlation between the ecosystem service value of each town in Luoyang City through spatial autocorrelation analysis.
The basis of spatial correlation analysis is the spatial weight matrix. Considering that the land is continuously distributed, this paper determines the weight matrix by choosing Queen adjacency that considers both common vertices and common edges. Moran’s I is a spatial autocorrelation measure; where I>0, the data are positively spatially correlated, with larger values indicating stronger correlation, high-high (HH) or low-low (LL) local clustering of ESV values within local spatial cells. Conversely, when Moran’s I<0, the data show negative spatial correlation, the more negative the value, the greater the spatial difference between adjacent areas, high-low (HL) or low-high (LH) local clustering of ESV values within local spatial cells. When Moran’s I = 0, the spatial distribution is random (i.e., no correlation). Moran’s I is calculated as:
[image: image]
Where [image: image] ; m refers to the total number of spatial units, [image: image] represents the attribute value of the ith spatial unit, [image: image] expresses the attribute value of the jth spatial unit, [image: image] is the mean value of the attribute values of all spatial units, and the spatial weight value is [image: image].
2.6 Elasticity of ecosystem service value change in relation to land-use/cover change
The elasticity coefficient (E) is used to gauge the rate of change of ESV over time in response to LUCC; this describes the contribution of LUCC to the total ESV and its im-portance (Yuan et al., 2019).
E is calculated through (4) and (5):
[image: image]
[image: image]
where E is the elasticity coefficient between ESV and LUCC, s and e denote the coefficients of ecological service value at the initiation and termination of the study, respectively, L describes the proportion of land change conversion, [image: image] is the area of class i land-use conversion, and [image: image] refers to the area of class i land use.
3 RESULTS
3.1 Land-use/cover patterns
The areas of the various land types from 2010 to 2019 are shown in Table 2 and Figure 2. The spatial distribution of Luoyang’s land types in 2010, 2015, and 2019 are presented in Figure 3. In 2010, forest represented the predominant land type, covering about 42.34% of the total study area. The cropland areas were also large, covering a proportion of 33.30%, while the remaining land types (i.e., built-up land, grassland, water, and unused land) make up 24.36% of Luoyang’s total land area (Table 2), with proportions of 9.42%, 9.16%, 3.89%, and 1.90%, respectively.
TABLE 2 | LUCC patterns in Luoyang(km2).
[image: Table 2][image: Figure 2]FIGURE 2 | Area of each land-use type in Luoyang (km2).
[image: Figure 3]FIGURE 3 | Spatial distribution of LUCC in Luoyang in 2010, 2015, and 2019. Key: 1. Laocheng District, 2. Xigong District, 3. Chanhe District, and 4. Jianxi District.
As shown in Figure 3, in 2019, forest land was mainly distributed in the southern parts of the study area with higher elevations, including SX (27.01%), LC (26.82%), LN (16.91%), RY (8.96%), and XA (6.20%). In total, these areas accounted for 85.90% of the total forest land area. The cropland area was widely distributed but mainly concentrated around the central city, including YY (18.28%), LN (13.93%), YCH (12.82%), SX (12.19%), and XA (12.07%) areas, which accounted for (69.29%) of the total cropland land in Luoyang. Built-up land areas were mainly scattered around the central part of Luoyang, including YSH (12.00%), YCH (10.75%), XA (10.67%), and YY (10.53%). Water occurred largely in SX (16.76%), in which the Luhun Dam is located, Xiaolangdi Dam, and XA (16.03%), in which the Yellow River Basin was located. Grassland was mainly located in LN (28.65%) and YY (21.42%). Unused land was mainly distributed in YCH (39.22%) and YY (35.90%).
3.2 Temporal-spatial characteristics of land-use/cover change
During the study period, the area of built-up land and forest increased in Luoyang City, while cropland, grassland, water, and unused land areas decreased; of these, forest and cropland classes showed the largest increase and decrease, respectively, and also represented the land use with the fastest growth rate and the fastest decrease. During this period, forest increased by 1,559.63 km2, accounting for a 10.20% increase and cropland decreased by 512.13km2, accounting for a decrease of 3.38%.
The vector data of land use in Luoyang City in 2010, 2015, and 2019 were fused and intersected using ArcGIS 10.5 to derive the land-use transfer matrices for Luoyang City from 2010 to 2015 and 2015 to 2019 (Tables 3, 4).
TABLE 3 | 2010–2015 Land Use Transfer Matrix (values in square kilometers).
[image: Table 3]TABLE 4 | 2015–2019 Land Use Transfer Matrix (values in square kilometers).
[image: Table 4]As shown in Figure 4, the most transferred area was forest at 1,856.08 km2; of this, the main sources of transfer are cropland, grassland, and built-up land. The transferred area of cropland is 1,224.48 km2; this was the most transferred land type, while its main sources of transfer were forest, built-up land, and grassland. Built-up land is the most comprehensively transformed land type by humans, with cropland, forest, and grassland representing its main sources of transfer.
[image: Figure 4]FIGURE 4 | Land use transfer matrix in (A) 2010–2015; and (B) 2015–2019. Key: 1. Laocheng district, 2. Xigong district, 3. Chanhe district, and 4. Jianxi district.
In terms of the scale of interchange between forest, cropland, and built-up land in the study area, extensive areas of cropland were replaced by built-up land. The con-current increase in forested areas during the study period is mainly due to the official issuance of the Forest Luoyang Ecological Construction Plan (2018–2027), which has resulted in better protection and management of forests in Luoyang City, in addition to substantial progress in ecological engineering construction. This has protected forest resources to a certain extent, with additional economic and social benefits.
3.3 Changes in ecosystem service
3.3.1 Change in total ecosystem service value
Based on data from the Third Survey of Luoyang City Land, the study area’s ESV was estimated, with the results showing that forests and areas of water provided more than 80% of Luoyang City’s total ESV. Forests have the highest ESV contribution, ac-counting for more than 54% of the area’s total ESV. From 2010 to 2019, the total ESV increased from ¥447.75 billion to ¥456.54 billion (Table 5), an increase of 1.96%. This increase was influenced by the changes in the unit area economic value of different ecosystems (Figure 5A). Between 2010 and 2019, ESV in Luoyang City increased by 3.14% from natural ecosystems (i.e., forests, grasslands, and water bodies), from ¥41.15 billion to ¥42.45 billion per year. Among the total ESV growth of these natural landscapes, forests changed the most, with a recorded increase of 23.83%. In contrast, the total ESV of man-made ecosystems (i.e., cropland, unused land, and built-up land) de-creased by 11.35%, from ¥3.62 billion to ¥3.61 billion per year, with 95.50% of this contribution due to decreases in the extent of cropland. Overall, the total ESV of Luoyang City increased by ¥8.79 billion from 2010 to 2019, with an average annual growth rate of 2.16%.
TABLE 5 | Estimated values for different ecosystem functions in Luoyang in 2010–2019.
[image: Table 5][image: Figure 5]FIGURE 5 | (A) ESV for different land-use types (RMB billion); (B) ESV of individual ecosystem service functions (RMB billion).
3.3.2 Changes in ecosystem service values of different ecosystem services
In addition to the overall ESV change in Luoyang City, we also quantified and contrasted the contributions of individual ecosystem functions to the total ESV. The most important components were hydrological regulation, climate regulation, and soil and water conservation (Figure 5B). In 2010, these ecosystem service functions ac-counted for 35.82%, 19.18%, and 9.61% of the total, in 2015, they accounted for 35.41%, 19.34%, and 9.69% of the total, and in 2019, they accounted for 33.21%, 20.74%, and 9.94% of the total, respectively. Between 2010 and 2019, all ecosystem service functions increased, except for water supply, food production, and hydrological regulation, which decreased by 6.54%, 5.88%, and 5.46%, respectively. Among these, climate regulation services increased the most (10.24%), followed by biological diversity (7.84%), aesthetic landscape (6.73%), gas regulation (6.24%), soil conservation (5.58%), environmental purification (5.29%), and raw material production (4.40%), with nutrient cycling showing the smallest increase (3.90%).
3.3.3 Ecosystem service value spatial patterns based on the local Getis–Ord G* index
Based on analysis of Getis-Ord G* statistics, the ESVs of townships within Luoyang City consistently showed significant spatial autocorrelation over the 10 years, with significant aggregation. The spatial association patterns of the attributes of regional units and those of surrounding units are shown by Moran’s I scatter plots, which show that ESV scatter is mainly dispersed in the first quadrant (HH) and the third quadrant (LL), while the scatter dispersed in the second quadrant (LH) and the fourth quadrant (HL) are relatively small (Figure 6). Combined with the Moran’s I index, the ESV of each township in Luoyang City shows a strong positive spatial correlation and a relatively consistent distribution pattern. From 2010 to 2019, the local Moran’s I index showed an increasing trend—the scatter of points along the trend line first increased and then decreased, reflecting an initial increase and subsequent decrease in local spatial autocorrelation degree in the study area. The spatial clustering of ESVs and the spatial divergence of ESVs in each district and county are broadly similar.
[image: Figure 6]FIGURE 6 | Moran’s I scatterplots of ESV in Luoyang City, in (A) 2010; (B) 2015; and (C) 2019.
In 2010, the ESV HH clusters areas are distributed in five counties such as LN, LC, SX, and RY in the south of Luoyang, and XA in the north. These areas have high elevations, mostly mountainous areas, forest cover, and are less influenced by factors such as urban land expansion; these areas also contain scenic locales such as Laojun Mountain Scenic Area in LC, Baiyun Mountain Scenic Area in SX, XA Longtan Grand Can-yon Scenic Area, etc. Five districts (LCH, XG, CH, LL, and JX) are LL clusters, mainly due to the low ESV values caused by the concentrated distribution of built-up land and the relatively small extent of natural ecosystems. LH clusters are distributed in LC and SX, while the HL cluster occurs in MJ—based on land use type, these areas mainly comprise water and the junction between cropland and built-up land areas, such as Xiaolangdi Dam and the area of cropland surrounding the reservoir (Figure 7A). In 2019, the value range of the LN, XA, LC, SX, and RY HH clusters further expanded, while those of the LL clusters showed a decreasing trend (Figure 7B and Figure 7C).
[image: Figure 7]FIGURE 7 | Local indicator of spatial association (LISA) maps of ESV in the Luoyang City area in (A) 2010; (B) 2015; and (C) 2019.
3.4 Elasticity of ecosystem service change with respect to land-use/cover change
To measure the response relationship between ESV and LUCC in Luoyang City, the elasticity coefficient was used to explore the response of ESV changes to LUCC changes in the periods 2010–2015 and 2015–2019 in each region of the study area, the results of which are shown in Figure 8. The higher the elasticity value, the greater the ESV response to land-use changes. From 2010 to 2015, high elasticity values occurred in grassland, cropland, and unused land areas in LL, with values of 25.27, 17.10, and 12.88, respectively. It shows that every 1% of land use conversion will lead to the average ESV changes in the region of 25.27%, 17.10% and 12.88%, respectively. The corresponding elasticity values of each land-use type in the other districts are low during this period, indicating that LUCC changes do not significantly impact ESV (Figure 8A). From 2015 to 2019, a high elasticity value is recorded in forest land in LL (23.25), followed by forest land in YCH (19.44); XG, MJ, CHH, JX, YSH, and LCH all showed large changes in the elasticity value of forests (Figure 8B). The areas where ESV changes are most sensitive to LUCC are the areas with low ESV values, which are mainly concentrated in 5 towns in the north of Luoyang City (XG, MJ, CHH, JX, YSH). During 2010–2019, the overall high elasticity values indicate that ESV responds strongly to LUCC, especially in the forest area of LL, where an elasticity value of 91.15 was recorded, indicating that forests have a significant impact on the value of ecosystem services in Luoyang City (Figure 8C). Since 2015, Luoyang’s forestry ecological construction has revolved around the development strategy of “foresting on the mountains, landscapes under the mountains, landscapes around the city, along the rivers and roads, and rural pastoralism”, and promotes the transformation of forestry from afforestation to landscaping, wealth creation, and benefits and greening. Change to beautification, culture and industrialization. Comprehensively promote and optimize the layout of the space bar, and Luanchuan County has made every effort to build an ecological conservation area in southern Luoyang. The forest coverage rate increases, and the contribution of forest land to ESV in Luoyang gradually increases.
[image: Figure 8]FIGURE 8 | Changes in elastic values for different land-use types in the study area in (A)2010–2015; (B)2015-2019; (C) 2010-2019.
4 DISCUSSION
In general, drastic changes in land-use models can harm ecosystems (Qiao et al., 2020; Deng et al., 2021; Xi et al., 2021). The sustainable development of cities cannot be achieved without studying the evolution of the value of urban ecosystem services, such as forest ecosystems, which provide gas regulation, hydrological regulation, etc. Cropland ecosystems ensure food security for people as well as benefits such as providing raw materials for production. Furthermore, forest and grassland ecosystems represent important recreational sites. In this paper, using the ESV coefficients determined by Xie et al. for China, six land types were analyzed to reveal the main factors affecting ESV changes in Luoyang City. Most significantly, expansion of forest land areas tends to lead to an increase in ESV. Previous studies have shown that during 2000–2018, the ESV of the Central Plains urban agglomeration in Henan Province exhibited a trend of steady improvement in the early stage and rapid decrease in the later stage of this period (Liu M. et al., 2021). However, this differs from our findings due to the rich ecological resources of Luoyang City and the differing development strategy focuses in the urban areas of Henan Province. The value of ecosystem services in Luoyang City increased by 1.96% (¥8.79 billion) between 2010 and 2019 under the influence of rapid urbanization. This aggressive change is primarily due to the strengthening of forest protection and management and the effective protection of forest land resources through ecological projects such as the “Returning Cultivated Land to Forests Project”, “Natural Forest Protection Project”, and “Afforestation Program”. These initiatives have resulted in an increase in forested areas and significant ecological, economic, and social benefits, offsetting the reduction of ecosystem service functions caused by the loss of natural ecosystems such as water and grassland areas during the study period. Despite the increase in total ESV, the loss of net ESV provided by grasslands and watersheds is noteworthy—the value of ecosystem services provided by watersheds and grasslands in Luoyang decreased by ¥2.63 billion (57.88%) and ¥1.90 billion (15.50%), respectively, between 2010 and 2019, accounting for 10.10%. The leading causes of this phenomenon is the development of some mudflats areas into agricultural land such as cropland and, additionally, economic development has prompted some counties to convert water bodies to built-up land, resulting in a reduction in water area. Furthermore, in plain areas, grasslands are mostly developed as cropland or occupied by built-up land, while in mountainous areas, mainly due to agricultural restructuring, grassland areas are widely reclaimed as forests or cropland. These changes result in a substantial decrease in grassland area, thus leading to a decrease in the ecosystem service functions provided by water and grassland. This is consistent with the findings of many other studies globally that have identified that urban expansion adversely affects the provision of other key ecosystem services (e.g., water supply, food production, and hydrological regulation) (Li et al., 2007).
During the study period, grassland areas were increasingly occupied by arable land due to urban expansion and population growth, with the grassland area in Luoyang City decreasing by 808.31 km2 during the decade, of which 25.03% was transformed into cropland. The decrease in water area in Luoyang City is a significant problem. This decrease is mainly driven by factors such as man-made transitional exploitation, lake reclamation, irrigation, siltation by sediment, raising of the lake bed, and other natural factors. Additionally, the decrease in freshwater resources in Luoyang City is not conducive to the development of freshwater aquaculture, while these issues are further compounded by the decrease in unused land, which has also reduced the area’s land reserve resources.
During 2010–2019, the total output of grain in Luoyang 2019 was 2.378 million tons, with an annual growth of 5.09%. The construction of high-standard farmland in Luoyang City continues to promote a policy of “hiding food in the land, hiding food in technology,” which greatly ensures the food security of Luoyang City; however, the 11.15% decline in arable land in Luoyang City is still a problem that cannot be ignored, and future development should focus on protecting arable land resources. In addition, Luoyang City fully supports the construction of energy-saving and environmental protection industries, closely links ecological and environmental protection with urban development, and optimizes land-use allocation. Since 2010, the extent of ESV high–high concentration areas has spread and low–low concentration areas have continued to decrease. The overall elasticity coefficient of Luoyang City is high, thus, changes in land use will cause a strong reaction in the ecosystem, among which, the forest has a drastic impact on the ecosystem; In the future, focusing on the goal of building an ecological Luoyang and a livable Luoyang, we should continue to strengthen ecological environmental protection and governance, build ecological corridor projects along the Yellow River, and implement ecological protection projects such as ecological forests in mountainous areas and reforestation in wetlands, so as to make forest ecosystems practical. The people of Luoyang get benefits.
The ESV calculation method is fully supported by theory. However, there are still has some inconclusive and limitations in the present study. First, although the calculation of the ESV coefficient in Xie has been widely used in scientific research, the results may not fully reflect the needs or desires of local residents. While ecologists have a better theoretical understanding of ESV than the general public, this study also focused on estimating the economic benefits of ESV without considering the intentions of the area’s residents. As the area with the greatest and most concentrated human activities, construction land plays an important role in providing ecosystem services (Zhu et al., 2017). However, due to the lack of relevant data and demonstrable methods, this paper does not estimate the ecosystem service value of the construction land ecosystems such as transportation land and scenic spots that are greatly affected by human activities, so this work needs further research. In future studies, social surveys can be conducted in the local area and their results can be compared with those of current studies. The ESV coefficients in Luoyang City can then be adjusted accordingly to allow them to more accurately reflect the local ecosystem conditions in the area by considering factors such as inflation, income differences, and consumption willingness. Because of differences in the criteria used for dividing the 2015 and 2019 land survey data in Luoyang City, there are also slight deviations between the transfer matrix processing results and the calculated actual land transfer area that require to be further addressed in subsequent studies.
5 CONCLUSION
In this paper, we use Luoyang City as a case study to quantitatively assess the impacts of dynamic changes in land use on ecosystem services generated by various districts and counties. Between 2010 and 2019, land-use changes in Luoyang City showed a trend of “two increases and four decreases”, specifically, built-up land and forest areas increased, while the extent of cropland, grassland, water, and unused land areas decreased; among these changes, forest and cropland areas showed the greatest increase and decrease, respectively, and were also the land-use types with the fastest growth and decrease, respectively. These changes are mainly due to the implementation of forest land protection policies such as the protection of existing forest land and the return of farmland areas to forest, which has resulted in a large-scale switch from cropland and grassland to forest. Due to the rapid expansion and development of cities and towns, built-up land in Luoyang City has inevitably occupied cropland and forest land. During 2010–2019, the change of ESV in Luoyang City was U-shaped, decreasing first and then increasing, primarily due to the implementation of forest land protection policies and the strengthening of environmental protection concepts among residents, which has led to the expansion of forest land area in Luoyang City and greater contribution of single ecosystem services such as hydrological regulation, climate regulation, and soil conservation. With the optimization of land-use allocation in Luoyang City, the area of ESV HH clusters in Luoyang has expanded since 2010, mainly in the LN, XA, LC, SX, and RY areas, while the area of LL clusters has shrunk. The overall elasticity coefficient of land use to ESV in Luoyang is higher and ESV responds strongly to LUCC, especially in forest areas in LL, MJ, XG, and YCH; thus, sustainable development in Luoyang must continue to prioritize the concept of “ecological protection first”. It is worth noting that the decrease in hydrological regulation and water supply services in Luoyang may significantly impact the economic development of the area, therefore, the urban development of Luoyang must take into account the adverse impacts of sudden decreases in water area on the natural ecosystem. Future development should aim to protect land reserve resources and the decreasing freshwater resources, while also making the best efforts to reduce pressure on land resources and protect the natural ecosystem of Luoyang.
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Compactness, intensity, efficiency and greenness are becoming the goals of regional governance in China. This study, based on the compact development theory, takes the urban agglomeration of Jingjinji as the research object, uses the composite index to construct a compactness index system based on production-living-ecological space and adopts entropy method to measure and analyze the degree of compactness. The results show that there is an obvious internal differentiation in Jingjinji, and the overall situation is not compact. Composed of production, living and ecological spaces, the compactness of the territorial space differs significantly. Production space is of the highest degree compactness, followed by living space and the lowest is ecological space. By comparing each index, compactness degrees of economic factors and municipal production facilities are better than those of the production land and transportation. Compactness degrees of Social factors of living space are more developed than those of residential land and public services. The overall compactness degree of the ecological space is the lowest, but the degrees of compactness are relatively balanced and there are small differences. The compactness degree of the green land is slightly lower than that of pollution treatment.
Keywords: land use, compact development, production-living-ecological space, urban agglomeration, territorial space
1 INTRODUCTION
Starting from “14th Five-Year Plan”, China focused on the overall and systematic governance of the entire territorial space, classified into production, living and ecological spaces (PLES). Meanwhile, the urban agglomeration has become the main geographical unit and spatial development pattern in China due to significant aggregation of population and economic functions. However, the main problem has been that regional development is unbalanced, uncoordinated and incompact in some urban agglomerations, especially in the Beijing-Tianjin-Hebei region (also known as Jingjinji).
From the perspective of PLES in the urban agglomeration of Jingjinji, the development of production space is seriously differentiated, and high efficiency has not yet been achieved in every city. The provision of living space is not diverse and abundant, so high-quality development has not yet been achieved. In addition, the ecological space is not adequately protected by the Regulations for the Implementation of the Land Administration Law, the policy that should scientifically control territorial planning.
Above all, a series of economic, social and ecological problems still exist in the Jingjinji urban agglomeration. Therefore, how to formulate a governance plan in accordance with local conditions and promote heterogeneous regions to exploit comparative advantages and achieve highly efficient and qualified development, has become an inherent requirement for the Jingjinji urban agglomeration in order to further optimize territorial space.
2 LITERATURE REVIEW
In the context of spatial governance and planning, academic research on land governance has also achieved new progress. Since the conservation and use of land resources is one of the important goals of spatial governance, the compact development theory related to urban development has been gradually adopted in spatial governance research. The compact development theory originates from the “compact city” proposed by European and American countries to achieve sustainable development.
Danziger and Satty 1973) were the first to present the compact city theory in the context of achieving sustainable development (Dantizing and Satty, 1973). They believed that a compact city was a complex, highly connected and dynamic system with 17 advantages. In 1990, Commission of the European Community (CEC) formally defined it as an urban spatial layout that differed from traditional urban characteristics, emphasizing high-density space, convenient transportation, multi-purpose land use, and focusing on social and cultural diversity (Burchell Robert and Sahan, 2003). Handy pointed out that an important aspect of compact development is the moderately mixed use of urban land (Handy, 1992). Rueda et al. (2000) believed that compact development was a new mode of urban construction and spatial development layout with efficient mixed land use (Rueda, 2000). Burton (2000) discussed the impact of compact cities on the livelihoods and welfare of low-income groups and believed that compact city planners should consider transportation capacity and layout, as well as encourage low-carbon public transportation. This could decrease public traffic congestion and make better use of public infrastructure, but reduced living space and affordable housing may be a negative impact on compact development (Burton, 2000). Newman and Kenworthy 1998) argued that compact cities with high population density and mixed land use functions improved the use of urban space and prosperity of central urban areas (Newman and Kenworthy, 1998).
With the rapid development of urbanization in China at the end of the 20th century, Chinese scholars began to focus on the theory of compact development. They have largely expanded and enriched the compact city theory at the provincial, prefectural, megacity or county levels, including the research related to definition, measurement, influencing factors and mechanisms, urban land use, urban spatial layout, urban ecological space management and control, etc. (Qiu, 2012). These scholars believed that compact development was not only a spatial layout but also a mode of development (Chen and Jia, 2006; Li and Zhou, 2014; Huang et al., 2015). Most scholars believe that compact development refers to a kind of urban development mode, which can improve the efficiency of urban operation and quality of life through rational land use, allocation of resources and personnel, as well as configuration of public facilities in a certain density in urban space (Jian and Xia, 2016).
In recent years, urban agglomerations have developed into the main form of regional development in China, and the concept of compactness has been introduced in the study of urban agglomerations. The study of urban compact development provides a theoretical basis for the study of urban agglomeration compactness. According to the purpose of a compact city, a compact urban agglomeration is resource-saving, high-density and efficient, but not necessarily environmentally friendly and ecological. It depends on the agglomeration of factors such as industry, transportation, economy, space and population. The index to measure the compactness of cities and urban agglomerations is called the degree of urban compactness or the degree of urban agglomeration compactness (Fang and Qi, 2007).
Scholars have conducted research on the compact development of urban agglomerations in the Yangtze River Delta, the middle reaches of the Yangtze River, the Shandong Peninsula, Guanzhong and Changsha-Zhuzhou-Xiangtan. Studies generally agree that compact development is a strategy that can optimize land use and curb urban sprawl in terms of land resources. It can also improve the economic, social, and ecological environment within urban agglomerations through reasonable planning and construction, thus contributing to sustainable development. In this regard, different scholars have studied the mechanism of compactness that affects the economy, social welfare and the environment (Huang et al., 2014; Wang et al., 2017; Zhang et al., 2018) (Huang et al., 2014; Wang et al., 2017; Zhang et al., 2018).
Regarding compact development of production space, existing studies show that compact development of urban agglomeration has a good economic effect as it increases urban operation efficiency and output, saves resources and decreases labor consumption (Yang et al., 2021). As for the living space, the greater the compactness, the more time and transportation costs can be saved. Accordingly, the efficiency of space operation can be improved and a reasonable regional pattern of labor division can be achieved (Hu, 2019). In the context of a compact city, ecological space mainly refers to the gain or loss of the natural environment caused by production and life activities, rather than the ecological layout (Fang, 2013). All these studies provide a theoretical basis for optimizing the territorial space governance through compact development. Fang Chuanglin (2013) proposed the theory of territorial pattern optimization from the PLES perspective. This theory had a guiding role in the development and protection of territorial space (Mao et al., 2009). Regarding the measurement methods of compactness, Fang Chuanglin et al. (2013). used the spatial interaction index, population density, and urban density to construct the urban agglomeration abundance index. Mao Guangxiong et al. (2009) constructed a compactness model from the perspective of economics, urban land, transportation and population (Cheng et al., 2010). Qin Cheng et al. (2010) used the entropy method to construct a compactness model to research compactness degree of Guangxi Province (Haughton and Hunter, 1994).
Based on existing domestic and foreign studies related to compact cities, this paper considers that: 1) space governance of urban agglomeration should improve space utilization efficiency, meet the needs of urban residents, and improve the environmental quality. Reasonable land use, allocation of resources and personnel, and configuration of public facilities, can improve the efficiency of urban operations and quality of life in urban agglomerations, and thus achieve sustainable urban development (Russell et al., 1975; Lv and Meng, 2019); and 2) compact development of urban agglomeration is not one-dimensional or one-sided high-density or intensive development of land, population, and economy, but an efficient, high-quality and rational layout and arrangement under three-dimensional territorial space framework. This framework is composed of land (foundation of cities), organizational functions (structure of cities), factors (content of cities) and integrated development of the economy, society and environment in the territorial space of the urban agglomeration.
At present, China’s social and economic development has entered a new normal. In order to meet optimize the layout of land and space, it is necessary to further optimize the urban spatial structure and organization. The theory of compact development meets the needs of space optimization for efficiency and quality and its research provides a theoretical basis. This study attempts to: 1) construct a PLES spatial framework from the perspectives of production, life, and ecology; 2) measure and analyze the degree of PLES compactness; and 3) provide appropriate governance countermeasures for land optimization in the Jingjinji urban agglomeration.
3 STUDY AREA
The area of the Jingjinji urban agglomeration, including Beijing, Tianjin and 11 prefecture-level cities in Hebei Province, is 218,000 km2, or 2.3% of the country’s land area (Lin and Xu, 2014). As the largest and most dynamic urban agglomeration and economic zone in northern China, the Jingjinji urban agglomeration is the third pole of China’s future economic growth, after the Yangtze River Delta and the Guangdong-Hong Kong-Macao urban agglomeration. As a consequence of the unbalanced spatial development and the long-term poverty constraints in the past, it lags behind the other two core regions. Jingjinji’s overall development level is still significantly lower than that in the other two regions, and there is room for improvement in its overall development.
All three major urban agglomerations rely on the development of central cities, but the Yangtze River Delta and the Guangdong-Hong Kong-Macao urban agglomerations are developing well, while the Jingjinji urban agglomeration is clearly lagging behind. In Jingjinji, internal connections between cities are not close enough; the central city cannot play a leading role effectively; the whole urban agglomeration is not compact; the industrial strength of most cities is weak, and the geographical reach is limited. At the same time, under the strategic and coordinated development of Beijing, Tianjin and Hebei and the construction of the Xiongan New Area, the spatial structure and organization of these regions need to be further optimized, i.e., a comprehensive renovation of territorial space is needed. Accordingly, the compact development theory satisfies the needs of further optimization of land governance in the Jingjinji urban agglomeration. Therefore, based on the above theory, this study analyzes the spatial development of the Jingjinji urban agglomeration. However, since However, since the Xiongan New Area in the urban agglomeration is not developed and its statistical data has not been shown in the official yearbook, this study follows the traditional research scope and takes 13 cities in the Jingjinji urban agglomeration as the object of this research.
4 METHODOLOGY AND INDEX SYSTEM
4.1 Establishment of an index system for measuring the degree of compactness
The degree of compactness of urban agglomeration in this paper refers to the measurement of production, living and ecological space compactness of urban agglomerations. It reflects the efficiency and quality of urban layout and arrangement in order to solve the compactness problem of the Jingjinji urban agglomeration and achieve coordinated spatial development. From the connotation and function of compact development, the studied indices should include land use, economic factors, infrastructure, public services, and ecological environment. Based on the economic, social and environmental effects of the compact development theory, and in combination with the strategic objectives of the territorial spatial pattern of PLES, i.e., intensive and efficient production space, moderate and livable living space, and picturesque ecological space, proposed in “14th Five-Year Plan”, this paper constructs a framework for measuring the degree of compactness of PLES from three aspects of production space, living space and ecological space (Chen et al., 2022).
Taking into account the indices of urban compactness constructed by earlier scholars, and by following scientific, practical and hierarchical principles, data availability and quantification, this study constructs a comprehensive index system for the measurement of urban compactness of the Jingjinji urban agglomeration within the PLES framework as the first-level index (Table 1). Combined with the PLES definition, indicators related to production space include production land, economic factors, transportation and municipal facilities; indicators related to living space include residential land, social life and public services; and indicators related to ecological space include indicators of green land and ecological environment (Wang and Guo, 2017). The indicators of production land, transportation, residential land, public service, green land and pollution treatment are from the official statistical yearbook. Economic factors and indicators of municipal facilities, as primary indicators of production space, are decomposed into secondary indicators of GDP per capita, proportion of output value and employees in secondary and tertiary industry, area of urban roads per capita, density of drainage pipelines, and efficiency of public transport system. Commercial vitality, density of realized foreign investments, density of investments in science and technology and other indicators are also added to the system of secondary indicators. The social life indicator of living space, with reference to the urban social life data in the China City Statistical Yearbook, is decomposed into the index of population employment density, average wage of employees, density of social retail sales of consumer goods, the index of revenue density of telecommunications and postal services, the density index of mobile phone ownership, and the density index of Internet broadband access.
TABLE 1 | Index system of degree of compactness in the Jingjinji urban agglomeration.
[image: Table 1]4.2 Measurement method of degree of compactness
Given the overlap of information between multi-index variables and the subjectivity of determining the index weight, this study uses the entropy method to measure urban compactness, which mainly determines the weight coefficient by the degree of difference between index values[27]. Specifically, the variation degree of the index is positively correlated with the entropy. The greater the degree of variation, i.e., more information is covered, the greater the weight. On the contrary, the smaller the degree of variation of the index, i.e., less information is covered, the smaller the weight.
The measurement process is divided into five steps: constructing the original index data matrix, nondimensionalization of data, calculating the entropy of the evaluation index, defining the weight of the evaluation index, and calculating the sample evaluation.
The steps of the measurement are as follows:
1) Constructing the original index data matrix. Assuming there are m sample cities and n evaluation indices, which are used to form the original index data matrix. [image: image] represents the index [image: image] of the city [image: image] to be evaluated.
X = [image: image] [image: image]
2) Nondimensionalization of data. Formulas 1, 2 correspond to the Nondimensionalization of the positive index and the negative index, respectively, of which [image: image] and [image: image] are the maximum and minimum values of the sample city [image: image] and indicators [image: image]. [image: image] represents the dimensionless value of each index in the two formulas. Since all indices used in this study are positive, we use Formula 1 to make the initial data dimensionless and construct the matrix.
Y = [image: image] [image: image]
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3) Calculating the entropy value of the evaluation index. The information entropy of each data group is obtained by Formulas 3, 4. [image: image] is the proportion of the index j in the index value of city [image: image] , and Ej is the entropy value of the indicator j. If [image: image] = 0,
define [image: image].
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4) Defining the weight of the evaluation index. Wj is the weight of the evaluation index j calculated according to Formula 5 as follows:
[image: image]
5) Calculating the evaluation value of the sample. It is possible to obtain a comprehensive evaluation value [image: image] by multiplying [image: image] and [image: image] in Formula 6 as follows:
[image: image]
5 DATA SOURCE AND PRELIMINARY CALCULATION RESULTS
Based on relevant data from the China Urban Statistical Yearbook in the period 2015–2019 and the statistical yearbooks of provinces and cities, this study calculates the index weights and the degree of compactness in each year from 2014 to 2018 for 13 cities in the Jingjinji urban agglomeration. Comprehensive evaluation results are obtained and shown in Table 2.
TABLE 2 | Comprehensive evaluation results of compactness in the Jingjinji urban agglomeration.
[image: Table 2]To compare and analyze the degree of compactness of 13 cities in the Jingjinji urban agglomeration, this study calculates the degree of compactness of production space, living space and ecological space. The average level of compactness of the production space is 0.1463 and the standard deviation is 0.1010. In addition, the degrees of compactness of the five cities are higher than the average, of which Cangzhou (0.4035) has the highest degree of compactness, followed by Beijing (0.2370), Tianjin (0.1900), Langfang (0.2327) and Xingtai (0.1646). Hengshui (0.0466) has the lowest degree of compactness, far below the average.
Regarding the living space, the average level of compactness degree is 0.1100 and the standard deviation is 0.0711. In addition, Cangzhou (0.2961), Langfang (0.1846), Beijing (0.1640) and Xingtai (0.1431) have higher degrees of compactness compared to the average level. On the contrary, Zhangjiakou (0.0516) has the lowest degree of compactness.
From the perspective of ecological space, the average degree of compactness is 0.0283 and the standard deviation is 0.0067. The degrees of compactness of six cities are higher than the average level and they include Qinhuangdao (0.0377) with the highest degree, followed by Shijiazhuang (0.0365), Handan (0.0358), Beijing (0.0346), Xingtai (0.0318) and Cangzhou (0.0313). The lowest degree of compactness is noticed in Chengde (0.0200).
6 COMPARATIVE ANALYSIS OF COMPACTNESS IN BEIJING, TIANJIN AND HEBEI
According to results, the compactness of 13 cities in the Jingjinji urban agglomeration can be divided into five grades using the natural breaks method: not at all compact, not compact, relatively compact, compact and very compact (Table 3).
TABLE 3 | Classification of the Jingjinji urban agglomeration compactness.
[image: Table 3]6.1 Comprehensive analysis of urban agglomeration compactness
It can be seen from Table 2 that the overall spatial compactness of 13 central cities is less than 1, which indicates that the overall level of urban compactness is not high in the Jingjinji urban agglomeration. Overall, the urban agglomeration is not compact and is very differentiated. According to the calculation results (Table 2), urban compactness decreased significantly from 2014 to 2015, and then was stable with a slight upward trend. The explanation for this trend is that since the Jingjinji Coordinated Development Strategy was presented in 2014, each city has taken certain measures to achieve the goal of integrated development, which has promoted the compact development.
There are cities in each group of degrees of compactness (Table 3, Figure 1). Among the cities, only Cangzhou is a very compact city. Compact cities include Langfang and Beijing, while relatively compact cities include Xingtai, Tianjin, Shijiazhuang and Handan. On the contrary, Baoding and Qinhuangdao are not compact cities and Tangshan, Zhangjiakou, Chengde and Hengshui are not at all compact cities. The results of the classification show that the development of the central city to some extent drives the development of the surrounding cities, but the diffusion effect is very limited. At the same time, it causes a significant “siphon effect”, which is why Beijing has a distinctive impact only on cities that are close to it, so the compactness of Beijing is just fine. Some cities in the eastern coastal areas of the urban agglomeration, although far from Beijing, with small municipal districts and a good location, belong to the group of compact cities along with most cities in the central part of the agglomeration. The southern part of the agglomeration has a poor basis for development and is far from the central cities and their impact, so the urban space is not compact. Moreover, the production and living spaces of the northern cities are not further developed due to their main ecological protection functions. Accordingly, their degree of compactness is low, although they are located near the central cities.
[image: Figure 1]FIGURE 1 | Degree of Compactness of production-living-ecological space in Beijing-Tianjin-Hebei.
6.2 Unbalanced development of PLES compactness
From the perspective of the compactness of PLES in each city, the compactness of production and living space is significantly higher than that of ecological space. Furthermore, the compactness of all three types of spaces shows a gradient decline. This is the result of the government’s long-term goal of developing cities for economic growth. Even under the new normal, which attaches great importance to living and ecological spaces, the development basis of the production space still makes cities more compact. A comparison of the compactness degree of PLES in each city shows the deepening divide between cities.
According to Figure 2, the degrees of compactness of production and living spaces in Cangzhou, Beijing and Langfang, which are very compact and compact cities, are much higher than those in Tianjin and Shijiazhuang, which are relatively compact cities. Other cities have lower urban compactness but have a relatively compact production and living spaces. This shows that giving priority to reasonable layout and investment in the production space provides a good foundation for its development and thus improves the compactness of production space. However, the compact development of living and ecological spaces should be also promoted.
[image: Figure 2]FIGURE 2 | Compact development degree of production-living-ecological space in Beijing-Tianjin-Hebei.
6.2.1 Comparative analysis of production space compactness
The degree of compactness of the production space in the Jingjinji urban agglomeration is unbalanced with standard deviation of 0.1149, which indicates a wide gap. In general, cities with a higher level of economic development have a higher degree of compactness of production space. However, the compactness of production space in Beijing and Tianjin is not the highest despite their high level of economic development due to “Big City Disease” caused by rapid development that negatively affects the efficient operation and high-quality development of the urban space (see Figure 3).
[image: Figure 3]FIGURE 3 | Degree of Compactness of production space in Beijing-Tianjin-Hebei.
Compact development of economic factors and municipal facilities is better, while land for production and transportation is relatively poor in the Jingjinji urban agglomeration. The compactness of economic factors (0.0546) and municipal facilities (0.0460) is higher, while the compactness of transportation (0.0285) and land for production (0.01720) is lower. More attention in urban spatial planning is given to the utilization and development of economic factors and municipal facilities, while the economical use of productive land and optimization of transportation are insufficiently considered (see Figure 4).
[image: Figure 4]FIGURE 4 | Secondary indicators of Degree of compactness of production space in Beijing-Tianjin-Hebei.
As the capital of China, Beijing is a densely populated area with developed transportation, but its level of transportation development per capita is far below the levels of municipal facilities and economic development. As the second largest city in Jingjinji, the level of development of transportation and municipal facilities is modest and unbalanced in Tianjin. Therefore, it is necessary to optimize traffic layout on limited traffic land, increase traffic accessibility and links with other provinces and cities, and promote both the construction of high standard municipal facilities and development of economic factors. In Shijiazhuang, the capital of Hebei Province, transportation development is better than the development of municipal facilities. Therefore, there is still room for development of infrastructure, public transport system, drainage system and taxi layout. Cangzhou, Xingtai and Langfang have excellent transportation and municipal facilities, while Hengshui, Tangshan and Chengde have poor municipal facilities and transportation, and still need to increase investment. Baoding, Qinhuangdao and Zhangjiakou should also promote the development of transportation and municipal facilities. The obtained results show that cities with compact production space in the Jingjinji urban agglomeration made better use of production land, while other cities with low compactness of production space ignored compact development of production land.
There is a big difference between the compactness of city’s economic factors and city’s overall compactness. However, the top four cities in the economic factor compactness are all central cities of the urban agglomeration and their surrounding cities, which is in line with the strength of their social and economic development. In terms of transportation, due to the unbalanced development of passenger and freight transport and dense population, the compactness of transportation is quite different from the compactness of urban production space. As a foundation for urban development, sufficient attention has been paid to the compact development of municipal facilities. Developed megacities have a better allocation of economic factors based on good municipal facilities, but the conditions of municipal facilities impede the allocation of economic factors in underdeveloped cities.
6.2.2 Comparative analysis of living space compactness
The development of compactness of living space in the Jingjinji urban agglomeration is relatively unbalanced with standard deviation of 0.0769, which indicates that there is a small difference in the compactness. The compactness of social life is higher, while the compactness of residential land and public services is lower. Cities of higher urban compactness have a low degree of social life compactness, which shows that the supply of residential land in most small and medium-sized cities is relatively adequate, while in large cities it is limited. Cities of high urban compactness give importance to the compact development of public services, while underdeveloped areas do not provide sufficient support to public services (see Figure 5).
[image: Figure 5]FIGURE 5 | Degree of Compactness of living space in Beijing-Tianjin-Hebei.
In terms of social life, the rankings of urban compactness and compactness of living space are similar. Most cities in the central and eastern parts of the urban agglomeration have a higher compactness of social life compared to the lower compactness of economic factors of production space. The compactness of living space is lower than that of the production space in southern and northwestern cities. However, the compactness of social life is higher than that of the production space, although lower than that in central and eastern cities. It can be seen that the government pays more attention to the correct operation, function and development of living space, but pays less attention to the layout of living space and guaranteed supply of public services for residents. Moreover, although some small and medium-sized cities have a low level of economic development, their social living space is relatively compact and livable (see Figure 6).
[image: Figure 6]FIGURE 6 | Secondary indicators of Degree of Compactness of living space in Beijing-Tianjin-Hebei.
6.2.3 Comparative analysis of ecological space compactness
In this study, the ecological space is not a natural ecological environment, but an ecologically compact space represented by ecological development and efficiency due to human interventions in urban planning. Low ecological compactness shows that it is very difficult to restore the natural ecological environment. The results show that the compactness of the ecological space in the Jingjinji urban agglomeration is relatively low. In particular, central, eastern and southern cities have relatively higher compactness, while northwest cities as ecological conservation areas have lower compactness. To some extent, this shows that the compact development of ecological space in northwest cities is still low due to good ecological environment, poorly developed production space base and lower demand for construction and restoration of ecological environment (see Figure 7).
[image: Figure 7]FIGURE 7 | Degree of Compactness of ecological space in Beijing-Tianjin-Hebei.
The calculation results show that the compactness of green land (0.0106) is slightly lower than that of pollution treatment (0.0154). This indicates that with the advocacy of green development, pollution emissions were treated in a certain form, but the reservation of green land needs to be strengthened (see Figure 8).
[image: Figure 8]FIGURE 8 | Secondary indicators of Degree of compactness of ecological space in Beijing-Tianjin-Hebei.
7 CONCLUSION
Compactness of urban space refers to the degree of agglomeration or compactness of related elements in PLES according to the specific economic and technological links in the process of urbanization. The efficiency of urban operations is directly affected by urban space compactness, and the appropriate urban compactness will maximize the overall benefits in urban agglomerations. However, too high or too low compactness can become an obstacle to healthy and sustainable urban development.
By measuring and calculating the compactness of 13 cities in the Jingjinji urban agglomeration in terms of production, living and ecological spaces, the following conclusions are obtained: (1)from the perspective of an urban agglomeration, the overall development advantages of Beijing, Tianjin and Shijiazhuang is highly ranked, but the compactness of the production land is low; (2)in terms of economic factors and the resources of production space, Beijing and Tianjin have played the role of central cities and enabled the compact development of economic factors. Relying on the location near the neighboring central cities, Cangzhou and Langfang optimized the business environment of small and medium-sized enterprises (SME), which contributed to high technology penetration and conversion rate and improved the accessibility of financing and financial liquidity of SMEs. As far as investments in transportation and municipal facilities are concerned, the development of municipal facilities is better than that of transportation, so more attention should be given to transportation in the future; (3)in terms of living space, it is necessary to relieve residential density in compact agglomeration areas and improve the use of public resources and services per capita. The fact is that there is a large gap in the level of public services between cities in the Jingjinji urban agglomeration. As a result, small and medium-sized cities cannot quickly reduce the development gap between them and core cities; and 4) in terms of the ecological space of the urban agglomeration, the green space in the Jingjinji urban agglomeration consists mainly of green land and parks.
Based on a comparative analysis of compactness, there are problems in the Jingjinji urban agglomeration, such as unbalanced compactness of PLES and cities. Accordingly, it is necessary to solve the problems of unbalanced compactness through land governance. However, each city in the Jingjinji urban agglomeration is at a different stage of development and faces different compactness problems. Thus, it is necessary to scientifically and rationally address local compactness problems according to specific local conditions. Ultimately, the compact development of the entire urban agglomeration can be achieved.
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Urban land-use scene classification from high-resolution remote-sensing imagery at high quality and accuracy is of paramount interest for urban planning, government policy-making and urban change detection. In recent years, urban land-use classification has become an ongoing task in areas addressable primarily by remote sensing, and numerous deep learning algorithms have achieved high performance on this task. However, both dataset and methodology problems still exist in the current approaches. Previous studies have relied on limited data sources, resulting in saturated classification results, and they have difficulty achieving comprehensive classification results. The previous methods based on convolutional neural networks (CNNs) focused primarily on model architecture rather than on the hyperparameters. Therefore, to achieve more accurate classification results, in this study, we constructed a new large dataset for urban land-use scene classification. More than thirty thousand remote sensing scene images were collected to create a dataset with balanced class samples that includes both higher intra-class variations and smaller inter-class dissimilarities than do the previously available public datasets. Then, we analysed two possible strategies for exploiting the capabilities of three existing popular CNNs on our datasets: full training and fine tuning. For each strategy, three types of learning rate decay were applied: fixed, exponential and polynomial. The experimental results indicate that fine tuning tends to be the best-performing strategy, and using ResNet-V1-50 and polynomial learning rate decay achieves the best results for the urban land-use scene classification task.
Keywords: land-use scene classification, high-resolution remote sensing imagery, deep learning, CNNs, transfer learning
1 INTRODUCTION
Urban land-use classification provides information important in urban planning, government policy-making and monitoring of urbanization. Recent developments in computers and remote sensing technology have made substantial progress, resulting in readily available high-quality and high-resolution remote sensing image data that can function as critical sources for land-use classification (Zhang and Zhu, 2011; Qi et al., 2015; Song et al., 2017; Tong et al., 2018). Generally, land-use classification can be divided into single land-cover, category-based, or single object-based classification schemes (Palsson et al., 2012; Ursani et al., 2012; Santos et al., 2013) as well as land-use scene-based classification (Yang and Newsam, 2010). Although scene classification is a more complicated task than classification schemes based on individual categories or objects, it has the advantages of being able to differentiate given land-use scene images into predefined semantically meaningful categories and providing advanced interpretations of remote sensing images. To realize the above advantages, scholars have focused on land-use scene based classification, which is of primary interest in remote-sensing applications such as land resource management, urban development and planning, Earth observation and nature conservation (Yang and Newsam, 2010; Othman et al., 2016; Marmanis et al., 2016; Zhao W. et al., 2017). However, land-use scene categories are, to a large extent, affected by human and social activities. A given land-use scene often covers multiple land-cover classes or ground objects (Zhao L. J. et al., 2017) that carry much potentially useful information. Furthermore, manual classification is not practical and applicable in most cases because people have difficulties in describing the detailed features and providing effective and efficient classifications. Land-use scene classification, especially automated classification, is still a challenge in high-resolution remote sensing images (Weng et al., 2017).
Extensive efforts have been made to develop automated land-use classification methods. Initially, most research works developed visual feature descriptors based on pixels or objects to extract low-level local image features such as colour histograms (Swain and Ballard, 1991), texture descriptors (Haralick et al., 1973; Jain et al., 1997; Ojala et al., 2000), the GIST descriptor (Oliva and Torralba, 2001), scale-invariant feature transform (SIFT) (Lowe, 2004) and the histogram of oriented gradients (HOG) (Dalal, 2005). Although the above low-level visual feature descriptors have achieved good scene classification performance to some degree, they capture only a single type of feature, such as colour, texture, shape, spatial or spectral information, and no single feature can represent the complete content of an entire scene containing multiple features.
To effectively represent the semantic information of complex high-resolution remote sensing scenes (HRSS), many researchers have developed high-order statistical patterns by coding low-level local feature descriptors to capture scene semantics; these are called mid-level features (Shao et al., 2013; Zhao et al., 2013; Negrel et al., 2014; Zhao et al., 2014; Weng et al., 2018). For example, the Bag of Visual Words (BoVW) was the state-of-the-art for many years in computer vision (Yang and Newsam, 2010). More recently, a number of improved feature descriptors have also been proposed, including Fisher vector coding (Perronnin et al., 2010), spatial pyramid matching (SPM) (Lazebnik et al., 2006), probabilistic latent semantic analysis (pLSA) (Bosch and Zisserman, 2006), which are typical feature descriptors. Undeniably, mid-level feature descriptors have improved land-use classification performance because they consider multiple features. Nevertheless, scene classification generally considers multiple features of multiple objects. Meanwhile, the resolution improvements in HRSS also capture factors such as noise, light and clouds, which interfere with the image quality and result in a large number of abnormal spectral values. For situations such as “the same thing with different spectra” and “foreign matter sharing the same spectrum”, mid-level feature descriptors still have some deficiencies when used to classify complex land-use scenes.
Recently, deep learning methods have surpassed the abovementioned methods and gained a powerful ability to learn feature representations from images automatically. Deep learning methods provide computational models composed of multiple processing layers that learn data representations at multiple levels of abstraction (Lecun et al., 2015). Thus, deep learning methods can extract both more abstract and more discriminative features, and they are highly suitable for land-use scene classification problems because one scene class may cover multiple land-cover classes or ground objects. Because deep learning methods can extract high-level features, they can solve the problems of “the same thing with different spectra” and “the foreign matter sharing the same spectrum”. Therefore, this article adopts deep learning technology to classify land use. The convolutional neural networks (CNNs) are a type popular deep learning model that can learn robust and more discriminative features (LeCun et al., 2010). A CNN is an effective new artificial neural network method that integrates deep learning technology. The weights in convolutional neural networks are trained by a backpropagation (BP) algorithm. Recently, CNNs have been applied to remote sensing image classification and achieved good results (Scott et al., 2017; Cheng et al., 2018a; Cheng et al., 2018b; Weng et al., 2018; Zhou et al., 2019).
Deep learning methods usually require a large number of annotated training samples. To overcome the lack of massive labelled remote sensing image datasets, researchers use two techniques in conjunction with CNNs: data augmentation and transfer learning with fine tuning. Data augmentation is conducted to generate additional and more diversified data samples by performing certain transformations on the original data (Yu et al., 2017). Researchers have introduced many data augmentation methods to expand the limited amount of raw data and achieve improved performance on scene classification tasks (Perez and Wang, 2017; Scott et al., 2017; Yu et al., 2017). Transfer learning is conducted to extract the knowledge from one or more source tasks and then apply the learned knowledge to a target task (Pan and Yang, 2010). For remote sensing land-use classification, researchers train the networks on a natural image dataset (usually the ImageNet challenge dataset) and then fine-tune the pre-trained networks on a remote sensing image dataset. This approach can avoid overfitting problems, reduce model convergence time and achieve better performances (Penatti et al., 2015; Hu et al., 2016; Marmanis et al., 2016). However, most studies have focused on existing public datasets, and their results are already saturated, making further research using the same source material useless. In addition, the existing studies typically use older convolutional neural networks. Newer convolutional neural networks have been greatly improved regarding efficiency and accuracy but have not yet been utilized for urban land-use scene classification tasks. Moreover, the choices of convolutional neural network parameter values have considerable effects on the results, but have rarely been considered.
Given the above, the objectives of this research are ternary. First, methodologically, in this study, we construct a new large-scale remote sensing scene image dataset by collecting sample images from WorldView. This dataset is, to our knowledge, the largest available of its type. Moreover, the images have balanced class samples, providing the research community with a more useful resource for evaluating and advancing the state-of-the-art algorithms for aerial image analysis. Second, empirically, we evaluate a set of representative remote sensing scene image classification approaches under various experimental protocols on our new dataset. The results can serve as baselines for future works. Finally—and practically—this article has identified the CNN models that achieve state-of-the-art performances and are applicable to engineering applications.
The remainder of this article is organized as follows: Section 2 describes the construction of the original and training datasets. Section 3 describes the proposed framework and method. Section 4 presents the experiments and an analysis of the results. We conclude this research and propose future work directions in Section 5.
2 DATASETS AND DATA AUGMENTATION
To deliver highly accurate classification results, CNNs require sufficiently large datasets annotated with appropriate labels (Yu et al., 2017). Some publicly available high-resolution remote sensing image datasets exist, such as the UCMerced Land Use dataset (UCM), the WHU-RS19 dataset, the RSSCN7 dataset and the Aerial Image Dataset (AID). UCM, which is available from the United States Geological Survey (USGS) National Map, is a popular dataset (Yang and Newsam, 2010) that is widely used in academia. (Penatti et al., 2015; Nogueira et al., 2016; Scott et al., 2017; Cheng et al., 2018c). The WHU-RS19 dataset (Xia et al., 2010) is also popular and was collected from Google Earth. Compared with the UCM, WHU-RS is more complicated; it contains greater variations in illumination, scale, resolution, viewpoint and viewpoint-dependent appearance in some categories. The RSSCN7 dataset is also collected from Google Earth; it contains 2,800 aerial scene images labelled into 7 typical scene categories. The last dataset is AID (Xia et al., 2016), which is a large-scale dataset for aerial scene classification. It contains 10,000 annotated aerial images with a fixed resolution of 600 × 600 pixels arranged in 30 classes. The number of samples per class varies considerably, from 220 to 420. Because the samples are multisource and contain various pixel resolutions, this dataset is challenging for scene classification. These datasets have been widely used for remote sensing image scene classification tasks (Marmanis et al., 2016; Nogueira et al., 2016; Scott et al., 2017; Weng et al., 2018). Detailed information for the datasets is listed in Table 1.
TABLE 1 | The mainstream public remote sensing image datasets.
[image: Table 1]Despite the many publicly available remote sensing datasets, each dataset has its particular advantages and some drawbacks still exist, including low intra-class variations and large inter-class dissimilarities. With the exception of AID, all the datasets have single data sources. However, due to different imaging conditions during acquisition, such as the altitude and direction of the sensor, different weather conditions or illumination, scenes may appear in different orientations, directions, sizes and so on. Single data sources tend to cause smaller changes within classes. In actual remote sensing image classification situations, the differences between different scenes are generally small, and the existing datasets do not reflect the differences between classes, which is not in line with the actual image classification situation. In addition to the data source, there are two more problems with existing datasets. The first problem is imbalanced samples. The AID dataset has relatively high intra-class variations and small inter-class dissimilarities; however, it contains imbalanced class samples, which potentially have severe negative impacts on the overall scene classification performances by CNNs (Hensman and Masko, 2015). The second problem is that the existing datasets have small scales. The total number of images and the number of images per class are relatively small; these datasets are not comparable to the much larger traditional image datasets such as CIFAR-10 (Torralba et al., 2008), MNIST (Lecun, 1998) and ImageNet (Krizhevsky et al., 2012), as shown in Table 2.
TABLE 2 | Traditional image datasets.
[image: Table 2]In view of the above disadvantages, in this study, we constructed a new remote sensing scene image dataset for land-use classification. The samples are collected from remote sensing images acquired in different years. The dataset includes scene classes with small inter-class dissimilarities, such as farm land and green land; thus, it has higher intra-class variations and smaller inter-class dissimilarities than do the previously existing datasets. To address imbalance and small-sample problems, data augmentation was applied to increase both the number of classes among underrepresented images and the total number of samples, as illustrated by the flowchart in Figure 1.
[image: Figure 1]FIGURE 1 | The dataset construction process.
The study area is the Guangming New District, Shenzhen, Guangdong Province China, as shown in Figure 2. Shenzhen is located in the southern coastal area of Guangdong province, and it is an important special economic zone in China. Due to its geographical advantages and level of support by relevant national policies and departments, Shenzhen has become an influential international metropolis in China. The New District is located in the northwest of Shenzhen and was founded in August 2007. Its development zones and administrative system are different than those of the third development zone because they were more recently instituted. Additionally, the New District’s surface area includes more diverse land cover types, including water, agricultural land, urban buildings, vegetation, bare land and new city street communities. During the urban development process, the land cover types of new areas in Guangming are prone to frequent changes.
[image: Figure 2]FIGURE 2 | The study area map.
The original image dataset contains a large set of satellite images collected for land law enforcement and supervision (Li et al., 2011; Zhao J. et al., 2017). Land law enforcement and supervision is an approach for which the government uses satellite remote sensing technology to monitor land use over a certain period of time to determine the legality of land use (Wang and Wang, 2010). The image database used in this article contains satellite remote sensing image data of various batches since the law enforcement work began in 2008. All the images have high spatial resolution, and since 2010, all the images have a spatial resolution of 0.5 m. After researching all batches of images, WorldView three-band image data were selected with a resolution of 0.5 m acquired between the years of 2013 and 2016, as shown in Table 3.
TABLE 3 | Experimental image sample metadata.
[image: Table 3]Each CNN input image has specific resolution requirements; most models use inputs of 224 × 224 pixels. Therefore, 224 × 224 images were cropped from the original images to use as training samples. For surface cover classification, the 2005 Chinese CH/T 1012–2005 land cover map of digital products was referenced based on geographic information; this is a standard surface-coverage level classification for cultivated land, forest land, garden land, grassland, water area, built up area, unused land and wetland. Due to the integration of the bright new district in the city and countryside, consisting of city land, garden land, grassland and wetland, we combined the classes woodland, garden, grassland and wetland into a single green land class and divided the built up area class into two classes: buildings and roads. Golf course and tennis court classes were also added to match the ground features in the images. Consequently, our training samples are divided into eight categories: bare ground, buildings, farmland, green land, roads, water, golf course and tennis court, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Example images for each class.
According to Hensman and Masko ( 2015), imbalanced training samples will directly affect the final training effect of the model. When samples are selected, the areas covered by different features are not necessarily identical. Therefore, after extracting samples from the image, the data should be enhanced to ensure that the features of types with small sample sizes are well represented. The sample set can be augmented using processes such as rotation, translation and cropping. As shown in the figure, random data enhancement was performed on the sample data using nine enhancement methods: rotations by 30°, 90°, 180° and 270°, mirroring, brightness, contrast, scaling and mirrored 90° rotation. After the enhancements, the number of samples reached 4,000 for each class. We used 70% of samples (i.e., 22,400 samples) as the training dataset and the remaining 30% (i.e., 9,600 samples) as the verification dataset. It is worth noting that the data augmentation operations, including flips, translations and rotations, do not change the essential features of remote sensing imagery, such as the scene topologies and spectral characteristics, that are essential for consistent scene classification (Yu et al., 2017).
Notably, because the images were acquired by the same remote sensing satellite at different times, the samples were collected in multiple phases. Thus, after data augmentation, not only was the sample size of the dataset increased but also the samples’ holistic spatial layouts and orientations were diversified subject to topological preservation, the intra-class variations were enhanced and overfitting was avoided. Compared with open datasets, our dataset is larger and includes higher intra-class variations, smaller inter-class dissimilarities and balanced class samples.
3 FRAMEWORK OF THE PROPOSED METHOD
The flowchart of the model proposed in this study is illustrated in Figure 4. The purpose of our study was to determine the architecture with the best performance for the Guangming New District imagery. This study used three steps to obtain the model. 1) Via data sampling and data augmentation, a large dataset was constructed with higher intra-class variations and smaller inter-class dissimilarities and separated it into training and validation sub-datasets; 2) Three convolutional neural networks were trained (Inception-V3, ResNet and Inception-ResNet) using the constructed datasets via two strategies and compared three different learning rates under iterative backpropagation based on the loss calculated in a softmax layer. 3) The results were analysed and compared to obtain the optimal deep learning model.
[image: Figure 4]FIGURE 4 | Flowchart of the model.
3.1 Strategies for exploiting ConvNets
3.1.1 Fully trained networks
The strategy to train the networks from scratch (the initial network parameters were random) is the first to be thought. We were able to use this approach because the constructed dataset is sufficiently large to allow the CNNs to converge. There are two main advantages to using a fully trained network: 1) the extractors can be tuned specifically for the dataset, which results in generating more accurate features, and 2) we gain full control of the network (Nogueira et al., 2016). However, fully training a network can easily lead to overfitting, and convergence cannot be confirmed. Therefore, the networks must be fine-tuned to improve the outcome.
3.1.2 Fine-tuned network
When a new dataset is reasonably large—but not large enough to fully train a new network—overfitting and a lack of convergence can occur, as presented above. Fine-tuning is a good option for extracting maximum effectiveness from pre-trained CNNs (trained on large image datasets such as ImageNet), and the workflow of the fine-tuned network is illustrated in Figure 5. There are two options for fine-tuning networks that fit our conditions. The first involves replacing only the last layer of the pretrained network with a softmax layer related to our problem. Because the final softmax layer of a network pretrained on ImageNet includes 1,000 classes, we changed it to eight classes to reflect our classification task. Then, the entire network was trained on our constructed datasets using cross-validation to improve network training. Cross-validation is a recommended method when the training dataset is similar to the dataset on which the network was pretrained and has a lack of samples. Then, after replacing the last layer, fine-tuning was conducted with only some high-level layers of the network and the weights of the first few layers were fixed. Because the first few layers contain low-level features such as shapes, colours, textures, etc., we want to preserve them. This approach is recommended when the training dataset is dissimilar to the pretrained dataset and lacks samples. After this test, for the remainder of this paper, we adopted the first approach because our dataset is similar to ImageNet.
[image: Figure 5]FIGURE 5 | Workflow diagram of the fine-tuned network.
3.2 CNNs
CNNs consist of a number of convolutional and pooling layers and a fully connected layer (FCL) that functions as the classifier. AlexNet (Krizhevsky et al., 2012), VGG (Simonyan and Zisserman, 2014), GoogleNet (Inception-V1) (Szegedy et al., 2015), Inception-V3 (Szegedy et al., 2016), ResNet (He et al., 2016) and Inception-ResNet (Szegedy et al., 2017) are famous CNN architectures that have recently established themselves as the best-performing methods for computer vision tasks.
3.2.1 Inception-V3
Inception-V3 is a modified version of Inception-V1 (GoogLeNet). In researching and developing convolutional neural networks, scholars hope that increasing the depth (or width) of the network will obtain higher precision; however, this approach can encounter problems: 1) when there are too many parameters and insufficient training data, an overfitting situation will appear; 2) when the network is too complicated, the number of calculations becomes too large, making it difficult to apply; and 3) when the gradient gradually disappears in deeper networks, increasing the difficulty of further optimizing the network. Based on these problems, the Google brain team designed the Inception model, which attempts to introduce sparsity and replace fully connected layers with sparse ones, even within the convolutions (Szegedy et al., 2015). The Inception model draws on the idea of a “network in network” (Lin et al., 2014) and uses different convolution kernel sizes to obtain receptive fields of different sizes and finally extract multi-scale features. Inception-V1 reduced the number of network parameters, allowing the network to be deeper and wider, and this architecture won the ILSVRC-2014 competition (Russakovsky et al., 2015).
Inception-V3 introduced the idea of factorization into smaller convolutions (Szegedy et al., 2016) by splitting large two-dimensional convolutions into two smaller one-dimensional convolutions. On one hand, this approach saves many parameters, accelerates the calculation and reduces overfitting. On the other hand, it adds an extended nonlinear layer that improves model expressivity, thereby further enhancing its classification effect.
3.2.2 ResNet
The residual neural network (ResNet) (He et al., 2016) won the championship at the 2015 ILSVRC classification competition. This network reached 152 layers. As the network deepens, a gradient degradation problem will occur; that is, the accuracy first rises, then it reaches saturation. Finally, as the depth continues to increase, a decrease in accuracy occurs. This is not an overfitting problem because the error increases on both the training and test sets. He designed the ResNet structure to solve this problem by using a “shortcut connection” connection. Assuming that the input of a certain neural network is x, the expected output is h(x). If we directly pass x to the output as the initial result, then the goal we need to learn at this moment is f(x) = h(x)-x, This concept forms the residual units of ResNet, as shown in Figure 6—that is, the learning goal of ResNet becomes the difference between the output and the input h(x)-x: in other words, the residual. ResNet solves the gradient degradation problem caused by deepening a network, achieves extremely high precision and has a wide range of applications in classification, segmentation and recognition tasks.
[image: Figure 6]FIGURE 6 | ResNet structure.
3.2.3 Inception-ResNet-V2
Inception-ResNet-V2 combined the network structures of ResNet and Inception to further enhance the accuracy of image classification.
3.3 Learning rate
Gradient descent is a parameter optimization algorithm widely used to minimize the error of deep convolutional neural network models. The gradient is reduced over multiple iterations by minimizing a cost function at each step to estimate the model parameters. The cost function is
[image: image]
where [image: image] is the model’s parameter (loss), [image: image] is[image: image]’s first derivative, λ is the learning rate.
To improve the performance of the gradient descent method, it is necessary to set an appropriate learning rate. When the learning rate is too small, the network loss will be very slow, and when the learning rate is too large, the parameter updates will be very large. These problems cause the network to either converge to a local minimum or the loss directly begins to increase, as shown in Figure 7.
[image: Figure 7]FIGURE 7 | The influence of learning rate decay type on loss value.
The learning rate selection strategy changes constantly during the network training process. Initially, the parameters are relatively random; therefore, a relatively large learning rate is appropriate to cause the loss to fall faster. However, after training for a while, the parameter updates should have smaller amplitudes; therefore, the learning rate is generally attenuated. The attenuation method is generally fixed, exponential, or polynomial. The corresponding formula is as follows, where base_lr is the initial learning rate, R is a real constant, iter is the current number of iterations and max_iter is the maximum number of iterations.
(1) [image: image]
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4 EXPERIMENTS AND ANALYSIS
In this study, we utilized TensorFlow (Abadi, 2016) as our deep learning framework. TensorFlow is a fully open-source framework that supports clear and easy deep architecture implementations. TensorFlow was originally developed by researchers and engineers at the Google Brain Group (part of the Google Machine Intelligence Research Institute) for machine learning and deep neural network research, but the system’s versatility makes it highly suitable for other calculation fields.
Three famous deep convolutional neural network models were selected that have the best performances on traditional image classification tasks (Inception-V3, ResNet-V1-50 and Inception-ResNet-V2) and two strategies were applied to better exploit these existing CNNs: 1) fully training a network from scratch and 2) fine-tuned CNNs.
4.1 Experimental protocol
In our experiment, the datasets are divided randomly into two non-overlapping sets: 70% of the samples with 2,800 images per class were adopted as training sets, and 30% of the samples with 1,200 images per class were used as validation sets. The original image sizes were 224 × 224; thus, before using them as training input for the classification stage, all the images were resized to 299 × 299 for the Inception-V3 and Inception-ResNet-V2 models to comply with the standardized input dimensions of these CNN models, which were initially determined by their authors. When fine-tuning, we use the CNN models pre-trained on the ILSVRC 2012 dataset (Russakovsky et al., 2015). When fine-tuning or fully training a network, we preserve the original authors’ parameters: the initial learning rate is set to 0.01 and is then varied between fixed, exponential decay and polynomial decay. In the experiments, the batch size (the number of images processed by CNN simultaneously) is set to 32, and the number of iterations is 105,000 (200 epochs).
To compare the classification quantitatively, we compute commonly used measures including the loss function, overall accuracy (OA) and confusion matrix. The loss function reflects the proximity of the predicted images to the real images. Cross entropy is a loss function widely used in classification problems that describes the distance between two probability distributions. The smaller the cross entropy is, the closer the two images are. OA is defined as the number of correctly predicted images divided by the total number of predicted images. The confusion matrix summarizes the machine learning classification model predicted results and the ground truth of a dataset in the form of a matrix in accordance with the category classification model. In the confusion matrix, each column represents a predicted class, and each row represents the ground truth. The value in each column indicates the real data forecasts for the number of classes. Thus, each item xij in the matrix computes the proportion of images that were predicted to be the ith type but truly belong to the jth type. The confusion matrix has the following purposes: 1) it can be used to observe the performance of the model in each category and to observe the accuracy and recall rate of the model corresponding to each category; 2) it can be used to observe which categories are difficult to distinguish (for example, how many of category A are classified into category B), to provide targeted design features and to make the categories more distinguishable. All the experiments were performed on computer equipped with a 64-bit Intel i7-6700K CPU @ 4.0 GHz, 32 GB of RAM, and a GeForce GTX1070 GPU with 4 GB of memory, running under CUDA version 8.0. The operating system was Ubuntu 16.04 LTS.
4.2 Experimental Results
In this section, we compare the performances of the two different strategies to exploit the existing ConvNets: full training and fine tuning.
Figure 8 shows a comparison of the strategies in terms of loss value. These line charts show that the loss values vary with the epoch. Each chart refers to a training strategy, and the different lines indicate different learning rate decay types.
[image: Figure 8]FIGURE 8 | Loss values of different training strategies and CNNs.
From the figure, we can see the convergence in this experiment. Most of the training is convergent. The following conclusions were reached. 1) Fine-tuning is faster than full training. In full training, the loss reaches a low value at approximately the 16th epoch and starts to level off at the 30th epoch. The fine-tuning approach reached a low value in the sixth epoch. 2) Fine tuning achieves a smaller loss value than does full training. In full training, the loss generally exceeds 1, while in fine-tuning, it generally remains below 1. Moreover, it usually oscillates slightly (by approximately 0.5). This result shows that the fine-tuning error is smaller. 3) Comparing the different CNNs, the fine-tuned ResNet model is optimal, with a loss below 0.5. 4) Comparing the different learning rates, the expentional and polynomial decay types are easier to converge.
The effect of the training set reflects only the training data. In this study, 30% of the samples were used as verification data to verify the accuracy of the model. Accuracy is the ratio of the correctly classified samples to the total number of samples for a given validation dataset. The accuracy of the three models is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Overall accuracy of different methods.
The verification results show that for remote sensing image data, the initial precision of the trained models is very low; the accuracy rates of the three types of networks reach only approximately 50%, indicating that the network convergence is insufficient. After applying the ImageNet pre-trained model, the three models reach a good classification accuracy and recall rate, and the accuracy generally exceeds 70%. Among the models, ResNet-V1-50 has the best training and verification effect for this image data: when the learning rate was set to 0.01 and used polynomial decay, its accuracy exceeded 90%.
In addition to OA, confusion matrices were calculated. Figure 10 shows the confusion matrix when using the best model on the dataset. The confusion matrix shows that the classification accuracies can exceed 90% for most scene types. In particular, the buildings, farmland, water, golf course and tennis court classes reached classification accuracy rates above 0.94%. The most difficult scene type in our new dataset was roads, which are easily confused with buildings.
[image: Figure 10]FIGURE 10 | Confusion matrix obtained by fine-tuning ResNet-V1-50 with a polynomially decayed learning rate.
5 DISCUSSION AND CONCLUSION
Improving the accuracy of automatic urban land-use classification has been an important issue in recent high-resolution remote sensing literature. Larger, more challenging datasets are needed, more efficient and more accurate convolutional neural network frameworks are imperative, and the relations between a CNNs’ parameters and the classification results should be determined. In this study, we constructed a new large-scale dataset. To our knowledge, this is the largest dataset currently available for the scene classification of remote sensing images, and it has higher intra-class variations and smaller inter-class dissimilarities than previously available datasets. In addition, we evaluated two strategies to exploit existing CNNs using different learning rates on the constructed dataset. The objective was to understand the best approach that can obtain the greatest benefits from these state-of-the-art deep learning approaches in situations and problems that are unsuitable for designing and creating new CNNs from scratch. We performed experiments to evaluate the following strategies for exploiting the ConvNets: full training and fine tuning. The experiments considered three popular and advanced CNNs: Inception-V3, ResNet-V1-50 and Inception-ResNet-V2. We used three different learning rate decay modes: fixed, exponential and polynomial. The results indicate that fine tuning tends to be the best strategy across a variety of different situations. Specifically, we achieved state-of-the-art results with the ResNet-V1-50 model with a polynomial learning rate decay mode (OA = 90.8%). The model we proposed is good at classifying bare land, buildings, farmland, green land and water areas, all of which are useful in urban remote sensing applications such as urban change detection and environmental monitoring.
We also believe that our datasets can provide the research community with a benchmark resource to advance the state-of-the-art algorithms in urban land-use scene analysis. Moreover, the model can also be applied to other domains. However, this study still has some limitations, including the size and class diversity of the datasets and the comparison of our dataset to the public datasets. In addition, more evaluations of the factors affecting the classification effects of CNNs are needed. At the same time, the method in this paper did not consider the application scenarios of image classification of large scale remote sensing images, so it is necessary to study the remote sensing image classification methods that take multi-scale features into account. In the future, we will elaborate and delve into the relevant areas. First, we plan to publicly release the samples and classes in our dataset, providing a larger and more challenging urban remote sensing dataset for researchers. Second, we plan to compare the existing CNNs using both our dataset and another public remote sensing dataset. Third, we plan to evaluate the impact of additional factors on the two strategies (full training and fine tuning), such as the number of classes in the dataset, other initialized parameters and the depth of the CNNs.
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The high-tech industry belongs to the core strategic national development category and is essential in promoting social future economic growth and scientific and technological progress. This paper constructs a theoretical framework for high-tech industry land misallocation based on the four-level institutional analysis method. The study selects Zhejiang Province of China as the research area. It uses the literature research method and multiple regression analysis methods to analyze the root causes and influence mechanism of land misallocation for the high-tech industry. The research shows that the land-use support policies for the high-tech industry can effectively alleviate the misallocation of land factors. In contrast, the government’s improper financial support measures and tax incentives increase the degree of land misallocation in the high-tech industry. The higher the R&D expenditure-to-income ratio and profitability, the lesser the land misallocation in the high-tech industry. Government behavior and enterprise behavior impact land misallocation in the high-tech industry, but government behavior has a major impact. Therefore, the government, enterprises, and the market should adopt an integrated strategy to reduce excessive government intervention in land resource allocation, allowing the market to play a decisive role in resource allocation, and stimulate the vitality of enterprise R&D and innovation. This study helps to reveal the deep motivation of land misallocation for high-tech industry and provides practical guidance for optimizing the high-tech industrial land allocation and promoting high-quality industrial development.
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INTRODUCTION
The coronavirus disease 2019 (COVID-19) epidemic has delayed the return of personnel to work, caused a short-term impact on the supply side, and triggered fluctuations in the global supply chain, and the industry is facing the challenges of transformation and upgrading. The most crucial factor in industrial transformation and upgrading is agglomerating resource elements to the advanced technology industry. The high-tech industry is characterized by intelligence, innovation, and strategy, which can promote the production of intermediate products, increase the localization rate, and enhance the core competitiveness of the industry (Buhr et al., 2021). Countries worldwide are making the development of high-tech industries an important national development strategy (Zhang, 2020). The rational allocation of factors such as land, capital, and labor are important to the development of high-tech industries (Pruchnow et al., 2006). China’s high-tech industry has always maintained a healthy development trend (Novikov, 2019), which is seen as continuous growth in scale, continuous improvement in technical capacity (Tung and Yu, 2016), continuous optimization of layout, etc. However, it is also facing a decline in the growth rate, weak core technology capacity, insufficient utilization of cluster advantages, and other challenges (Novikov, 2019). The high-tech industry not only reflects the achievements of China’s cutting-edge technological innovation but also helps to achieve sustained economic growth in China in the future.
In 2018, the number of high-tech industry enterprises in China increased from 28,200 in 2010 to 33,600, and the main business revenue increased from 7,448.28 billion yuan in 2010 to 15,7001 billion yuan; its scale of high-tech industry output ranked second in the world, and its scale of exports ranked first in the world [calculated based on the World Input-Output Database (WIOD)]. For high-tech enterprises in need of key support, the enterprise income tax rate is reduced to 15%, and all levels of government pay great attention to the development of high-tech industries. The development of industries needs to be arranged on land (Sun et al., 2020). Due to the urbanization process, the land system in China shows a clear tendency toward industrialization, which promotes the extensive industrial use of land. There is also a significant structural imbalance in China’s industrial land supply. The proportion of the land supply available for emerging industries and high-tech industries is relatively low (Wang and Wang, 2020), and the phenomena of idle land and inefficient land use are prominent (Guanzhong and Yi, 2015). High-tech industries have strategic significance for national and regional development (Liang and Fan, 2020). Therefore, due to the dual intervention of the central and local governments, high-tech industrial land has been more seriously misallocated than traditional industrial land (Huang and Du, 2017; Guo, 2019).
Academia is increasingly concerned about the impact of land allocation on industrial development, mainly from the perspective of government-led or market-led policies (Wang et al., 2020a; Tsvetkova et al., 2020), to study the root causes (Lu et al., 2021), influencing factors (Liang et al., 2020), measurement methods (Chen et al., 2020), governance models (Adler et al., 2019), and governance strategies (Liu et al., 2018a) of land misallocation in high-tech industries. First, in terms of the root causes of the misallocation, domestic and foreign scholars believe that the main reasons for the misallocation of high-tech industrial land are market failure (Wang et al., 2017), government failure (Zeng, 2019), imperfect property rights system (Haohan et al., 2019), and local government competition (Coman and Ronen, 2007). The difference between domestic and foreign academics is that some foreign studies only consider land as a part of the capital, and the land misallocation problem in developed countries is not so prominent (Chen and Kangping, 2018). However, the uniqueness of China’s system determines the direction of industrial policy and the government’s dominant position in the land factor allocation, which makes land misallocation for high-tech industries relatively serious. Subsequently, land misallocation has become a key issue hindering the development of high-tech industries (Lu et al., 2022). Studies of the root causes of land misallocation for high-tech industries have been conducted from the perspectives of the government and the market and have explored the land factor misallocation caused by improper government intervention in the market and the defects of spontaneity, blindness, and lag in the market itself (Zhao, 2019; Kong et al., 2021). Second, in terms of influencing factors, the influencing factors mainly include institutional factors (Sick et al., 2019), socioeconomic factors (Yu et al., 2020), location factors (Liu et al., 2018a), and natural endowment factors (Lu et al., 2020a). Third, in terms of study methods, scholars mainly focus on the evaluation of land use efficiency, land conservation, and intensive use. Their methods mainly include input–output method (Bryan et al., 2015), DEA method (Han and Zhang, 2020), SFA method (Liu et al., 2020a), and evaluation method based on index system (Zheng et al., 2019). The measurement method of land misallocation in high-tech industries can learn from the measurement and evaluation method of resource allocation efficiency. Finally, from the perspective of governance models and strategies, they mainly include government-led governance models; market-led governance models; mixed governance models; and strategies such as clarifying the property rights of allocation, improving the institutional environment of allocation, correcting the distortion of allocation policies, and improving the management of allocation planning. In a word, there is a consensus regarding the existence of land misallocation. However, existing studies have paid relatively little attention to the issue of land misallocation in high-tech industries. At the same time, from the perspective of research, the existing studies focus on the perspective of allocation efficiency and agglomeration effects and lack research on the high-tech industry from the perspective of land misallocation. From the perspective of research content, the existing studies focus on the contribution of land factor investment to economic growth at the macro level, and the research on the mechanism of land misallocation in high-tech industries is relatively scarce. Research at the micro level, especially at the enterprise level, is mostly ignored. Empirical tests are relatively lacking.
The contribution of this study lies in that this study breaks through the existing research on utilization efficiency and an agglomeration perspective and conducts research based on the perspective of microenterprise total factor productivity. Theoretically, this study enriches and perfects the research on the optimal allocation model of high-tech industrial land. In practice, it provides practical guidance for optimizing the allocation of land for high-tech industries and promoting the high-quality development of industries. This study aims to use the high-tech enterprises in Zhejiang Province as the research object and, from the viewpoints of government behavior and enterprise behavior, to explore the impact mechanism and the root causes of land misallocation for the high-tech industry. To this end, it employs literature review methods and multivariate regression analysis to seek optimization strategies for land allocation in the high-tech industry. This study will provide a scientific basis and decision-making reference for the intensive and efficient use of industrial land, industrial transformation and upgrading, and the high-quality development of regional economies. The following section presents the theoretical basis and literature review. Then, the theoretical analysis framework for the study of land misallocation in the high-tech industry is presented. The Model and data section proposes hypotheses and constructs analytical models. In the Results and discussion section, the empirical results are discussed. The final section is the conclusion of this study.
THEORETICAL BASIS AND LITERATURE REVIEW
Resource misallocation theory
Modern microeconomics emphasizes that resource allocation plays a key role in achieving efficiency and that improper resource allocation is an essential source of differences in productivity among countries (Liu et al., 2020b). Jones proposed an input–output economy with a Cobb–Douglas production function and consumption function and a distortionary wedge (Yin and Zhu, 2020). Bigio and La’O expanded on this by proposing input–output economies with Cobb–Douglas production and consumption functions with distortionary wedges and an elastic labor supply (JonesMisallocation, 2013). When an economy is distorted, meaning that the marginal product of inputs of each production unit is not equal, there will be resource misallocation. “Resource misallocation” refers to the existence of external factors that cause obstacles to the flow of resource elements, thus causing the unequal marginal product of resources, i.e., deviation from the Pareto optimality (Chen et al., 2019). Studies on resource misallocation in China mainly focus on the nature, connotations, form, cause, and impact of resource misallocation. Since China’s economic growth is mainly achieved through the promotion of industrialization, the industrial sector forms the core of China’s economy. Its output value has been maintained at approximately 50% of the total gross domestic product (GDP) (Lu et al., 2020b), and the high-tech industry is the pillar of China’s economy. Research on land resource misallocation in high-tech industries is the key to deftly promoting industrialization and ultimately achieving industrial transformation and upgrade in China. There are two main types of resource misallocation. One is misallocation in the intensive margin, in which the marginal return on resources is not equal across sectors; the other is misallocation in the extensive margin, in which the marginal output of all enterprise factors in the economy is equal, but the reallocation of factors could still lead to output increases (Yang and Shao, 2018).
Connotation of land misallocation in the high-tech industry
The earliest definition of high-tech industry describes it as a large-scale industry that uses cutting-edge technology and cutting-edge equipment (Banerjee and Moll, 2010). The high-tech industries addressed in this study are modern urban industries that meet the national classification standards. High-tech industry land includes the land used by units that meet the national high-tech industry classification and are recognized as high-tech enterprises or high-tech industrial parks by governments at all levels. Its output value is usually higher than that of general industries. From the perspective of economics, if production factors are not effectively allocated, and high productivity enterprises cannot get enough factor input, the overall productivity of the economy will be affected, and the resulting efficiency loss is called resource misallocation (Sun and Lv, 2020). At present, scholars at home and abroad have not formed a precise definition of the land misallocation of high-tech industries. Referring to the concept of “resource misallocation” (Lu et al., 2021), the land misallocation of high-tech industries is that the flow of factors is blocked, resulting in the deviation of the marginal output of resources from the Pareto optimal state. Due to the different levels of factor marginal output in different departments or regions, the actual allocation of high-tech industrial land will deviate from the optimal allocation equilibrium point under the intervention of the government and the market. This leads to the reduction of the output efficiency of high-tech industries, forming a certain output gap. The greater the difference of factor marginal output level in different departments or regions, the greater the degree of deviation from the optimal allocation, and the more serious the misallocation phenomenon. Therefore, under the influence of excessive government intervention and market failure, the allocation of high-tech industrial land by the main body of resource allocation deviates from the principle of fairness, resulting in the imbalance of the allocation of capital, labor, land, and other factors in various departments and regions (Li and Wang, 2021). The supply and demand of land for high-tech industries are in an unbalanced state, resulting in some high-tech industries in some regions being unable to develop due to the lack or backwardness of factor resources.
This study assumes that over a fixed period of time, the total area of industrial land is fixed, denoted by L; the industrial land is allocated to two specific sectors (enterprises), which are recorded as sector A and sector B, and their decision-making behavior is in line with the concept of the economic man. Under the same level of industrial land supply, the marginal benefit functions of industrial land for sector A and sector B are F1 and F2, respectively.
As shown in Figure 1, the marginal benefit functions F1 and F2 are placed in a box plot. The horizontal axis L′L represents the amount of industrial land allocated for sector A, and L″L represents the amount of industrial land allocated for sector B. Effective allocation should achieve equal marginal revenue (i.e., L* points). The two marginal benefit curves are divided into eight parts, denoted as M, M2, M1, Q1, Q2, Q3, Q4, and N. Under the condition of effective allocation, the economic output is expressed as: [image: image], [image: image], [image: image]. Under the government-led high-tech industrial land allocation, the economic output is expressed as follows: [image: image], [image: image], [image: image]. This indicates that the efficiency loss of government-led high-tech industrial land allocation is M1+M2. The reason for this loss is that there is a large gap between the marginal benefit levels of industrial land use in the two sectors under government intervention. Due to various frictions, such as land regulation and incomplete markets, the actual land allocation (F1) deviates from the optimal condition, resulting in the formation of differences in marginal land output and deadweight loss (M1). However, because the high-tech industry has strategic importance in regional economic development, it is subject to intervention by both central and local government, which results in more serious friction in the high-tech industry than in the general industry, leading to greater efficiency loss (M1 + M2). The greater the difference in marginal land output, the greater the degree of land misallocation for high-tech industries. In summary, the sources of friction mainly include government intervention and market failure. The influence of government intervention under the current government-led industrial land allocation system is especially high in China.
[image: Figure 1]FIGURE 1 | Schematic diagram of land misallocation in the high-tech industry.
Study review of land misallocation in the high-tech industry
Through combing the literature, it is found that foreign scholars began to study the high-tech industry in 1984. In order to restore the vitality of economic development after the 2008 financial crisis, the world’s economies paid more attention to the high-tech industry, which is a high-growth industry. They issued more supporting policies to promote its development. Foreign scholars’ study on land misallocation began in 1979, and its popularity has been growing slowly for a long time. The main reason for this is that foreign countries started early in the study of land resource utilization, and the development system is more perfect. Therefore, in the actual process of industrial growth, there is less large-scale and eye-catching industrial land misallocation. Domestic study on land use efficiency and high-tech industry began in 1984. Under the tide of industrial structure adjustment caused by the world’s new technological revolution, China has paid increasing attention to high-tech industrial development zones. Domestic research on high-tech industry reached its peak in 1999 and then showed a fluctuating downward trend. The study on land use efficiency has been growing slowly from the beginning to 2018. And as the national society pays more attention to the efficiency of industrial land use, it is expected that the efficiency of land use will become a research hotspot in the future.
Existing studies mainly focus on the root causes (Liu et al., 2018b; Yan, 2018; Agheyisi, 2019), influencing factors (Li et al., 2017; Chen et al., 2022), measurement methods (Zeng et al., 2019; Wang et al., 2020b; Wang and Tan, 2020), governance strategies (Ma and Zhao, 2015), and other aspects of land misallocation in high-tech industries. The root causes of land misallocation in high-tech industries can be summarized into five aspects. First, the imperfect land factor market (Agheyisi, 2019). For example, restrictions on transfer or lease will increase the transaction costs of business entities in production activities and hinder the flow of land elements to entities that use more efficiently. Second, excessive government intervention in the land market and market failure caused by monopoly of land supply are important reasons for the low efficiency of land allocation in high-tech industries (Agheyisi, 2019). The third is the imperfect property right system (Yan, 2018). Fourth, land regulation is one of the reasons for the imbalance between marginal income and cost of land (Yan, 2018). The fifth is the competition of local governments under the reform of tax sharing system (Liu et al., 2018b). The influencing factors of high-tech industrial land misallocation can be divided into institutional factors (Li et al., 2017), socioeconomic factors (Li et al., 2017), location factors (Chen et al., 2022), natural endowment factors (Chen et al., 2022), and so on. Among the institutional influencing factors, the existing studies mainly focus on the impact of institutional changes, land supply system reform, industrial land use system, and industrial policy. The influence of socioeconomic factors is mainly reflected in the impact of the degree of economic development and the imbalance of economic development on the space–time difference of high-tech industrial land allocation. Due to the great differences in the degree of regional economic development, the subsequent development opportunities are also different; therefore, the location factor is also an important reason. Natural endowment factors also have a certain degree of impact. Among them, many studies have pointed out that population changes, income levels and affluence, and technological progress are important influencing factors. Since the theoretical basis of high-tech industrial land misallocation is the theory of resource misallocation, the measurement method of high-tech industrial land allocation efficiency can learn from the measurement and evaluation method of resource allocation efficiency. There are mainly marginal output differences or productivity share covariance, which is the method of calculating the marginal efficiency output of the research object by constructing a covariance model (Zeng et al., 2019); using the relative productivity of factors, that is, restoring the relative productivity of factors through the calculation of the elasticity coefficient and distortion coefficient of production factors (Wang et al., 2020b) and based on the productivity gap caused by resource misallocation, that is, by calculating the distortion degree of resource misallocation, and then comparing it with the most efficient point, we can get the productivity gap (Wang and Tan, 2020). The optimal allocation of high-tech industrial land is committed to correcting the misallocation and improving the allocation efficiency by selecting and improving the governance structure. The misallocation of high-tech industrial land may be caused by the failure of government and market mechanism; therefore, the definition of the functional scope of government and market has become the governance core. The main modes of high-tech industrial land allocation governance include government governance mode, market governance mode, and mixed governance mode (Ma and Zhao, 2015).
THEORETICAL ANALYSIS FRAMEWORK FOR LAND MISALLOCATION IN THE HIGH-TECH INDUSTRY
Four-level institutional analysis of Williamson’s framework
According to the institutional analysis theory of Williamson (2000), the roles of the four levels of social embeddedness, institutional environment, governance structure, and resource allocation are flipped from top to bottom. Social embeddedness (L1) has been changing for a long time, and its research scale is relatively macro. However, the scope of this study is limited to Zhejiang Province, and therefore, the impact of the first level is ignored at the institutional level. From the perspective of the institutional environment (L2), under the current fiscal decentralization system and in the face of regional competition and fiscal revenue and expenditure pressure, local governments tend to attract large capital-intensive or labor-intensive enterprises, and some traditional enterprises lose their vitality for development and become backward and inefficient. A large amount of inefficiently utilized industrial land cannot be put back into market transactions, which significantly reduces the land available for high-tech industry. The governance structure (L3) removes the transaction barriers that affect the normal operation of the market mechanism. The current allocation of high-tech industrial land is mainly affected by government behavior and enterprise behavior. The level of resource allocation (L4) manifests as government intervention in the normal land market through fiscal subsidies, preferential land supply, and other policy measures under the systems of fiscal decentralization and urban–rural division, resulting in marginal private costs that are lower than the marginal social costs for high-tech industry enterprises; consequently, high-tech enterprises have strong development motives. This level starts with marginal efficiency and is affected by the common influence of the first three institutional levels. The interaction among these levels is shown in Figure 2. However, the dual failure of the market and the government during the resource allocation process indicates that simply adjusting the price and quantity of land to improve the marginal efficiency of land use cannot correct the root cause of the misallocation problem. Therefore, it is necessary to explore the solution at a deeper level.
[image: Figure 2]FIGURE 2 | Four-level institutional analysis of Williamson’s framework.
Theoretical framework of land misallocation for high-tech industry
Because the allocation of land for high-tech industry is affected by both government intervention and market failure (Ferrara et al., 2014), it is not ideal to explore this misallocation only from the perspective of efficiency allocation. To more clearly understand the mechanism of land misallocation for high-tech industry and clarify the interaction between land misallocation for high-tech industry and the behavior of government and enterprise, this study draws on the four-level institutional analysis of the Williamson framework and constructs a theoretical analysis framework for land misallocation in high-tech industries (Figure 3) according to the ideal of “institutional level—behavior model—transmission path—influence on outcome.”
[image: Figure 3]FIGURE 3 | Theoretical analysis framework for land misallocation in the high-tech industry.
First, changes in social embeddedness are slow and unpredictable. Therefore, only the second, third, and fourth levels are considered at the institutional level. The institutional environment is the structure that ensures the smooth operation of society, and it forms the basis for the allocation of industrial land. Governance structure represents implementation at the level of social institutions. Resource allocation includes production factors, pricing, and incentive adjustments. Currently, most studies on land allocation for high-tech industry focus on the fourth level of marginal analysis: resource allocation efficiency. Second, the behavioral model mainly analyses the behavior of government and enterprise in the land allocation process. In terms of government behavior, under the institutional environment of fiscal decentralization and urban–rural division, the government intervenes in the land market through policy governance measures such as fiscal subsidies and preferential land supply to attract more high-tech enterprises. From the perspective of enterprise behavior, the government’s financial subsidies and preferential policies cause the marginal private cost of high-tech enterprises to be smaller than the marginal social cost. Meanwhile, traditional inefficient enterprises have difficulty vacating, high-tech enterprises have difficulty entering, and the latter has poor operating conditions, which cause the distortion of land allocation for high-tech industries. Third, the transmission path analysis mainly explores how government behavior or enterprise behavior affects land misallocation for high-tech industries and the path through which they affect the efficiency of factor allocation. Insufficient land resource allocation for high-tech enterprises will result in the dispersion of the agglomeration of scientific research resources and production factors, which will increase the operating costs of enterprises. Excessive land resource allocation for high-tech enterprises leads to a large amount of capital being fixed in the land and unable to flow to more efficient sectors to create more value, thus creating a vicious circle. In addition, because the factors can be converted and circulated, enterprises can use the existing resources for mortgage loans to attract capital injection and can easily cover the land misallocation, which damages the development efficiency of other enterprises. Eventually, this causes misallocation in the high-tech industry.
MODEL AND DATA
Theoretical assumptions
According to the theoretical analytical framework of land misallocation in the high-tech industry (Figure 3), government behavior is mainly reflected in the second and third levels. There is fierce competition among local governments, and land has become a tool that local officials use to develop the regional economy. In an institutional environment characterized by fiscal decentralization and urban–rural division, the local government, due to political promotional and fiscal incentives, excessively intervenes in the land market, causing severe distortions in the deviation of land prices from land values (Wei et al., 2019). High-tech industry enterprises exist in a distorted market environment. Therefore, there is a serious misallocation of land resources. In recent years, extensive land supply based on low land prices and the agreement-based transfer method has become the main means by which local governments attract investment. Based on this, this study proposes hypothesis 1: the greater the government intervention in high-tech industrial land, the more serious the land misallocation in the high-tech industry.
Enterprise behavior is mainly reflected in the fourth level. Local government competition for attracting investment in the land will lead to excessive investment by land-purchasing enterprises, which increases the degree of capital intensity but keeps employment absorption capacity and growth efficiency low (Huang and Du, 2017). Under solid government intervention, the marginal private cost of traditional industrial land is lower than the marginal social cost, and enterprise land has a relatively apparent negative externality. The spatial uniqueness of land resources leads to a minimal possibility for enterprises to exit after they have occupied the land while simultaneously increasing the cost of the land for new entrants and reducing the overall level of productivity, leaving enterprises in a dilemma. Based on this, this study proposes hypothesis 2: the more significant the negative externality of land use by high-tech enterprises, the greater the likelihood of land misallocation.
In fact, high-tech industrial land is allocated under the combined effect of macrocontrol and market mechanisms, and the study of misallocation should also consider these two aspects. First, the local government is both the land’s supply side and the macroregulator’s identity. Therefore, the local government has strong control over land allocation. Local government-led land allocation has a direct impact on the market demand for high-tech industrial land and restricts the signal transmission between price and supply and demand, which is the root cause of misallocation. Second, imperfect market mechanisms and incomplete regulatory functions directly impact enterprises’ unreasonable behavior, which in turn affects land allocation. In the game between the government and enterprises, the local government will provide land according to the demands of the land-using enterprises, and the land-using enterprises will determine the demand based on the land price. The vicious competition among local governments has severely depressed the price of industrial land. According to the theory of market supply–demand equilibrium, the decrease in land price will lead to an increase in the land demand of enterprises, which in turn promotes an increase in the supply of industrial land. Meanwhile, other investment promotion policies of local governments will also stimulate the land demand of high-tech enterprises, which may cause a large amount of land occupation and land hoarding behavior. This behavior prevents the enterprise’s own capital elements from circulating and hinders the entry of foreign high-tech enterprises. As a result, the allocation of land resource elements in high-tech industries is distorted. Based on this, this study proposes hypothesis 3: land misallocation in the high-tech industry is caused by both government behavior and enterprise behavior, but government behavior has a major impact on it.
Model construction
First, we examine whether government behavior impacts land misallocation in the high-tech industry. Hypothesis 1 is verified by examining the impact of indicators such as fiscal decentralization and fiscal subsidies on the explained variables. The model was established as follows:
[image: image]
In this model, [image: image] represents the relevant data of prefecture-level city [image: image] in the year [image: image], and [image: image] is the degree of land misallocation in the high-tech industry in different regions. Variables, the fiscal decentralization index ([image: image]) and local government financial subsidies for high-tech industries ([image: image]), and high-tech industry land-use policy ([image: image]) represent government behavior. [image: image] represents control variables, including the net population inflow, the population of the municipal district, the GDP of the prefecture-level city, the number of people with a college degree or higher, and the number of patents. [image: image] is a compound disturbance term.
Second, we examine how enterprise behavior affects land misallocations in high-tech industries. To verify hypothesis 2, the model is established as follows:
[image: image]
In this model, the variables, asset–liability ratio ([image: image]), profitability ([image: image]), and research and development (R&D) expenditure-to-income ratio ([image: image]), represent the behavior of high-tech enterprises.
Finally, the relationship between government behavior, enterprise behavior, and land misallocation in the high-tech industry was studied to clarify the underlying mechanism of land misallocation in high-tech industries. To verify hypothesis 3, the model is established as follows:
[image: image]
In this model, the first three variables, including the FIN, SUB, and POL, represent government behavior; the latter, including the ASS, PRO, and R&D, represent the behavior of high-tech industries.
Data description
The land misallocation in the high-tech industry is the core variable (i.e., dependent variable) to be explained in this study. Academia primarily uses the area of land leased by agreement/area of land leased through bidding or the average price of commercial land/average price of industrial land to characterize the degree of land misallocation, but the heterogeneity and differences among different industries are ignored. Based on misallocation theory, this study uses the traditional industrial land area/high-tech industrial land area ratio to express the core variable of land misallocation in high-tech industry. Government behavior and enterprise behavior are explanatory variables (i.e., independent variables). In the analysis of government behavior, the government behavior variables are measured using indicators such as fiscal decentralization, fiscal subsidies, and high-tech industrial land-use policy. In the analysis of enterprise behavior, high-tech enterprises’ operational management and revenue interact with the land misallocation in the high-tech industry (Liu et al., 2018a). Therefore, the enterprise behavior variables are measured using the ASS, PRO, R&D, and other indicators. For high-tech industry, the city’s economic development trend is the foundation of industrial development, and the quantity and quality of talent determine the speed of future development. Therefore, the control variables mainly include two aspects. One is the level of city development, including net population inflow, urban population density, and prefecture-level city GDP; the other is the supply of talent and technological innovation, including the number of college graduates and granted patents. The selection and composition of specific indicators are shown in Table 1.
TABLE 1 | Index selection.
[image: Table 1]Zhejiang Province plays an important role in the integration strategy of the Yangtze River Delta. The headquarters of high-tech enterprises with global influence, such as Alibaba and Ant Group, are in Zhejiang Province. Zhejiang Province has successively introduced a number of policies to support the development of high-tech enterprises. With the support of national strategic materials, Zhejiang Province will build a new science and technology city with scientific and technological innovation as its core and high-quality industrial development as its goal and will strive to explore development with specific characteristics. This has become a reproducible and promotable model development case. Although the high-tech industry in Zhejiang Province has developed rapidly, there is still a misallocation problem in the land for high-tech industries. From the perspective of factor input level (Figures 4, 5), the capital factor input has increased significantly, with a growth rate as high as 120% from 2014 to 2018, while the growth rate of the labor factor input and land factor input increased relatively less, only by 4% and 26% in 5 years, respectively. In terms of the output of high-tech industries, the province’s growth rate was 98%. Therefore, the output of high-tech industry enterprises in Zhejiang Province does not match the resource input, and the misallocation of labor factors and land factors is the most serious. This is not conducive to the long-term development of high-tech industry enterprises and society. According to the China Statistics Yearbook on High Technology Industry, Zhejiang Province’s high-tech industry investment in 2018 increased by 39.15% compared to 2015, the main business income increased by 41.70%, and the total profit increased by 45.36% (Figure 6). With the rapid development of the high-tech industry, a large number of high-efficiency and high-tech enterprises have emerged. In 2018, the number of high-tech enterprises in Zhejiang Province reached 2,785. Since inefficient, traditional enterprises did not establish an effective exit mechanism at the initial stage of their establishment, the environment of survival of the fittest created a dilemma that resulted in a prominent phenomenon of industrial land-use distortion. Therefore, it is typical to choose Zhejiang Province as the study area of this paper.
[image: Figure 4]FIGURE 4 | Average value of capital factor input and economic output of high-tech industrial enterprises in Zhejiang province in 2018.
[image: Figure 5]FIGURE 5 | Average value of labor factor and land factor input of high-tech industrial enterprises in Zhejiang province in 2018.
[image: Figure 6]FIGURE 6 | Data change of high-tech industry in Zhejiang province from 2015 to 2018.
The research subjects of this paper are listed high-tech enterprises in Zhejiang Province, with a total sample of 307. The detailed distribution is shown in Figure 7. High-tech industrial land-use data were taken from the Land China website and the Zhejiang Statistical Yearbook on Land Resources. Government behavior data were taken from the Zhejiang Statistical Yearbook and various local government websites. Given the availability and completeness of the data, the enterprise behavior data were compiled from the annual reports published by each listed high-tech enterprise from 2014 to 2018 and the science and technology statistical bulletins of each local government, and the data on control variables were obtained from the Zhejiang Statistical Yearbook (2014–2018). Based on the descriptive statistical results of the variables presented in Table 2, the most stable indicator is the number of college graduates, with a standard deviation of 0.0630. The indicator with the highest degree of dispersion is enterprise profitability, with a standard deviation of 2.5271. The average value of the SUB indicator is 22.4128, which is the highest variable, while the average value of the ASS indicator is −0.8826, the lowest variable. Indicators with the same observed values of the misallocation indicators included SUB, ASS, R&D, and PRO. In addition, the most recent year of the data is 2018; therefore, the timeliness of the data is relatively good, and all of the variables pass the logic test.
[image: Figure 7]FIGURE 7 | Distribution of listed high-tech enterprises in Zhejiang province.
TABLE 2 | Descriptive statistics of variables.
[image: Table 2]RESULTS AND DISCUSSION
Empirical results
The theoretical starting point for the land misallocation of high-tech industries is the difference in the marginal output of land. The greater the difference in the land factor’s marginal output, the greater the deviation of the factor allocation from the efficient subject or method (Baqaee and Farhi, 2020), which in turn indicates that the land misallocation in high-tech industries is more serious. As shown in Figure 8 Zhejiang Province shows an increase of 98% in the output level of high-tech industries. Ningbo has the largest absolute value of output, but its growth rate is only 33%, and Wenzhou has the smallest absolute value of output, but its growth rate is as high as 684%. Under the same input level, the output levels of different regions did not increase year-on-year, possibly due to the misallocation of factor resources.
[image: Figure 8]FIGURE 8 | Variation of average economic output of high-tech industries in Zhejiang province from 2014 to 2018.
As shown in Table 3, the degree of correlation among government behavior variables, enterprise behavior variables, and mixed variables and the degree of fitting of the regression are high. The Durbin Watson (DW) value can be used to determine the autocorrelation status of the model. The DW test value is close to 2, indicating that no autocorrelation problem will occur. The significance is less than 0.01, indicating that the mechanisms of hypotheses 1, 2, and 3 can be well explained. The F-test value reached a significance level of 0.01, indicating that the explanatory power of the model was relatively good.
TABLE 3 | Summary of behavior pattern model.
[image: Table 3]Under the government behavior model, the unstandardized coefficients of FIN and SUB are positive (Table 4), indicating that these two have a positive impact on the land misallocation in high-tech industry, and the unstandardized coefficient of POL is negative, indicating that there is a negative correlation between POL and land misallocation. The control variables were significant. The results in Table 4 show that land-use policy support can effectively alleviate the land misallocation in high-tech industry. The government’s financial subsidies for high-tech enterprises will attract more high-tech enterprises, but the higher the degree of fiscal decentralization, the greater the pressure on the local government to balance incomes and expenditures. Under conditions of fierce local competition, the government tends to invest resources in capital-intensive traditional industries. Thus inefficient, traditional industries continue to occupy a large amount of land resources, and high-tech enterprises have difficulty gaining entry, which will objectively increase the degree of land misallocation in high-tech industries. Hypothesis 1 was verified.
TABLE 4 | Multiple regression coefficients of government behavior variables.
[image: Table 4]Under the enterprise behavioral model, the control variables were significant and land misallocation in high-tech industries is significantly inhibited by PRO and R&D (Table 5). The R&D investment of high-tech enterprises is directly related to their level of innovation and operating income. When R&D investment is insufficient, enterprises may use policy support to invest in land speculation and begin to hoard large amounts of land resources, resulting in land misallocation in high-tech industries. Profitability is the foundation of enterprise survival. In the case of excessive allocation of land factors, high land-holding costs will hinder the flow of capital elements to technology R&D, and enterprises will choose to concentrate productivity on low-end technology projects with easily produced outcomes, resulting in low efficiency. If land factors are not sufficiently allocated, enterprises that cannot obtain sufficient production space will be forced to reduce production efficiency, resulting in insufficient R&D revenue and profitability. The lack of internal revenue capacity among enterprises will in turn affect their investment in land factors, and this circular effect will deepen the land misallocation in high-tech industries. Hypothesis 2 was verified.
TABLE 5 | Multiple regression coefficients of enterprise behavior variables.
[image: Table 5]Under the hybrid model, the control variables were significant, and both government behavior and enterprise behavior will have an impact on the land misallocation in the high-tech industry. In the regression results, the larger the regression coefficient, the deeper the impact. Overall, the regression coefficient of the independent variable representing government behavior is greater than the regression coefficient of the independent variable representing enterprise behavior (Table 6), indicating that government behavior has the main impact. That is, hypothesis 3 is verified.
TABLE 6 | Multiple regression coefficients of mixed-mode variables.
[image: Table 6]Discussion
First, land-use support policies for high-tech enterprises can effectively alleviate land misallocation, while excessive fiscal subsidies and tax incentives under fiscal decentralization will further increase land misallocation. Due to tax distribution reform and promotion incentives, the local government favors the development model of “operating the city with land” by virtue of an absolute monopoly over the land, which leads to the extensive use of industrial land by the local government and inhibits the transformation and upgrading of the industrial structure. Policies such as financial subsidies and tax incentives are the most important means by which local governments can attract investment, which can expand the economic benefits of the region in the short term and provide the government with fiscal revenue in the long term, thereby improving the performance of the government. High-tech enterprises are highly sensitive to production costs, and local governments usually choose to lower the price of industrial land and provide a large number of subsidies and preferential policies to attract high-tech enterprises. However, high-tech industries have high R&D costs, long payback periods, and high risks, and local governments tend to invest resources in capital-intensive traditional industries according to a performance evaluation system based on economic levels, making it difficult for traditional inefficient enterprises to vacate and for high-tech enterprises to enter. Therefore, the government should provide supportive policies for high-tech industries, such as land price concessions and land financial loans, and should rationally use tax incentives and financial subsidies. For advanced high-tech enterprises or projects with large output value per unit of land area that meets the requirements of government-supported key technologies, the reserve price for land transfer should be set at 70%–80% of the corresponding benchmark land price for the land class of the location. In addition, the transformation and upgrading of traditional industries should be accelerated to attract a new type of traditional industries and achieve the scaling of high-tech industries. Meanwhile, the proportion of economic output assessed in the performance evaluation should be reduced to establish a green performance evaluation system.
Second, the higher the R&D expenditure-to-income ratio and profitability, the lesser the land misallocation in high-tech industries. The ultimate goal of high-tech enterprises in carrying out scientific and technological R&D and technological innovation activities is to meet consumer demand by substantively improving old products and developing new products, thereby increasing the level of profitability and creating enterprise value. The higher the profitability of the enterprise, the better able it is to invest in scientific and technological R&D. Therefore, from the perspective of long-term development, high-tech enterprises should rationally use the government’s preferential support policies to intensively use the necessary land resources and invest more production factors in production R&D, thereby obtaining a higher level of profitability. Management should formulate a scientific and reasonable long-term development plan based on the enterprise’s actual situation to broaden the financing channels for enterprise technological innovation investment. The intellectual property protection system should be further improved to serve as the core competitive factor of high-tech enterprises. For traditional enterprises, land-use efficiency should be improved to curb the demand for new production land and alleviate the distorted allocation of high-tech industrial land. In addition, a perfect market operation mechanism is a key way to ensure the rational allocation of production factors, such as land resources, in the high-tech industry. The basic and decisive role of the market in the resource allocation should be effectively brought into action to establish an integrated regional market in Zhejiang Province and ensure the circulation of land factors.
Last, both government behavior and enterprise behavior have an impact on land misallocation in high-tech industry, but government behavior has a major impact. Therefore, the regulation of government behavior should be the focus. Excessive government intervention should be reduced to reverse the path of extensional expansion of land for development and achieve the transformation of economic development through the optimal allocation of land resources. On the other hand, competition among local governments in attracting investment should be constrained. However, it is unrealistic to rely solely on local governments to optimize the allocation of industrial land. Therefore, the constructive interaction between government subsidies and social capital should be explored, and government subsidies should be used to attract more social capital to alleviate the financial pressure on the government and increase government revenue. The government should guide high-tech enterprises by establishing an incentive mechanism for innovation investment and should stimulate enterprises’ independent R&D and innovation based on the development demands of Zhejiang Province. To correct the land misallocation of high-tech industries and improve the efficiency of industrial development, the most important step is to clarify the boundary between the government and the market. Based on the analysis of the theoretical framework of land misallocation in high-tech industries, the government should mainly play a role in institutional supply and governance structure, design a reasonable land supply system and a vacating mechanism for enterprises, provide space for more high-tech enterprises to enter, and avoid the accumulation of land that remains inefficient and idle for the long term. The market should give full play to its dominant position in resource allocation, and competitors should be encouraged to actively carry out scientific R&D and technological innovation.
CONCLUSION
This study used the research area of prefecture-level cities in Zhejiang Province and investigated 307 listed high-tech enterprises. The time span of the study was from 2014 to 2018. Based on the four-level institutional analysis method, a theoretical analysis framework for high-tech industry land misallocation was established to explore the mechanism underlying land misallocation in the high-tech industry. The hypothesis was proposed, and the regression analysis method was used for model calculation and hypothesis verification to provide a theoretical basis and practical guidance for the optimal allocation of land use. The main conclusions of this study are that, based on the government’s behavior, the land-use support policies for high-tech industries can effectively alleviate the misallocation of land factors, while the government’s improper financial support measures will increase the degree of land misallocation in high-tech industries. The greater the governmental intervention, the more serious the resulting misallocation problem. The government should formulate reasonable policies to support the land use of high-tech industries, increase efforts to promote the transformation and upgrading of traditional industries, and transform the government performance evaluation system that focuses on the economic level. Based on the level of enterprise behavior, when the R&D investment and profitability of high-tech enterprises are low, enterprises are more prone to low output efficiency and land misallocation. Enterprises should formulate long-term goals and plans, broaden the financing channels for scientific and technological R&D and technological innovation, improve their profitability, and form their core competitiveness. Based on multiple entities’ behavior, high-tech enterprises relied on a large number of government support measures to obtain a favorable development environment in the initial stage. Government behavior is the main cause of land misallocation in high-tech industries. Therefore, the government, enterprises, and the market should adopt an integrated strategy to reduce excessive government intervention in land resource allocation, allow the market to play a decisive role in resource allocation, and stimulate the vitality of enterprise R&D and innovation.
This study breaks from the traditional governance model, which uses only qualitative methods to explore the optimal land allocation for high-tech industries. Instead, this study uses the Williamson institutional analytical framework to construct a model and conducts empirical tests using regression analysis to reveal the internal mechanism of land misallocation of high-tech industries; additionally, it proposes corresponding governance strategies that account for the behavior of multiple entities, such as the government, the market, and high-tech enterprises. This study has high value as a reference for correcting the land misallocation of high-tech industries. However, due to data acquisition and field investigation limitations, the research area was Zhejiang Province, a developed eastern coastal province of China. The land misallocation of high-tech industries was mainly explored from the spatial perspective, ignoring the inherent differences within high-tech enterprises. Representative areas of the Central and Western regions can be included in later studies, and further research and validation can be conducted at the industry classification level to improve the applicability and rigor of the research conclusions.
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With the rapid development of China’s economy and the acceleration of urbanization, the rapid expansion of urban space has led to a growing demand for land that has resulted in the destruction and expropriation of a large amount of ecological land in China. In the face of the current situation of China’s resource constraints, environmental degradation, and ecosystem destruction, it is necessary to thoroughly study the territorial ecological space of China and its evolution rules. Based on previous studies on the classification of ecological land use, this study proposes the concept of territorial ecological space and distinguishes it from urban space and agricultural space. A matching ecological space classification system has been established, which may help in understanding the ecosystem model and related ecological processes. According to the constructed ecological space classification system, ecological spatial data processing was conducted. The standard deviation ellipse model was used to analyze the pattern of various ecological spaces in China and the migration of their barycenter. The results of the study show the following: 1) China’s territorial ecological space area showed a downward trend from 2000 to 2015. From the aspect of flow, the area of ecological space mainly flows into urban space, followed by agricultural space. According to the division of the first-level ecological space, the main ecological space structure of China is grassland ecological space and woodland ecological space. 2) The spatial distribution characteristics of China’s territorial ecological space are more prominent, and the distribution is very uneven. During the study period, the variation of the standard deviation ellipse angle θ of the ecological space is small, and the migration of the barycenter is not obvious, indicating that China’s territorial ecological space is in a relatively stable state. 3) It is necessary to implement a differentiated policy on the optimization and control of territorial ecological space according to the non-equilibrium of territorial space, and build a unified and coordinated territorial space management and control system. Such a differentiation policy would provide a basis for decision making and a reference for formulating strategies for the sustainable development of the regional ecological environment and optimizing the spatial layout of the territory.
Keywords: standard deviation ellipse, territorial ecological space, spatial variation, land use, China
INTRODUCTION
With the rapid development of China’s economy and the acceleration of urbanization, the rapid expansion of urban space has led to a growing demand for land, resulting in the destruction and expropriation of a large amount of ecological land in China (Zhang et al., 2017; Cui et al., 2020). Land with special ecological significance gradually lost its original ecological function during the process of being damaged and overpopulated, which further exacerbated the instability of the ecosystem and exposed many ecological safety issues (Nelson et al., 2009; Bennett et al., 2009). The conflict and transformation of different types of land use is actually the versatility of land use (Gao et al., 2021; Willcock et al., 2016). The competition between different land uses is the game, with conflict between different functions and targets (Chou et al., 2016; Wu and WangZhang, 2019; Zhang et al., 2020). In the face of the current situation of China’s resource constraints, environmental degradation, and ecosystem destruction, it is necessary to thoroughly study the spatial variation of China’s territorial ecological space and its evolution rules and then rationally allocate and optimize the quantity and pattern of ecological space. There is no universal consensus on the definition of ecological space. However, many scholars and institutions have put forward their own analytical framework for the classification of ecological space or ecological land use. The division of ecological space has been carried out at the regional scale and mesoscale, and research on the classification of ecological land has been carried out, with relatively rich research results obtained. Summarizing the current research literature, we find that most scholars consider that ecological systems (land units) and spatial sites, which are important for maintaining key ecological processes at different spatial scales, are part of ecological land (Galloza et al., 2018; Kursad and Serkan, 2010). The Canadian Committee on Ecological (Biophysical) Land Classification (CCELC) proposes six levels of ecosystem classification: eco-zone, eco-province, eco-region, eco-district, ecology eco-site and eco-element (Wiken and Ironside, 1977). Zonneveld proposes different levels of land ecosystems: ecotope, land facet, land system, and main landscape (Zonneveld, 1989; Zonneveld, 1990). Klijn proposed a grade and system of ecological land classification and illustrated the practical significance and value of the hierarchical classification method (Klijn and de Haes, 1994). Capotorti proposed an ecological classification system for Italian land and studied whether the land units generated by the classification could serve as a reliable framework for coarse-scale environmental analysis and be used to implement national conservation strategies (Capotorti et al., 2012). Ulrich Walz and Christian Stein discussed the concepts of “closeness to nature” and “hemeroby”, and they thought that indicators of hemeroby can be a meaningful supplement to information provided by other national indicator systems (Walz and Stein, 2014). Grondin proposed a new classification method called “ecological land classification of homogeneous vegetation landscapes”. He thought that this method is more comprehensive than previous ELC methods (traditional approaches to ecological land classification) in that it combines the concepts and goals of both landscape ecology and ecosystem-based management (Grondin et al., 2014). Szilassi found that scale had a strong impact on the sign of the correlation between the naturalness of the vegetation and the landscape structure. They can predict the change in the naturalness of vegetation based on the spatial changes in the land cover pattern (Szilassi et al., 2017). Guo integrated these three features and used China’s current land use classification system to reconstruct ecological land classifications with four major grades (basic ecological land, auxiliary ecological land, productive ecological land and daily living ecological land) (Guo et al., 2018). Looking at the above understanding of ecological land by Chinese and foreign scholars, we can see that the concept of ecological land has not yet reached a consensus. However, the practical importance of this research area will allow more scholars to devote additional effort to in-depth research. We can find that the concept of “ecological land” is gradually becoming the same or similar. For the classification of ecological land, most scholars divide the ecological land into different categories according to the differences in the research area. The scholars who study the classification of ecological land are more concerned with the concept and classification of ecological land itself, from the perspective of human intervention. There is a lack of comprehensive exploration of the ecological space needed or occupied by macroscopically stable organisms. Ecological space is an important prerequisite for supporting human beings in the achievement of production and living (Chen et al., 2015; Liu et al., 2016a). Ensuring the stability and optimization of the basic support functions of ecological space is the key to coordinating a man-land system balance and building an ecologically civilized system (Costanza et al., 2014; Liu et al., 2015; Liu et al., 2016b). While China has achieved world-renowned economic development speed and volume, eco-environmental issues have always been the biggest obstacle to China’s transformation to high-quality development. In China, the policies of the country and its leaders have an important influence on the socioeconomic development (Zhao, 2011; Zhang et al., 2018). Therefore, it is both interesting and meaningful to study the changes and variation rules of ecological space in China.
Based on the definition of ecological space, we analyzed the differentiating characteristics and changing laws of territorial ecological space in China based on the standard deviation ellipse (Hereinafter referred to as SDE) method. We then proposed the non-equilibrium of the territorial space, implemented a differentiated territorial ecological space optimization and control policy, and delineated three areas (urban space, agricultural space, ecological space) and three lines (urban development boundary line, permanent basic farmland protection red line and ecological protection red line) to build a unified, coordinated territorial space management and control system. This study has certain practical significance for strengthening the protection of land ecological space, promoting the reform of the territorial resource management system and the construction of ecological civilization. It is expected to provide a basis for decision making and a reference for comprehensively grasping the regional ecosystem structure and succession rules, formulating strategies for the sustainable development of the regional ecological environment and optimizing the spatial distribution of the territories.
THE DEFINITION AND COMPOSITION OF ECOLOGICAL SPACE
Broadly speaking, ecological land can be understood as all land on Earth (Costanza et al., 1997; Wouter et al., 2015). Ecological land is spatial carriers of ecosystem services (Hadi and Elham, 2019). To facilitate the management of land resources, the Ministry of Natural Resources of China divides land use into three types of land: agricultural, construction, and ecological. The Ministry defines ecological land as land other than agricultural space and urban space, including land used by humans but for purposes other than agricultural and construction, land used directly by organisms other than humans, or land used by humans or other organisms indirectly that mainly plays a role in maintaining biodiversity and the regional or global ecological balance and in maintaining Earth’s original environment. It can be seen from the above that ecological land corresponds to construction land and agricultural land. This concept is more suitable for the government’s management of land use activities and land resource allocation, and it belongs to the two-dimensional plane quantitative category. The authors believe that the connotation of ecological space is more abundant. It is not only the area that humanity has used or is about to intervene in and use but also the sum total of the environment that organisms need or occupy under macroscopic stability. From viewpoint, any organism needs to maintain certain environmental conditions for its existence and reproduction. Human intervention should not break the balance and rules of this space. Therefore, it is not a flat land but a vertically integrated space. Therefore, we propose a conceptual model of ecological space. The conceptual model of ecological space is as follows:
Ecological space = ecological land (woodland, grassland, water, etc.) + biological chain (biological and food chain) + abiotic factors (light, temperature, water, air, etc.). Schematic diagrams of a single ecological space and a compound ecological space are shown in Figure 1. The ecological land is a two-dimensional concept, which only refers to the ecological functional land with area attribute. The biological chain connects the material flow, energy flow and information flow in this space. The abiotic factors are abiotic factors existing in the living environment of living organisms, such as sunlight, temperature, water, air, soil, etc. The Figure 1A explains the connotation of the same ecological space, and the Figure 1B explains the relationship between different ecological spaces.
[image: Figure 1]FIGURE 1 | Ecological space schematic. (A) Same type of ecological space, (B) Different types of ecological Spaces.
The authors believe that to define an ecological space, it needs to be distinguished from other spaces first. According to the principle of leading functions, we can divide the territorial space into urban space, agricultural space and ecological space. This preliminary method of division does not mean that urban and agricultural space does not include ecologically functional land. Urban space is the territorial space that provides urban residents with leading functions such as production and living. Agricultural space refers to the territorial space that provides rural residents with leading functions such as production and living. Therefore, combined with the concept model of ecological space, we can define the territorial ecological space as follows.
Territorial ecological space refers to the territorial space that provides important ecological products and ecological services for the country or region in addition to agricultural space and urban space in a certain country or region and is composed of different functional ecological land, a complete food chain and a stable biological habitat. The ecological space mainly includes all the ecologically significant spaces outside the agricultural space and the urban space, such as forest, grassland, marsh, wetland, river, lake, beach, shore line, ocean, desert, the Gobi desert, glacier, alpine tundra, uninhabited island and other space.
To facilitate research, the corresponding type space that constitutes the ecological space is divided based on the following principles.
(1) Emphasize the ecological service function of ecological land use. Ecological land use should provide ecological services, such as environmental regulation and biological conservation, as the primary functions and play an important role in maintaining regional ecological balance and sustainable development. Among them, the environmental regulation function mainly refers to climate regulation, hydrological regulation, soil regulation and control, interference regulation, etc. The biological conservation function mainly refers to providing habitats, rich gene banks, and biological control functions for organisms other than humans.
(2) Focus on ecological heterogeneity and the integrity of the spatial structure. Ecosystems have different levels and scales, and the internal structure of the system varies widely. The characteristics of different types of ecosystems at various levels are quite different, and their performances are not the same. Adopting the heterogeneity of an ecosystem as the determining standard for ecological land is more in line with the objective conditions of the ecosystem. For any type of ecological land to play its ecological service function, it must first ensure the integrity of its spatial structure.
(3) Pay attention to the connection with the land use status classification system. The “Classification Standards for Land Status” (GB/T21010-2007) has been promulgated as a national standard in China. Linking to the land status classification system facilitates the extraction of various types of ecological space and reduces the workload. Therefore, the classification of ecological land types can be carried out on the basis of the currently widely used “Classification Standards for Land Status” (GB/T21010-2007) in China to save manpower, material resources, and financial resources. This not only makes the data fully current but also realizes the connection with historical data.
Using the will survey and evaluation method, through questionnaires and expert opinions, the classification of ecological space is determined based on the above three principles. The type of ecological land is determined to specifically include the following first-level and second-level land types (Table 1). The first-level and second-level types are described in the “Classification Standards for Land Status” (GB/T21010-2007) and the “Second China Land Survey Technical Regulations”.
TABLE 1 | Ecological space type classification system based on classification standards for land status in China.
[image: Table 1]DATA AND RESEARCH METHODS
Data
Ecological space data came from the merger and extraction of land use data for 2000 and 2015. Data for 2000 and 2001–2014 were obtained from China Institute of Land Surveying and Planning. Data for 2015 were obtained from the Second National Land Survey published by the Ministry of Natural Resources (Table 2).
TABLE 2 | Data.
[image: Table 2]Research methods
SDE method is a geostatistics method that can accurately reveal the spatial distribution characteristics of various types of geographical features (Wong, 1999; Li et al., 2016). This method was first proposed by the sociologist Lefever. It was mainly used to reveal the spatial relationship of geographical factors. Later, it was widely used in many fields as a method for descriptive exploration of geographical space. This method is also applicable to the comparison of descriptive analyses and spatial distribution changes over time. The SDE method can better describe the deviation direction of a group of geographical elements in terms of their spatial distribution, can calculate the mean center of geographical feature objects, and can be either weighted or unweighted. In this study, the weighted average center was used to obtain the average of the coordinates of each point and was calculated based on the weight of the ecological space density attribute variable.
The calculation method is as follows. It can be implement in ArcGIS (Wang and Gao, 2014).
Weighted average center: 
[image: image]
Ellipse direction: 
[image: image]
X-axis standard deviation: 
[image: image]
Y-axis standard deviation: 
[image: image]
In the formula, [image: image] is the spatial coordinate of the study object which is a given type of ecological space. [image: image] represents the weight at spatial element i. [image: image] denotes the weighted average center of the spatial dataset of the study object. θ is the azimuth of the ellipse. [image: image] and [image: image] represent the deviation of the study object’s spatial coordinates from the average center. [image: image] and [image: image] represent the standard deviations which is the SDE of a given type of ecological along the x-axis and y-axis.
RESULT ANALYSIS
Analysis of ecological spatial pattern in China
Based on the analysis of the data of ecological land in 2015, it can be calculated that the total area of ecological space in China is 732.3704 million hectares, accounting for approximately 76.28% of the country’s land area. According to the division of first-class land types, the ecological space structure of China is mainly grassland ecological space and woodland ecological space. Among them, the grassland, woodland, water and desert areas are 286.4020 million hectares, 25299.200 million hectares, 41.063 million hectares and 151.97 million hectares, respectively, accounting for 39.11%, 34.54%, 5.60%, and 20.75%, respectively, of the total ecological space. Divided by second-class land types, China’s ecological spatial structure is dominated by natural pastures and forest lands, of which natural pasturage, forest land, bare land, other grassland, shrubland, and other woodland have areas of 217.596 million hectares, 187.1142 million hectares, 99.1592 million hectares, 66.9813 million hectares, 43.2866 million hectares and 22.5912 million hectares, respectively, accounting for 29.71%, 25.55%, 13.54%, 9.15%, 5.91%, and 3.08%, respectively, of the total ecological space (Table 3).
TABLE 3 | Area of ecological space types in 2015.
[image: Table 3]From the perspective of provinces (Figures 2, 3 and Table 4), Xinjiang, Tibet, Inner Mongolia and Qinghai have large ecological space. The total area is 150.38 million ha, 118.9759 million ha, 101.778 million ha and 64.6276 million ha, respectively. The provinces with high ratios of ecological space and jurisdiction over the region in 2015 were Xinjiang, Tibet, Inner Mongolia, and Qinghai at 91.96%, 98.97%, 89.02%, and 92.77%, respectively. The provinces with less ecological space were Tianjin, Shanghai and Beijing. It can be seen that there is a significant difference in the spatial distribution of China’s territorial ecological space. This distribution pattern is in line with the “Heihe-Tengchong Line”, which mainly focuses on the geographically sparsely populated areas in the northwest. The densely populated and socioeconomically developed regions have relatively small ecological space, population and society-economy distribution, and the ecosystem service supply regions are seriously out of balance.
[image: Figure 2]FIGURE 2 | Area and ratio of ecological space in 2015.
[image: Figure 3]FIGURE 3 | Ratio of China’s ecological space, GDP and population in 2015.
TABLE 4 | Area and ratio of ecological space in 2015.
[image: Table 4]Judging from the area of ecological space types in each province (Table 5), the provinces with larger woodland ecological space included Inner Mongolia, Yunnan, Sichuan and Heilongjiang. The provinces with larger grassland ecological space included Tibet, Inner Mongolia, Xinjiang, and Qinghai. The provinces with larger water ecological areas included Tibet, Xinjiang, Qinghai, Heilongjiang, Inner Mongolia, and Jiangsu. The largest desert area was in Xinjiang. From the perspective of the proportion of regional ecological space, the provinces with relatively large woodland ecological space were mainly the three northeastern provinces and the eastern and central provinces. The provinces with relatively large grassland ecological space were mainly in the northwestern provinces of Inner Mongolia, Xinjiang, and Qinghai. The provinces with relatively large water ecological space were mainly Jiangsu (88.69%), Shanghai (83.51%) and Tianjin (74.02%). The provinces with relatively large desert ecological space were mainly Xinjiang (57.50%) and Gansu (39.56%).
TABLE 5 | Area and ratio of ecological space types in respective jurisdictions in 2015.
[image: Table 5]From the spatial distribution of the SDE (Figure 4), the spatial distribution of China’s territorial ecological space presents a spatial pattern of “east (slightly south)-west (slightly north)” direction. In 2015, the barycenter of the territorial ecological space was located in Qinghai Province (X: 135632.81, Y: 4027018.11). The spatial distribution of woodland ecological space presents a spatial pattern of “northeast-southwest” direction. The barycenter of the woodland ecological space was in Shaanxi Province (X:902459.11, Y: 3725595.22). The distribution of grassland ecological space presents a spatial pattern of “northeast-southwest” direction. In terms of space, it extends from “Tibet-Qinghai-Gansu-Inner Mongolia”. In 2015, the barycenter of grassland ecological space was located in Qinghai Province (X: -220179.14, Y: 4998648.82). The spatial distribution of water ecological space shows a spatial pattern of “east (slightly north)-west (slightly south)” direction. The barycenter of the water ecosystem was located in Gansu Province (X: 545335.37, Y: 3935717.66). The spatial distribution of desert ecology shows a spatial pattern that is more obvious in the “southeast-northwest” direction. Spatially extended in the direction of “Xinjiang-Gansu-Qinghai”, the barycenter of the desert ecological space was located in the Xinjiang Uygur autonomous region (X: -581147.67, Y: 4418779.70).
[image: Figure 4]FIGURE 4 | SDE spatial distribution of ecological space types in 2015.
Analysis of spatial disparity of territorial ecology
Based on the SDE, China’s territorial ecological spatial distribution was calculated. The change of China’s total territorial ecological space from 2000 to 2015 is shown in Figure 4. The standard deviation parameters and changes are shown in Tables 3, 4. In 2000, the barycenter of the territorial ecological space was located in Qinghai Province (X:122518.31, Y:4021943.55). In 2015, the barycenter of the territorial ecological space changed little, and it changed to the position in Qinghai Province of (X: 135632.81, Y: 4027078.11). From 2000 to 2015, the total displacement of China’s territorial ecological space center was 14.08 km, of which 13.11 km was eastwards and 5.1 km was northwards, showing a general trend of moving eastwards. From 2000 to 2015, the standard deviation of China’s territorial ecological spatial distribution of the ellipse tends to shrink in the x-axis and grow in the y-axis, with the x-axis shortened by 1.53 km and the y-axis grew by 16.03 km. It can be seen that China’s territorial ecological space has contracted in the “east-west” directions and grown in the “south-north” directions, and the y-axis grown velocity is faster than the x-axis contraction velocity. This situation is in line with China’s territorial ecological spatial distribution. With the acceleration of urbanization in China, the speed of the transformation of ecological space into urban space has also accelerated. Although there is a small amount of arable land, garden land, and construction land inflows, the outflow amount far exceeds the inflow volume, and the transformation of ecological space into urban space is obvious, followed by the transformation into agricultural space. From 2000 to 2015, the area of ecological space in China continued to decline. In 2015, it decreased by a total of 18.18 million hectares compared with 2000, a drop of 2.42% (Figure 5).
[image: Figure 5]FIGURE 5 | Area change of China’s ecological space from 2000 to 2015.
According to the analysis of the secondary classes contained in the ecological space in 2000 and 2015 (Figure 6), the area of the woodland and water were increasing, and the area have increased by 31.7 and 6.44 million hectares in the past 15 years. The grassland and desert have been cut back. The area have reduced by 16.21 and 40.11 million hectares in the past 15 years. The increase in woodland and water was attributed to the long-term implementation of the Chinese government’s policies which were “returning farmland to forests” and “returning farmland to lakes” (in Chinese: “tui geng huan cao”and “tui geng huan hu”). The reduction of grassland was related to the rapid urbanization of the central-western china. In the process of urbanization in the central-western china, urban space occupied a large number of grassland. The reason for the decline of the desert was mainly the desertification control of the China government.
[image: Figure 6]FIGURE 6 | Area change of China’s ecological space in 2000 and 2015.
The parameters of the SDE of various ecological spaces and their changes are shown in Tables 6, 7. SDE spatial distribution and center of gravity changes are shown in Figure 7 and Figure 8. It can be seen that the barycenter of the woodland ecological space in 2000 was located in Hubei Province (X: 998696.96, Y: 3646692.92). In 2015, the barycenter of the woodland ecological space changed little and changed to the Shanxi Province (X: 902459.11, Y: 3725595.22) position. From 2000 to 2015, the total displacement of the barycenter of the woodland ecological space was 124.45 km, including 96.24 km westward and 78.90 km northward, showing a general trend of moving westward. This trend also reflects the flow of woodland ecological space. Regarding the change of woodland in all provinces of China, the provinces with the largest transformation to areas are Chongqing, Hunan, Inner Mongolia and Xinjiang; the provinces with the largest transformation from areas are Guangdong, Hunan, Jiangxi and Guizhou. From 2000 to 2015, the standard deviation of woodland ecological spatial distribution of the ellipse tends to shrink in the x-axis and grow in the y-axis, with the x-axis shortened by 70 km and the y-axis grew by 30.57 km. It can be seen that the distribution of woodland territorial ecological space is discrete in its distribution direction; the x-axis contraction rate is faster than the y-axis growth rate, and the woodland ecological space is increasingly dispersed.
TABLE 6 | SDE parameters of ecological space types from 2000 to 2015.
[image: Table 6]TABLE 7 | SDE parameter changes of ecological space types from 2000 to 2015.
[image: Table 7][image: Figure 7]FIGURE 7 | SDE spatial distribution of ecological space types from 2000 to 2015.
[image: Figure 8]FIGURE 8 | Migration trajectory of ecological space baryleft from 2000 to 2015.
In 2000, the barycenter of grassland ecological space was located in the position in Qinghai province of (X: -138731.72, Y: 4015222.54). In 2015, the barycenter of the grassland ecological space changed to the position in Qinghai province of (X: -220179.14, Y: 4098648.82). From 2000 to 2015, the total displacement of the grassland ecological space barycenter was 116.59 km, including 81.45 km westwards and 83.43 km southwards, showing a general trend of moving northwest. From 2000 to 2015, the SDE of the grassland ecological spatial distribution showed a contraction trend on the x-axis and y-axis, with the x-axis shortened by 102.6 km and the y-axis shortened by 13.39 km. It can be seen that the grassland territorial ecological space has been contracting in its distribution direction.
In 2000, the barycenter of the water ecosystem was located in Inner Mongolia (X: 415411.31, Y: 4172190.58). In 2015, the barycenter of the water ecosystem changed greatly, and it changed to the position in Gansu Province of (X:545335.37, Y:3935717.66). From 2000 to 2015, the total displacement of the water ecological space barycenter was 269.81 km, of which 129.92 km was eastwards and 236.47 km was southwards, showing a general trend of moving southeast wards. The main reason is that many water areas have been turned into urban built-up area. The areas in which water-use land is converted into urban built-up area are commonly found in Jiangsu, Henan, Zhejiang, and Guangdong Provinces. From 2000 to 2015, the standard deviation of water ecological spatial distribution of the ellipse tends to shrink in the x-axis and grow in the y-axis, with the x-axis shortened by 27.88 km and the y-axis grew by 83.62 km. The y-axis grown velocity is faster than the x-axis contraction velocity.
In 2000, the barycenter of the desert ecological space was located in Inner Mongolia (X:-528046.36, Y: 4437813.62). In 2015, the barycenter of the desert ecological space changed to the position in the Xinjiang Uygur autonomous region of (X: -581147.67, Y: 4418779.70). From 2000 to 2015, the total displacement of the desert ecological space barycenter was 56.41 km, including 53.10 km westwards and 19.03 km southwards, showing a general trend of moving southwest. From 2000 to 2015, the SDE spatial distribution of desert ecological space showed growth trends on the x-axis and contraction trends on the y-axis, with the x-axis grew by 13.18 km and the y-axis shorted by 14.69 km.
CONCLUSION AND DISCUSSION
Conclusion
Territory ecological space is a complex ecological giant system with complex natural-societal-economic interactions, which is of great significance to the development of new space, new kinetic energy and the construction of ecological civilization in China. Based on the eco-spatial data from 2000 to 2015, the ecological space pattern of China in 15 years was analyzed. Based on the SDE model, we analyze the spatial differentiation and change rule of China’s territorial ecological space, with a view to providing a basis for decision making and a reference for formulating strategies for the sustainable development of the regional ecological environment and optimizing the spatial layout of the territory.
The results of the study show the following:
1) In 2015, the total area of ecological space in China was 732.3704 million hectares, accounting for 76.28% of China’s total land area. According to the division of first-level ecological space, the ecological spatial structure of China is mainly grassland ecological space and woodland ecological space. From 2000 to 2015, China’s territorial ecological space area showed a downward trend. From the aspect of flow, the area of ecological space mainly flows into urban space, followed by agricultural space. That is, a large amount of ecological land has been transformed into urban built-up area and cultivated land.
2) The directional characteristics of the distribution of China’s territorial ecological space are more prominent, and the distribution is very uneven. The ecological space is mostly concentrated in the sparsely populated and socioeconomically underdeveloped regions of the northwest, whereas in the eastern regions, the population is concentrated and the socioeconomically developed regions are less distributed. This shows that the spatial distribution of China’s population and socioeconomic and ecological system service supply areas are in an imbalanced spatial configuration state. From 2000 to 2015, the changes in the SDE rotation angle of ecological space were small, and the shift of the barycenter was not obvious. It indicated that China’s territorial ecological space is in a relatively stable state. However, the SDE rotation angles of the four types has changed greatly.
3) The basic ecological functions of China’s ecological space are concentrated in the west, and the beneficial areas are concentrated in the east. However, the western ecological environment is fragile, and if it is not protected, it will lose basic ecological functions. Therefore, according to the imbalance of territorial space, we should implement differentiated policies of territorial ecological space optimization and control. In accordance with the overall requirements of promoting “intensive and efficient production space, livable and moderate living space, green and vitalecological space”, the urban space, agricultural space and ecological space are delineated within the limits of territorial space, the management and control of ecological space are strengthened, the urban growth boundaries and permanent basic farmland protection red line are delimited, and the urban built-up area occupation of agricultural space and ecological space is strictly controlled. Meanwhile, system and mechanism innovation, construction of a territorial space planning system, and construction of a unified and coordinated territorial space management and control system could provide support for the optimization of territorial ecological space, comprehensive management and ecological civilization construction.
DISCUSSION
Based on the SDE model, the law of ecological spatial differentiation was researched in China from 2000 to 2015. Through demonstration, it can be found that the SDE model is suitable for the study of ecological spatial differentiation. In the context of global warming, the study of ecological space is of great significance for the emission peak and carbon neutrality. Therefore, the study of the differentiation law of ecological space needs long-term tracking, and we will continue to track this interesting problem in the future.
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NOMENCLATURE
CenterX center of gravity x
CenterY center of gravity y
XStdDist X-axis standard deviation
YStdDist Y-axis standard deviation
θ Rotation angle
△θ Difference between two elliptical rotation angles
△XStdDist Difference between two XStdDist
△YStdDist Difference between two YStdDis
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The study of industrial land transformation effect is of great significance for promoting the sustainable and healthy development of the industrial economy. This paper adopts panel data of 10 provinces in eastern China from 2008 to 2020, constructs an indicator system including five dimensions on the premise of clarifying industrial land transformation and applies the comprehensive evaluation method of gray relational theory to measure its effect. The results show that: 1) overall, industrial land transformation effect in the eastern region shows a good development trend but there are gaps between different provinces, which have been expanding over time in the extreme values. 2) At the provincial level, in terms of industrial land transformation effect, Beijing, Shanghai, Guangdong, and Jiangsu are in the leading positions; Zhejiang, Fujian, and Hebei are in the middle positions; and Tianjin, Hainan and Shandong are slightly behind. 3) At the dimensional level, Industrial land development dimension and industrial land employment dimension generally show a good trend; the spatial pattern of industrial land optimization dimension and environmental pollution control dimension does not change significantly with most provinces at a low level; development conditions support dimension shows a positive spatial trend, indicating that each province attach importance to infrastructure construction and scientific technological progress, creating positive conditions for industrial land transformation. Overall, the results identify whether industrial land in eastern China is being used rationally, which has practical implications for promoting industrial structure upgrading, scientific and technological progress and ecological environment improvement.
Keywords: industrial land, transformation effect, spatial-temporal evolution, eastern region, China
1 INTRODUCTION
Industrialization is a key driver of economic growth and urbanization and the rapid development of industry in China has helped to accelerate the country’s modernization and to become a major force in driving global economic growth. As industrialization progresses, a continued supply of large areas of industrial land will be required to further support industrial economic output (Wang et al., 2018; Liu R. et al., 2022). In the early land finance model, local governments advocated investment in land and many industrial parks or development zones were built, making industrial land occupy a larger proportion of urban construction land (Chen et al., 2018; Liu et al., 2018; Wang Q. et al., 2021). However, despite the positive impact of industrial land expansion on the development of urban economic benefits, the one-sided pursuit of total crossover has led to inefficient use of industrial land, idle waste, environmental pollution and other problems (Chen et al., 2020; Li et al., 2021; Li K. et al., 2022), which also makes the mismatch between land supply and demand increasingly serious (Cheng et al., 2021). Currently, China’s economic development model is changing from high quantity to high quality and industry is also beginning to change from traditional sloppy development to intensive development. The traditional model of expanding industrial land area to increase economic output is unsustainable and the intrinsic value of industrial land must be tapped through resource optimization to improve the quality of industrial land (Gao et al., 2018; Gao et al., 2021; Yang et al., 2022). The eastern region of China with its early start and high level of industrialization is the “leading goose” of China’s industrial economic development but it is also facing the pressure of rapidly rising factor costs, relatively insufficient resource endowments, and the expansion of industrial relocation (Li et al., 2019; Liu et al., 2021). Considering the government’s emphasis on strengthening the planning and intensive use of industrial land stock, some industrial land is still allocated to low-capacity, low-efficiency, high-pollution, high-energy-consumption projects; therefore, land efficiency needs to be improved and transformation and development is urgent.
“Transformation” refers to the transition process of changing from one movement form to another by changing the intrinsic nature or external form of things to promote their development in a better direction. In recent years, economic transformation, mainly the transformation of development subject, model and structure, has been the focus of scholars’ attention (Ma et al., 2018; Yang et al., 2018; Dong Y. et al., 2020; Kurnia et al., 2022). Around the development concept of innovation, coordination, greenness, openness, and sharing in the new era, industrial land transformation needs to balance economic, social and ecological benefits (Wu et al., 2020; Wang J.-C. et al., 2021; Pu et al., 2021). Due to the scarcity of urban land resources, industrial land transformation relies more on the tapping of existing land through the transformation of traditional industries and the development of new industries to adjust the industrial structure and improve land efficiency (Zhang et al., 2018; Jiang, 2021). Based on this, this study considers that the “transformation” of industrial land is a kind of gradual structural transformation of industrial land development with the fundamental goal of improving its comprehensive utilization efficiency, guided by the upgrading of industrial structure and effective management of industrial pollution. It can promote the efficiency of industrial land, accelerate the structural adjustment of industrial development factors, improve the level of industrial labor force knowledge and the industrial land infrastructure system, and finally promote high-quality industrial development. Industrial land transformation development is an effective means to promote intensive land use (Chen and Wang, 2022; Cheng, 2022). In this context, has industrial land transformation achieved the expected effect? What are the spatial-temporal characteristics of the industrial land transformation effect? Answering the above questions has a guiding role in promoting the sustainable and healthy development of the industrial economy.
To rationalize the use of land resources and promote industrial land transformation and development, scholars in China and globally have conducted extensive research (Ahmad et al., 2019; Gao et al., 2021). In some developed countries, such as the United States and those within the European Union, research mainly focuses on industrial land redevelopment and remediation and has accumulated relatively rich research results (Green, 2018; Martinat et al., 2018; Ustaoglu et al., 2020). Through the renovation of old industrial areas, developed countries have gradually explored a path that suits their economic development and environmental protection to achieve the goals of revitalizing regional economies and improving land use efficiency and environmental quality. However, considering the rapid industrialization of developing countries, especially China, scholars have increasingly focused their attention on China (Pan and Song, 2017; Dong L. et al., 2020; Li L. et al., 2022; He and Tang, 2022), the world’s second largest economy. China’s industrial land area has expanded massively in recent decades and industrial development has accomplished a series of important achievements but the problems caused by the uncontrolled expansion of industrial land have also had certain negative effects (Song et al., 2018; Sun et al., 2020). Therefore, relevant studies are devoted to exploring the aspects of industrial land transformation to optimize the quality of land use. Specifically, scholars mainly evaluate the efficiency of industrial land use in the context of transformation (Chen et al., 2019, 2022; Yan et al., 2020), focusing on industrial green development, land use evaluation and industrial land efficiency. To discover which factors play a driving role in the process of transformation, scholars also analyze the dynamics driving industrial land transformation (Shu et al., 2018; Xia et al., 2020; Yue et al., 2022), involving economics, policy, and environmental protection. In addition, some studies have attempted to clarify the game relationships among various interests such as government, enterprises, and residents in the process of industrial land transformation to achieve a balance of interests among different property rights subjects (Gao and Chen, 2020; Lai et al., 2020; Wu et al., 2020).
In conclusion, academic research into industrial land transformation has increased (Arabsheibani et al., 2016; Chan et al., 2019; Hu et al., 2019), which has laid a good research foundation for this paper. However, most of the above studies emphasize the economic benefits of transformation and pay less attention to its non-economic benefits, which makes it difficult to identify whether it meets the requirements of intensive and sustainable use. Therefore, this study innovatively constructs a multi-dimensional evaluation indicator system that integrates economic, social and ecological benefits to measure the industrial land transformation effect in 10 provinces in eastern China. The objectives of this study are as follows: 1) to obtain the industrial land transformation scores of each province by constructing an indicator system and weighting them. 2) To apply kernel density estimation to analyze the evolutionary trend of the overall industrial land transformation effect. 3) To explore the spatial-temporal evolution characteristics of industrial land transformation effect in each province based on ArcGIS spatial analysis technology and provide references and suggestions for the subsequent guidance of healthy and sustainable development of industrial economy in each province. The rest of the paper is structured as follows: the second part explains the selection of indicators and the research methodology and the regression results are given in the third part. Then, we discuss the mechanism of industrial land transformation, propose the transformation development, and give the prospect of future research in the fourth part. Finally, the full text is summarized in the fifth part.
2 MATERIALS AND METHODS
2.1 Indicator selection
Industrial land transformation effect refers to the expected effect obtained by the industrial industry in changing the original development model and progressive adjustment and reform. The expected effect of transformation contains several aspects such as industrial structure, development conditions, employment status, resource utilization, and ecological environment (Sun and Yuan, 2015; Tang and Hu, 2021; Tian et al., 2021). In the “Proposal of the Central Committee of the Communist Party of China on Formulating the Thirteenth Five-Year Plan for National Economic and Social Development”, innovative development, green development, coordinated development, open development, and shared development centrally reflect the laws of economic and social development, which is a major innovation of China’s development theory. By linking industrial land transformation and new development theories, we believe that industrial land transformation should focus on systematic development and different measurement perspectives exist. On this basis, this study proposes five dimensions and 17 quantitative indicators (Table 1) to measure industrial land transformation effect by drawing on existing literature (Chen and Zhou, 2017; Liu H. et al., 2022; Li Q. et al., 2022; Pu and Zhang, 2022) and the actual development of industrial land in China.
1) Industrial land development dimension. Reflecting the scale of economic development of industrial land in a region, it mainly highlights the total amount of its economy and the degree of its contribution to regional development.
2) Industrial land optimization dimension. Reflecting the characteristics of industrial land industrial structure upgrading in the process of transformation, it mainly highlights its technicalization, coordination, low energy consumption and higher management level.
3) Industrial land employment dimension. Reflecting the social drive of industrial land transformation, combining the mutual influence of industrial land transformation and industrial employment, it mainly highlights the prospect of industrial employment and the degree of specialization in the transformation process.
4) Development conditions support dimension. This reflects two aspects that support the industrial land transformation, in which research and technology are the driving force for the transformation and upgrading of industrial land and infrastructure is the condition for the development of modern industrial industry.
5) Environmental pollution control dimension. This reflects the impact of industrial land transformation on the ecological environment and the importance of green development of industrial land by the emission of the three types of industrial waste (waste gas, waste water, and industrial residue).
TABLE 1 | Indicator system for measuring industrial land transformation effect.
[image: Table 1]2.2 Methods
2.2.1 Gray relational analysis
Gray relational analysis can find the numerical relationship between factors and the application of this theory to assign weights to the indicator system of industrial land transformation effect has no special requirements on the number and category of samples. Moreover, the calculation is convenient and the quantitative results are reliable.
Step 1. Average the data to make it dimensionless.
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Step 2. Calculate the absolute difference between the comparison series and the reference series.
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Step 3. Calculate the bipolar minimum difference and maximum difference.
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Step 4. Calculate the correlation coefficient.
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Where ζ is the resolution coefficient, usually taken as 0.5.
Step 5. Find the correlation degree.
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Calculate the factor correlation degree of each indicator and obtain the gray correlation weight value wi for each indicator after normalization.
2.2.2 Linear weighting method
On the basis of obtaining the weight wi of each indicator, the study uses linear weighting method to obtain the industrial land transformation score and sub-dimensional transformation score to measure the transformation effect and variability of different provinces.
We first normalized the data. Different evaluation indicators often have different scales, and the values differ greatly from each other, which will affect the results of data analysis if they are not processed. In order to eliminate differences in magnitude and range of values between indicators, standardization is needed to scale the data to fall into a specific region for comprehensive analysis. The study was processed using the minimum-maximum normalization method with the following equation.
[image: image]
where y* is the data normalized value corresponding to the index, y is the original data value corresponding to the index, min is the minimum value of the original data value of each index, and max is the maximum value of the original data value of each index. After the minimum-maximum normalization method is processed, the data normalized values are mapped within 0–1.
Then, we used the linear weighting method to calculate the industrial land transformation effect score and the sub-dimension transformation effect score based on the weights of each indicator and the standardized values of the data.
[image: image]
Where i is the value of all indicators, Zj is the comprehensive score of industrial land transformation effect of the j province; the value of i is the dimensional indicator, Zj is the dimensional transformation score of the j province; and yi is the data standardized value corresponding to the indicators. In addition, since the standardized values of the data mapped within 0–1, the linearly weighted data results had small values, making it difficult to identify their differences, so a 10-fold value was assigned to the industrial land transformation effectiveness score to better compare the transformation effectiveness of different provinces.
2.2.3 Kernel density estimation
Kernel density estimation is a common method to study the characteristics of data distribution and is generally compared with the help of graphs. Its estimation takes the following form.
[image: image]
Where h is the bandwidth; [image: image] is the mean value; and η is the kernel function. With the help of Stata 14.0 software, a two-dimensional plot of the kernel density curve is drawn with the sample points of the composite score of industrial land transformation effect to analyze the evolution pattern of industrial land transformation effect.
2.3 Study area
Facing the transformation of China’s economic development mode from high growth to high quality, the Chinese government emphasizes that the eastern region should take advantage of its strong basic conditions and concentration of innovation factors to accelerate the cultivation of world-class advanced manufacturing clusters in order to help enhance economic output efficiency, innovation capacity and growth capacity. From the perspective of industrial development, the eastern region is facing the pressure of industrial relocation, structural upgrading and land efficiency, but also has the elemental conditions to better support the transformation of industrial land, and the implementation of industrial land transformation is of practical significance. With the implementation of the transformation of industrial land in the eastern region, this study can test whether the level of regional transformation development has achieved the expected effect and provide experience for the subsequent transformation development of other regions. This study takes 10 provinces (cities) in the eastern region (excluding Hong Kong, Macao, and Taiwan), namely Beijing, Tianjin, Hebei, Shanghai, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong, and Hainan, as the research sample (Figure 1) and adopts 2008–2020 as the research interval to establish an indicator system to measure industrial land transformation effect. The data come from the China Statistical Yearbook (2009–2021), the China City Statistical Yearbook (2009–2021), and the China Industrial Statistical Yearbook (2009–2021).
[image: Figure 1]FIGURE 1 | The location of study area.
3 RESULTS
3.1 Scores of industrial land transformation effect
Scores of industrial land transformation effect in 10 provinces were calculated by using the weighted linear law with weights assigned by gray correlation theory and the scores (Table 2) and dimensional scores (Table 3) were derived to reflect the differences and specific changes in industrial land transformation effect in each province. Overall, in Beijing, Shanghai, Guangdong, and Jiangsu province, industrial land transformation is effective and in the lead; for Fujian, Hebei, and Zhejiang province, industrial land transformation is in the middle with great development potential; and in Tianjin, Shandong, and Hainan province, industrial land transformation is not significant and to be further enhanced.
TABLE 2 | Scores of Industrial land transformation effect in eastern provinces (2008–2020).
[image: Table 2]TABLE 3 | Scores of Industrial land transformation effect in different dimensions (2008–2020).
[image: Table 3]As shown in Table 2, the overall trend of industrial land transformation effect in the eastern region is on the rise in terms of average scores. Since 2011, the increase in transformation effect is particularly prominent, which is attributed to the transformation of the quality-oriented economic development model and the initial establishment of a new growth model, which has promoted industrial land transformation and reflected the positive effect of national policy guidance. Among them, the score decreased briefly in 2009 and 2015. In 2009, due to the impact of the international financial crisis, the short-term industrial output capacity decreased. The reason for the decline in the effect of transformation in 2015 is that it was the great year of “de-capacity and de-inventory” for China’s centralized industrial governance. Affected by this, the improvement process of industrial land transformation effect was relatively stagnant.
In addition, in terms of the effect of transformation by dimension, there are differences in the transformation scores of industrial land under dimensions. We found that the scores of industrial land development dimension, industrial land employment dimension, development condition support dimension, and environmental pollution control dimension increased during the study period, while the scores of industrial land optimization dimension decreased. The possible reason is that, compared with the improvement of the total industrial economy, the industrial land optimization dimension reflects the characteristics of industrial structure upgrading, which requires breakthroughs in technology, energy consumption, management and other aspects in order to promote the overall industrial quality. Therefore, although local governments have made some efforts to optimize industrial land, more targeted measures are needed to achieve the transformation development of this difficult area. In terms of the sub-dimensional transformation effect of each province, the level of industrial land development in Tianjin and Shandong needs to be improved; the level of industrial land optimization in Beijing and Zhejiang is high and needs to be improved in other provinces; the level of industrial land employment in Fujian, Shandong and Tianjin needs to be improved; the level of development conditions support in each province is high; the level of environmental pollution control in Hainan needs to be improved.
3.2 Spatial-temporal evolution of industrial land transformation effect
3.2.1 Overall trends of industrial land transformation effect
Applying kernel density estimation, the distribution of industrial land transformation effect measures in 10 provinces in the eastern region for the main years 2008, 2011, 2014, 2017, and 2020 is plotted based on the composite effect score (Figure 2), with the vertical coordinate being the kernel density, reflecting the concentration of the sample points and the horizontal coordinate being the composite score of industrial land transformation effect. The study explains the evolution of industrial land transformation effect in 10 provinces in the eastern region and the analysis yields the following distinctive features.
1) According to the position, the opening and closing values of the kernel density curve show a “rightward shift” with the change of year, i.e., the overall rightward shift of the kernel density curve indicates that the transformation effect of industrial land in 10 provinces in the eastern region has gradually improved. Compared with 2008, the center of the kernel density curve shifted significantly in 2020 and the change interval of transformation effect in the horizontal axis direction increased significantly, indicating that while the overall transformation effect increased, the gap between regions also expanded.
2) According to the shape, the overall kernel density curve is a single-peaked distribution with obvious clustering, among which there is a slight bimodal distribution in 2011 and 2014, indicating that there is a slight bifurcation in 2011 and 2014.2008, 2011, and 2014 kernel density curves are steeply sloped and concentrated in the middle and low value areas of transformation effect. In 2017 and 2020, the overall distribution of kernel density curves showed a gentle slope and a significant decrease in density. The transformation effect of regional industrial land was concentrated in the middle and high value areas and the transformation effect increased significantly.
3) According to the kurtosis, the kurtosis of the kernel density curve in the study period shows a change from a “sharp” to a “broad” shape. 2008 and 2011 kurtosis curves show a spike shape and the distribution of low values of industrial land transformation effect is more concentrated, indicating that the transformation effect is low. By 2014, the height of the crest of the nuclear density curve decreases significantly. Compared with 2008 and 2011, the wave crest is relatively flat in 2014 and shows a shift to higher values, which indicates progress in the transformation of regional industrial land. By 2017 and 2020, the height of the crest further decline and the overall shape of the broad peak indicated that the overall transformation effect in each region was more balanced and the overall level was improved.
[image: Figure 2]FIGURE 2 | Kernel density estimation of industrial land transformation effect in major years.
3.2.2 Spatial-temporal evolution of industrial land transformation effect in different dimensions
Using ArcGIS spatial analysis technology, the spatial-temporal evolution of the industrial land transformation effect in each province under different dimensions was analyzed by comparing the effect score with the mean value, and the results are shown in Figures 3–7.
1) Industrial land development dimension. Combining Table 3 and Figure 3, it can be seen that there is no significant change in the spatial pattern of industrial land development dimension differences from 2008 to 2020 In the context of transformation, the overall economic development trend of industrial land in the eastern region is better, with Hebei, Fujian, Jiangsu, and Zhejiang leading the way and regional industry, as a growth pole driving economic development, has been maintaining a better development trend. The rapid economic development of industrial land in Beijing has achieved remarkable results during the study period. The economic development of industrial land in Shandong and Tianjin has slowed down, mainly due to the new stage of regional industrial development into reduction and intensive, innovative development, industrial enterprises are influenced by the adjustment of urban function positioning to move out, and the trend of industrial land withdrawal or redevelopment is obvious. The economic development of industrial land in Shanghai and Guangdong is stable and the overall change is not significant. The economic foundation of industrial land in Hainan is relatively weak but the overall growth level of industrial land development has been maintained at a high level under the policy support. It is worth noting that the industrial land development degree of Shandong and Guangdong, from higher than the regional average in 2008 to lower than the regional average in 2020, has weakened the scale of industrial economic development in both places, which needs to draw the attention of local governments.
2) Industrial land optimization dimension. Combining Table 3 and Figure 4, it can be seen that there is no significant change in the spatial pattern of the difference in the dimension of industrial land optimization from 2008 to 2020. Beijing, Shanghai and Guangdong have higher levels of industrial land optimization dimensions. Beijing is a pioneer in the development of high-tech industries in China and as its industrial development continues to optimize its industrial structure and significantly reduce its high-energy-consuming industrial industries, industrial land transformation has been effective. Shanghai has always been the most international metropolis in China with a significantly higher foreign trade dependency than the national average and has a good foundation for industrial transformation and optimization structure. Guangdong attaches importance to the construction of strategic emerging industries and provides strong support for industrial land transformation by increasing the proportion of investment in high-tech industries. Hainan province adopts the policy of the Hainan Free Trade Zone to develop modern industry, seizes the national strategy of developing resources in the South China Sea, and vigorously develops outward-oriented industrial bases so that industrial land transformation can achieve “overtaking”. Tianjin promotes the upgrading of industrial structure to build a national advanced manufacturing research and development base and the basic conditions for industrial land transformation are better. Jiangsu and Zhejiang have fewer changes in industrial land optimization and no outstanding achievements in the process of transformation. The industrial land optimization dimension in Shandong and Hebei is at a low level and the proportion of traditional industrial enterprises remains high. The level of the optimization dimension of industrial land in Fujian is on a downward trend, and there is an urgent need to improve industrial competitiveness.
3) Industrial land employment dimension. Combining Table 3 and Figure 5, it can be seen that the differences in the industrial land employment dimension from 2008 to 2020 show significant changes in the spatial pattern. From the whole eastern region, industrial development still plays a leading role in the national economic growth and the pull for the industrial land employment dimension is very obvious. For example, the rise of strategic emerging industries can provide more jobs. However, in the process of industrial land transformation, the factor structure of industrial development has also changed with the relative content of capital and technology increasing and the relative content of labor gradually decreasing, which is reflected in the gradual transformation of labor-intensive industries to capital-intensive and technology-intensive industries and the corresponding increase in the knowledge and ability requirements for industrial employment. We found that industrial land employment dimension in Tianjin, Fujian and Shandong shows a decreasing trend, which reduces the employment elasticity of industrial industries to a certain extent. A possible explanation is the crowding-out effect of industrial upgrading on employment. Industrial upgrading and the application of high technology make the substitution advantage of technology and capital for labor obvious, which reduces the degree of employment in industry to a certain extent, and the employment dimension of industrial land thus shows a certain reverse trend.
4) Development conditions support dimension. Combining Table 3 and Figure 6, it can be seen that the differences of development conditions support dimension from 2008 to 2020 change significantly in the spatial pattern. In the context of transformation, the level of infrastructure construction and technological progress has a significant impact on the efficiency of urban industrial land use. Development conditions support dimension in Hebei and Jiangsu has shifted from a lower level in 2008 to a higher level in 2020, indicating that the regions attach importance to industrial infrastructure construction and increasing investment in industrial research and experimental development, which provides better development conditions for industrial land transformation. Beijing, Shanghai and Guangdong have been maintaining a high level of development conditions support dimension. In 2020, the quality level of Guangdong’s industrial science and technology personnel ranks first among the eastern provinces, with a rich talent pool; Shanghai gathered a large number of industrial enterprises R & D institutions, strong scientific, and technological power; Beijing relies on many universities, dense educational resources, industrial innovation capacity is outstanding. Zhejiang, Tianjin, and Shandong have steadily improved development conditions support dimension and have greater development potential. The development conditions of industrial land in Fujian and Hainan have been relatively slow to improve, and the transition process has been at a lower level.
5) Environmental pollution control dimension. Combining Table 3 and Figure 7, it can be seen that from 2008 to 2020, the difference in environmental pollution control dimension is constant in the spatial pattern. Although the overall level in each province has increased, the increase is small and the large inter-provincial differences indicate that the overall green development of industrial land is still in its initial stage. Beijing and Shanghai have invested most prominently in industrial land pollution control, improving the environmental quality of urban industrial land by upgrading the environmental pollution control level of industrial enterprises and strictly controlling the environmental pollution indicators of industrial enterprises: the environmental pollution control dimension is in the forefront. The environmental pollution control dimension in Guangdong, Tianjin, Jiangsu, Shandong, Zhejiang, and Hebei have been steadily improved, and industrial pollution control has been effective. Relative to other regions, Hainan has a higher score of environmental pollution control dimension, indicating that its pollution control contributes more to the development of industrial land due to the influence of industrial types with a lower degree of heavy industry but it is the only province that shows a reverse change in time, indicating that the development of regional industrial land has certain negative environmental impacts. It is worth noting that environmental pollution control dimension in Fujian was at the lowest level in 2020 with a large gap with other provinces, indicating that the development of its industrial land is facing a more serious environmental pollution problem.
[image: Figure 3]FIGURE 3 | Spatial differentiation of industrial land development dimension (2008 and 2020).
[image: Figure 4]FIGURE 4 | Spatial differentiation of industrial land optimization dimension (2008 and 2020).
[image: Figure 5]FIGURE 5 | Spatial differentiation of industrial land employment dimension (2008 and 2020).
[image: Figure 6]FIGURE 6 | Spatial differentiation of development conditions support dimension (2008 and 2020).
[image: Figure 7]FIGURE 7 | Spatial differentiation of environmental pollution control dimension (2008 and 2020).
4 DISCUSSION
4.1 Industrial land transformation mechanisms and development suggestion
Improving the quality of industrial land and ensuring the stable development of urban industry have become issues of increasing concern to governments (Green, 2018; Feng and Li, 2021). On the premise of clarifying industrial land transformation, this study tries to build a multidimensional and systematic research framework to measure industrial land transformation effect based on a comprehensive indicator system, which is important for identifying and optimizing the rational use of industrial land and improving the transformation path of industrial land. Based on the analysis of the spatial-temporal evolution of the transformation effect, the study conducts a preliminary discussion on the mechanism of industrial land transformation and development proposals in China. The industrial economic system is a typical “economic-social-ecological” system and its transformation is a continuous dynamic change process, in which various driving factors play different roles (Zeng et al., 2017; Hohensinner et al., 2021).
Overall, the industrial land in each province shows a better trend of transformation but the overall gap still exists and the gap is larger in some provinces, which is mainly due to the differences in resource endowment, location conditions, industrial base, hinterland economy, and other factors. Throughout the process of China’s industrial economy transformation, the reason is that the quality-oriented economic development shift and the initial establishment of a new growth model have forced the industrial economy to achieve transformation. First, the national policy orientation will largely influence the process of industrial economic transformation. For example, the “Opinions on Promoting Urbanization with County Cities as Important Carriers promulgated” in 2022 and the Opinions on Completely and Accurately Implementing the “New Development Concept and Doing a Good Job in Carbon Dafeng and Carbon Neutral Work promulgated” in 2021 both emphasize the importance of efficient use of industrial land and optimization of industrial structure. Second, the role of science and technology innovation cannot be ignored, once a certain industrial high-tech breakthrough brings about rapid development of industrial industries, science and technology gradually become the origin and core driving force leading industrial economy transformation. In addition, due to years of exploitation of natural resources, such as minerals, fossil fuels and other resources that provide raw materials or power for industrial production, traditional high-energy consuming industries are difficult to maintain and must take the road of transformation and upgrading.
Therefore, driven by various factors, industrial land transformation is a guarantee for healthy and sustainable development of industrial economy in the new era and the current industrial land transformation policies also focus on two aspects: energy conservation and environmental protection and technological innovation. We combine the research results and make the following recommendations. First, industrial land transformation effect in the eastern region is uneven. Different provinces should reasonably formulate industrial land transformation objectives and implement targeted transformation policies in combination with their industrial development foundation. For example, the industrial land transformation in Tianjin and Shandong has weak effects in terms of economic development and employment of residents, and there is a need to increase the support for industrial enterprises and establish advanced industrial parks; The industrial land transformation in Beijing and Shanghai should give priority to the limitation of urban land area, and on this basis actively revitalize the stock industrial land; Fujian, Hainan’s industrial land transformation need to enhance government guidance, priority remediation of environmental pollution. Second, government agencies at all levels in the eastern region should realize the importance of “energy conservation and environmental protection” in the process of industrial land transformation and optimize the industrial structure to achieve green, low-carbon and circular development with fewer pollutant emissions and less energy consumption to achieve higher efficiency. Finally, the pillar position of science and technology and infrastructure must be insisted on for industrial land transformation. To realize industrial land transformation, it is necessary to improve innovation ability, cultivate, and develop strategic new industries, promote the integration of industrialization and informationization, and promote the transformation of China into a “manufacturing power” based on more advanced technology and more complete infrastructure.
4.2 Research limitations and prospects
This study makes a certain contribution to promoting the development of industrial land transformation but there are also the following limitations: 1) the existing studies on industrial land transformation effect focus on the economic benefits of industrial land transformation development and lack the measurement of non-economic benefits. Although this paper discusses industrial land transformation effect comprehensively from multiple dimensions and clarifies the importance of its comprehensive benefits, the concept of effect exists in multiple interpretations and we define industrial land transformation effect only from the perspective of expected effects, which requires further research and reflection. In the future, we can consider more natural and human aspects to measure industrial land transformation effect in a comprehensive and diversified way. 2) Industrial land transformation is a dynamic and complex systemic process and the influence mechanisms of the various driving factors on industrial land transformation effect are complex. This study mainly focuses on the analysis of the spatial-temporal evolution characteristics of industrial land transformation effect based on existing studies and relevant theoretical foundations and provides a simple qualitative explanation of the mechanism. Future research can collect necessary statistical data and use econometric models to quantitatively analyze the transformation mechanism to provide data support for better guidance of industrial land transformation development.
5 CONCLUSION
Based on the industrial land statistics of 10 provinces in eastern China from 2008 to 2020, this study constructs a comprehensive indicator system, adopts rough set theory and gray correlation theory to assign weights, measures industrial land transformation effect in each province, and explores the spatial-temporal evolution of industrial land transformation effect at the overall level and the sub-dimensional level. The results of the study are summarized as follows.
1) In terms of industrial land transformation effect, Beijing, Shanghai, Guangdong, and Jiangsu province are in the lead with significant industrial land transformation effect; Fujian, Hebei, and Zhejiang province have medium industrial land transformation effect and great development potential; and Tianjin, Shandong, and Hainan province are lacking industrial land transformation effect and need further improvement. From the average score, industrial land transformation effect is closely related to the national policy guidance.
2) At the level of overall spatial-temporal evolution, the industrial land transformation in the eastern region shows a better development trend and the transformation effect in each province is steadily improving but the gap has always existed and has expanded over time. By 2017, the gap in industrial land transformation effect between the two extreme regions, Beijing and Hainan province, is the most significant and is higher than the deviation level between the extreme regions in previous periods.
3) From the spatial-temporal evolution level of each dimension, Industrial land development dimension and Industrial land employment dimension show a better development trend and most provinces are at a higher level. Industrial land optimization dimension and environmental pollution control dimension does not change significantly in the spatial pattern and most provinces are at a lower level, and the industrial structure adjustment and industrial green development of regional industrial land need to be further improved. Development conditions support dimension shows an obvious positive change trend in space, and each province attach importance to infrastructure construction and scientific research and technological progress.
Based on the analysis of the research results, this paper further explores the mechanism of industrial land transformation and proposes a targeted practical path to optimize industrial land transformation. Finally, there are certain shortcomings in this study, and in the future, it is necessary to deepen the conceptual interpretation of effect, analyze the mechanism of industrial land transformation, and provide data support to better guide the development of industrial land transformation.
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Changes in natural and artificial landscapes due to rapid urbanization in recent decades have greatly altered the supply of net primary productivity (NPP) and its regulation mechanisms at the landscape scale, thus affecting the health of the whole ecosystem. Understanding the capacity and potential of NPP supply at the landscape scale based on landscape integrity is critical for regional ecosystem health and management. In this study, the NPP supply capacity of different types of landscape and the influence of urban built-up areas on it were assessed in Hubei Province, China. The optimal capacity criteria of NPP supply in different types of landscape under current conditions were identified, and the promotion potential of NPP was evaluated based on these criteria. The results show that the landscape with natural elements as the main components has a high NPP supply capacity, but it has been greatly influenced by urban development, and the closer the distance to the city is, the lower the NPP supply capacity will be. The plain landscape with construction land and farmland as the main components has weak NPP supply capacity and low sensitivity to urban development. The trend inflection points for the influence of urban development on the NPP supply capacity of different types of landscape can provide more realistic quantitative targets and spatial distribution of NPP improvement potential for decision making. The findings may help in the management of ecosystem health at the landscape scale.
Keywords: urbanization, landscape character assessment, ecosystem service supply, net primary productivity, landscape scale
INTRODUCTION
Landscape refers to a specific area perceived by humans, whose characteristics are the result of the combined action of nature and/or human factors (Council of Europe, 2000). Landscape is an important and unique source for human survival and place attachment and plays an essential role in maintaining the healthy development of human life. However, with the rapid growth of population and the intensification of agriculture, urbanization and industrialization, natural and artificial landscapes have been changed substantially in recent decades. In particular, the rapid decline in natural landscapes has affected the health of the whole ecosystem by reducing the supply of total net primary productivity (NPP) and changing the flow and transformation of energy between different trophic levels (Chen et al., 2017). It is critical to understand the relationship between landscape and NPP for the healthy development and management of regional ecosystems.
NPP refers to the dry organic matter accumulated by plants per unit time and area through photosynthesis, which reflects the growth status of vegetation and the overall health status of the ecosystem (Girardin et al., 2010; Zhou et al., 2021). It plays an important role in promoting material cycling and energy flow in ecosystems and is commonly used to monitor changes in ecosystem function caused by land degradation or improvement (Cramer et al., 1999). Numerous studies have found that the supply of NPP is not only closely related to changes in climate, land use, human activities, and other factors but also influenced by the landscape scale. For example, Sun et al. (2014) found that topographic conditions (such as elevation, slope, and aspect) would affect the microclimate change in the region, thereby affecting the supply capacity of NPP. Moreover, the regulation of NPP within and between forest stands often occurs at a larger landscape scale. A better understanding of the supply capacity of NPP at the landscape scale can provide effective help for policy makers to make decisions on ecosystem health management at the landscape scale.
Existing research on the measurement of NPP supply capacity is mainly limited to individual ecosystems or land use types. For example, Fu et al. (2013) revealed the impact of land use change on NPP supply. The transformation from natural elements to artificial elements has been found to be the main process of NPP reduction. The spatial-scale regulation mechanism of NPP determines that its supply is not only related to the elements of land use, but also affected by landscape structure and spatial pattern. For example, increases in the patches and diversity of natural landscapes can promote the supply of NPP (Zhou et al., 2021). A landscape unit is a regional complex with high spatial heterogeneity, composed of a mosaic of interacting ecosystems (Bojie et al., 2010). The assessment of NPP supply capacity based on landscape integrity can provide more practical decision support for ecosystem health management at the landscape scale. However, the understanding of the relationship between landscape and NPP supply capacity is still limited, and the supply capacity of NPP by different landscape characters remains unclear.
Landscape character assessment (LCA), as a tool for identifying landscape complexes, can identify landscape units and types according to the integrity of natural and cultural characteristics of land, so as to capture the landscape characters (Swanwick, 2002; Tudor, 2014). Due to the similarity of the physical composition and cultural elements of the same landscape character type, the ecosystem service provided by each unit of the same type of landscape character is also highly similar (Kim and Pauleit, 2005). Therefore, the landscape unit is often considered as the most basic unit to study the supply of ecosystem services at the landscape scale. At present, LCA has been widely used in landscape management and spatial planning (Simensen et al., 2018), and a large number of studies have revealed the positive role of LCA in supporting landscape management (Warnock and Griffiths, 2015). Using LCA to identify the types and units of landscape characters and conducting NPP supply capacity assessments can link the management with ecological spatial units, so as to provide more realistic support for the improvement of landscape services. However, such research has been rarely reported.
With rapid economic development, China’s urbanization rate has reached 64.72% in 2021 (National Bureau of Statistics, 2021). The rapid expansion of urban construction land and the agglomeration of non-agricultural industries have caused rapid changes in the landscape, resulting in a decline in landscape health. In recent years, ecological restoration actions have greatly helped the restoration of vegetation and ecosystems in China. However, most of the actions are mainly aimed at ecosystem types or landscape elements, and little attention has been paid to the improvement of NPP supply capacity at the landscape scale. In view of this background, based on LCA, this study intends to reveal the NPP supply capacity of different landscape types and the spatial impact of urbanization, so as to provide support for the management and improvement of ecological health at the landscape scale. Three scientific questions were explored in this study: 1) What are the NPP supply capacities and spatial differences of different landscape characters? 2) What is the spatial impact of urban construction on the NPP capability of different landscape characters? and 3) What is the potential of landscape characters to improve NPP supply capacity and its spatial distribution?
METHODS
Study area
Hubei Province in China was selected as the study area. Hubei Province is located in central China (29°01′53″–33°6′47″ N; 108°21′42″–116°07′50″ E), with an east–west distance of 740 km and south–north distance of 470 km (a total area of about 185.9 thousand km2), which accounts for about 1.94% of the total area of China (Figure 1). By the year 2021, the urbanization of Hubei Province had reached 62.89%, which was a leading position in central China. According to the “Urbanization Plan of Hubei (2021–2035),” the urbanization rate will be promoted to 65% or even 67% in 2025. Overall, the urbanization of Hubei Province is still in a period of rapid development (Government of Hubei Province, 2021a).
[image: Figure 1]FIGURE 1 | Location of the study area.
Research framework
Landscape character type refers to a landscape complex with similarities in topography, vegetation, land use, and soil. Topography and vegetation types are the main external characteristics of a landscape, while land use reflects the mode and degree of human disturbance, and soil determines the possibility of landscape diversification (Brabyn, 2009). In order to identify landscape types with comprehensive characteristics, this study selected four factors according to the formation mechanism of landscape characters: topography, soil type, land use, and vegetation cover, and adopted a second-order clustering method to identify the landscape character types and units. We statistically analyzed and spatially mapped the average NPP supply capacity of each landscape character type. Then, in order to reveal the impact of urban development on the NPP supply capacity of landscapes, we analyzed the variation of NPP supply capacity of different types of landscapes with the distance from urban areas and further determined the reasonable threshold of NPP supply capacity of different types of landscapes. Taking the identified threshold as the reference standard, we evaluated the improvement potential of NPP supply for all landscape types in the study area, so as to provide a reference for NPP management at the landscape scale (Figure 2).
[image: Figure 2]FIGURE 2 | Research framework.
Data collection and processing
The topography (1000-m spatial resolution), soil types, and NPP (2021, 500-m spatial resolution) used in this study were collected from the Resource and Environmental Science and Data Center of the Chinese Academy of Sciences (https://www.resdc.cn/). Land use data (2021, 30-m spatial resolution) were collected from globeland30 http://globeland30.org/. The boundary data of urban built-up areas in Hubei Province were obtained from the dataset published by Li et al. (2020) in the Environmental Research Letter. The classification and coding of soil, land use, vegetation, and topography for identifying landscape characters are presented in Table 1.
TABLE 1 | Classification and coding of different landscape elements.
[image: Table 1]Data analysis
In order to manage landscape efficiently at the Hubei Province scale, we clarify the number of landscape types by utilizing a grouping method to cluster all landscape character factors. To ensure the accuracy of the identification results, grids of 2,000 m × 2,000 m were established to extract the information of each landscape element, and SPSS 26.0 was used to perform second-order clustering analysis on the identification results, which were then imported into ArcGIS 10.6 for spatial visualization. In addition, to ensure the continuity of the identification results, the character units with no more than two grids were removed, and the clustering results were manually checked based on the satellite image to finally identify the types of landscape character.
Based on the identification results of landscape character and the data of NPP of Hubei Province in 2021, the average value of NPP of each landscape character type was calculated and visualized by the Image Analyst in GIS10.6, which could indicate the distinction of NPP supply in different character types. To further explore the association of NPP supply by different types of landscape character with urbanization and its changing trend with increasing urbanization, a LOWESS locally weighted regression was adopted to fit the two variables. The LOWESS method performs local fitting with weighted least square method. Compared with traditional linear regression fitting, LOWESS can reflect the actual changing trend of data and perform multiple fittings on the same data to explore the hidden relationship in the data (Cleveland, 1981), which can better represent the effect of distance from built-up areas on the NPP supply by different types of landscape character.
In specific operations, the first step is to calculate the distance of each landscape character unit (2,000 m × 2,000 m) from the built-up area with the domain analysis tool in ArcGIS 10.6. Second, the tool Extract Values to Points was adopted to calculate the NPP supply by each landscape character unit. Third, a bivariate database was constructed and imported into SPSS 26.0 to generate the MA scatter diagram of the double variables for each landscape character unit. Then, SPSS 26.0 was employed to perform LOWESS fitting of the scatter diagram with a default fitting percentage of 50%. Finally, the fitting curve was observed to analyze the changing trend of NPP provided by different types of landscape character.
In order to explore the possibility of using the LCA as a new method for the coordinated development of urbanization and ecological conservation, this study further evaluated the promotion potential of NPP provided by landscape character units. First, the NPP supply fitting curves of different types of landscape character were classified into three categories: rising, falling, and insignificant according to the positive and negative slope of K value. According to the reality of the subsequent improvement of normality, the maximum value of the “rising” category, the inflection point value of the “falling” category, and the average value of the “insignificant” category were taken as the target potential values for these three types of landscape character. Then, the difference between the NPP target potential value and the average NPP of each landscape character unit was taken as the NPP promotion potential value for each landscape character unit, and the difference was graded by using the natural breakpoint method in ArcGIS to obtain the promotion potential value of the landscape character unit in Hubei Province. Finally, the difference between the target potential value of NPP and the average NPP of each landscape character type was calculated to further characterize the promotion potential of NPP from different landscape character types in Hubei Province.
The maximum value of the “rising” category, the inflection point value of the “falling” category, and the average value of the “insignificant” category were taken as the target potential values of these three types of landscape character, respectively. The specific calculation method is as follows:
[image: image]
where LCUPNPP indicates the NPP promotion potential value of the landscape character unit, LCUNPP2021 indicates the NPP value of the landscape character unit in 2021, and NPPtv is the target NPP value of the landscape character type to which the landscape character unit belongs.
RESULTS
Landscape character types
By selection of the key elements of landscape and second-order clustering analysis, a total of 19 types of landscape characters were obtained (Figure 3), and the area and corresponding percentage of each type are presented in Table 2. The classification results can accurately represent the overall description of “three rivers, four mountains, a thousand lakes, and one plain” described by the Hubei Provincial government (Government of Hubei Province, 2021b).
[image: Figure 3]FIGURE 3 | Landscape character types in Hubei Province.
TABLE 2 | Coding and description of different landscape character types and their proportions in area.
[image: Table 2]Among different types of landscape character, the T8 type, namely the cultivated crops in terrace, has the largest area (22,308 km2), accounting for nearly 12% of the study area. In terms of spatial distribution, this type of landscape character is mainly distributed in the northwest part of Hubei Province, with the Han River as boundary. The terrain of this region is dominated by terraces with slight internal ups and downs, and the crossing of the Yangtze river brings about rich water resources and transport convenience, which have greatly promoted the development of human civilization in this region. In addition, the landscape of forest and cultivated crops in the hills is a typical feature of this region.
The second largest type of landscape character is the T16 type of plain river cultivated land landscape. The area is 14,314.3 km2, accounting for 7.7% of the study area, and is mainly distributed in the Jianghan Plain in the middle of Hubei Province. This type of landform is mainly plain, the main vegetation type is cultivated plants, and there are many urban areas. The landscape with cultivated crops in T5 hilly land ranks third in terms of area, with an area of 13,570.7 km2, accounting for 7.3% of the study area. It is mainly distributed in the northwest of Hubei Province, with hills as the main landform, and the main vegetation types are artificially planted forest land and cultivated land.
Hubei Province is characterized by abundant water resources and therefore enjoys a good reputation as a “Province with Thousands of Lakes.” In this study, the identification of landscape characteristics recognized the water systems and lakes with relatively large areas, such as the Yangtze River, the Han River, and the Honghu Lake. The landscape character types with water scenery as the prominent feature include cultivated crops in plains and lakes (T7), farmland in plains and rivers (T16), and rivers and lakes in plains (T18). Taking the type T18 of landscape character as an example, it has an area of 10,968.1 km2, accounting for about 5.9% of the total area of the studied region, and is mainly distributed in the Jianghan Plain. For this type of landscape character, the main terrain is plain; the dominant soil types are semi-hydromorphic soil and artificial soil; the major land use pattern is water area and a small amount of forest land and farmland; and the main plants are cultivated crops.
Net primary productivity supply capacity of landscape and its spatial distribution
NPP is affected by multiple factors such as climate, land use, and vegetation. Therefore, the NPP supplied by different landscape character types is generally significantly different (Zhu et al., 2017). Our results show that there are 12 types of landscape characters with an average NPP supply capacity greater than 600 g C·m−2·a−1 in Hubei Province, which are mainly located in the western and southeastern regions of Hubei Province. Among them, the NPP supply capacity of T13 is the highest, reaching 686.8 g C·m−2·a−1, which is mainly distributed in the Wuling Mountain Area in the southwest of Hubei Province. The average NPP supply capacity of T8, T16, T17, and T19 landscapes ranges from 400 to 600 g C·m−2·a−1, and the spatial distribution is mainly concentrated in the central region of Hubei Province. The landscape character types with an average NPP supply capacity lower than 300 g C·m−2·a−1 are type T7 (Plain Lake Cultivated Crop Landscape) and type T18 (Plain River Lake Landscape), which are mainly located in the Yangtze and Han River basins and the waters of large lakes (Figures 4, 5).
[image: Figure 4]FIGURE 4 | Average NPP supply capacity of different landscape character types.
[image: Figure 5]FIGURE 5 | Spatial distribution of average NPP supply capacity of different landscape character types.
Impact of urbanization on net primary productivity supply capacity of landscape character
With increasing distance from the urban built-up area, the NPP supply ability of the landscape character type changes significantly, which can be divided into three cases according to the positive and negative slope of its K value:
1) Rising trend. The NPP of 10 landscape character types shows an overall rising trend with increasing distance from the built-up area. According to their rising trend lines, the rise can be classified into uniformly rising (T3, T4, T6, and T14) and phased rising (T7, T10, T12, T17, T18, and T19) (Figure 6). Taking the T4, T19, and T5 landscape character types as examples, the distance between the T4 landscape character type and the built-up area is in the range of 1–75 km, and the NPP supply increases from 600 to 800 g C·m−2·a−1 to 800–1,000 g C·m−2·a−1 as the distance increases; the distance between the T19 landscape character type and the built-up area is in the range of 2–30 km. The distance between the T19 landscape character type and the built-up area of the town is in the range of 2–30 km. The NPP trend line is stable in the range of 2–12 km, and the NPP trend line grows rapidly in the range of 2–18 km and slows down around 20 km.
2) The NPP of 6 landscape character types showed a trend of increasing and then decreasing as the distance from urban built-up areas increased. For example, the trend line of NPP supply shows an increasing trend until it reaches a peak near 30 km from the urban built-up area (600–650 g C·m−2·a−1), but then changes to a decreasing trend after reaching the peak (Figure 7).
3) Insignificant trend. With increasing distance from the built-up area, three types of landscape character show no significant change in NPP (Figure 8).
[image: Figure 6]FIGURE 6 | Rising relationships between NPP supply capacity and distance from built-up area.
[image: Figure 7]FIGURE 7 | Unimodal curve relationships between NPP supply capacity and distance from built-up area.
[image: Figure 8]FIGURE 8 | No significant relationships between NPP supply capacity and distance from built-up area.
Net primary productivity promotion potential of different landscape character types
The NPP promotion potential of different landscape character types is significantly different, and can be divided into four grades: high (T18 and T7), medium (T3, T4, T5, T6, T11, and T12), relatively low (T14, T16, T17, and T19), and low (T1, T2, T8, T9, T13, and T15). The landscape character type with the highest promotion potential is landscape T18 (612 g C·m−2·a−1); while the lowest improvement potential is landscape T2 (3 g C·m−2·a−1).
In terms of spatial distribution, the landscape character units with high promotion potential (945–1386 g g C·m−2·a−1) are mainly distributed in the plains in the central Hubei Province (Figure 9). The landscape character units (637–945 g C·m−2·a−1) with intermediate upgrading potential are mainly distributed in the east of Hubei Province; while lower (334–637 g C·m−2·a−1) and landscape character units with low (0–334 g C·m−2·a−1) promotion potential are mainly distributed in the north, southwest, and central Hubei Province (Figure 10).
[image: Figure 9]FIGURE 9 | Spatial distribution of the promotion potential of NPP in Hubei Province.
[image: Figure 10]FIGURE 10 | Promotion potential of NPP from different types of landscape character.
DISCUSSION
Net primary productivity supply capacity based on landscape character
Most decisions for the management and protection of natural resources need to be made at a specific landscape scale (Müller et al., 2010). Therefore, it is particularly necessary to monitor ecosystem services and their health at the landscape scale. Monitoring and evaluation of ecological health based on LCA can provide direct support for the decisions of policy makers. Based on the LCA method, this study evaluated the NPP supply capacity and promotion potential of landscape character types and units, which can not only provide implications for the priority of NPP restoration and improvement on the landscape scale but also clarify the differences in the spatial distribution of NPP supply capacity. Our results reveal that different types of landscapes have significantly different NPP supply capacities, but the spatial distribution is relatively concentrated. Landscape types (T11 and T13) with high NPP supply capacity are mainly distributed in the Wuling Mountain and Shennongjia forest regions, where the dense vegetation coverage in mountainous areas plays an important role in the carbon sink. These findings are of regional importance.
The landscape types with low supply capacity are also mainly concentrated and distributed in plain areas (T7, T16, T18, and T19). These differences may be caused by the loss of nature and the increase in landscape complexity caused by urbanization (Dadashpoor et al., 2019). Most of these landscape types are concentrated in the Wuhan urban agglomeration. Since 1980, due to the policies of reform and opening up, urban economic system reform, and the “rising” strategy of central China, the urban land area in this region has increased significantly (Gui et al., 2019). Factors such as the reduction of vegetation cover and increase in landscape fragmentation caused by urbanization have largely reduced the average NPP supply level in the region.
There are obvious differences in the NPP supply level among different landscape character types in Hubei Province, as well as correlations between the NPP supply level and the constituent elements of the landscape character types. For example, the top T3, T11, and T13 landscape character types in average NPP value are all of lacustrine soils; the main features of the topography are hills with different degrees of undulation; and the vegetation cover types are mainly broad-leafed forests, economic forests, and shrubs. In the case of type T7 (plain lake cultivated crop landscape) and type T18 (plain river lake landscape), which have lower average NPP values, the topography is mainly plain; the vegetation cover is dominated by cultivated plants, and both types of landscapes have more water areas. Therefore, they have some similarities in spatial representation, but the main difference between them lies in soil composition. As for the reasons for the differentiation of NPP supply in different landscape character types, previous studies have shown that NPP is influenced by the interaction of various natural factors. The temperature gradually decreases with increasing altitude; rainfall at a certain altitude will lead to spatial reallocation; and soil moisture and actual transpiration will affect the magnitude of NPP supply (Yanhua et al., 2013). The NPP provided by different vegetation types also varies greatly. Broadleaf and coniferous forests growing year-round have significantly higher NPP than cropland and grassland, and plantation forests have a higher average NPP due to the large amount of human energy input (Zou et al., 2011). The landscape character types with higher NPP in Hubei Province are mostly concentrated in mountainous areas, probably because of the higher cover of forests in these areas and the higher utilization of solar radiation by the forest-shrub composite hierarchy; in addition, fewer human activities in mountainous areas also provide a good living environment for the plants. On the other hand, the lower average NPP of the T7 and T18 landscape character types may be due to the presence of more water in their landscape character units, which lowers their average NPP. Moreover, these two landscape character types are mainly located in low-elevation plains with serious human interference, which also affects their NPP supply level.
Impact of urban built-up area on the net primary productivity supply capacity of landscape
The response of NPP supply capacity to human disturbance is different in different landscape types. Our results demonstrate that the NPP supply capacity of landscape types shows a significant upward, significant downward, or insignificant trend with increasing distance from cities and towns. These different trends may be related to the resilience of different types of landscapes to human interference. It has been found that for landscapes mainly composed of natural elements, such as mountain forest landscapes, the elasticity of landscape restoration is low, resulting in a higher sensitivity to human interference. For example, the NPP supply capacity of the T4 hilly woodland shrub landscape increases significantly with increasing distance from cities and towns. Previous studies have demonstrated that dramatic changes in the state and nature of the surface caused by urbanization will largely reduce regional NPP (Yu et al., 2009). The experimental results of this study confirm this conclusion, which shows that the internal ecosystem supply level is negatively affected by urbanization.
Our results reveal that the NPP provided by the landscape types (T2, T8, T15, and T16), mainly characterized by artificial cultivated land, decreases with increasing distance from the urban built-up area to a certain distance threshold (Figure 6). Previous studies have shown that the impact of urbanization on NPP may be either positive or negative (Pei et al., 2013). The main reasons for the positive effect may be the “urban heat island” effect, the “urban rain island” effect, and the increase in resources due to artificial fertilization and irrigation, which promote the carbon sequestration efficiency of plants in the built-up areas of cities and towns (Imhoff et al., 2002). However, urbanization only promotes the NPP of four of the 19 landscape character types, indicating that the negative impact of urbanization on landscape supply capacity is still dominant. Moreover, for landscapes mainly composed of a large number of unnatural elements, such as cities and villages, they are often less sensitive to human interference, and as a result, their ecological service supply capacity is less affected by urban expansion. For example, in this study, the NPP supply of T1 is nearly unaffected by urban expansion.
Net primary productivity management at the landscape scale
By formulating target standards to evaluate the NPP promotion potential of landscape units, we can reasonably determine the potential needs of planning and implementing actions aimed at improving the current situation, clarify the quantitative objectives of landscape management in specific areas, and provide policy makers with the exact location, type, and degree of management of the areas that need to be managed (Gant et al., 2011; Fairclough et al., 2018). For example, according to the inflection point of NPP under the effect of urban built-up area, we can divide the 19 types of landscape character into “upgrading,” “conservation,” and “rational utilization.” For “ upgrading” landscapes, improvement of NPP can be achieved by controlling the development boundary of cities and towns, improving vegetation coverage, comprehensive consolidation of farmland, restoration or transformation of economic and ecological forests, and other management measures.
It should be noted that in our research, the reference standards are mainly based on the best achievable conditions (expected conditions of the site with the least human disturbance) rather than historical conditions (before any human disturbance). This is because it is difficult to identify the “historical” standards, such as whether they should be restored to the level of 20 years ago, 50 years ago, or even 100 years ago. We adopted the method of formulating target potential standards to identify the optimal conditions that the landscape unit can achieve under the current realistic conditions, making the reference standards more realistic.
Notably, natural resource management and spatial planning require the monitoring of landscape changes over time (Wood and Handley, 2001; Eetvelde and Antrop, 2009). We should analyze the character and the forces and pressures that change them by paying attention to the changes in landscape. For example, in the next few years, urban sprawling may extend its boundaries to natural, semi-natural, and rural landscapes. This requires special attention to landscape management in the transition area (Yokohari et al., 1994). There is a great demand for land for various land uses in these areas, especially in the suburban areas with rapid population growth, and the restoration cost will be very high. Restoration requires careful planning and prioritization to maximize ecological benefits while minimizing the adverse economic impacts.
Research limitations
We used LCA to evaluate the NPP supply capacity and promotion potential of different types of landscapes from the perspective of landscape integrity, which provides an effective tool for decision-making in ecosystem health management at the landscape scale. However, due to the complexity of ecological processes, it is obviously insufficient to explore the possibility of ecosystem service supply and health on the landscape scale only through a single index of NPP, though NPP indeed plays an important role in promoting ecosystem material circulation and energy flow. Other services provided by ecosystems on the landscape scale, such as regulation services, support services, and cultural services, should also be discussed in depth in future research. In addition, in the landscape character evaluation, we only carried out character recognition based on the current state of the landscape, without taking into account the impact of history. For example, in the identification of landscape characters in Kuling Town, Yang et al. (2020) incorporated time series into the identification system, which enriches the historical hierarchy of the landscape. Finally, due to the limitation of data sources, this study used the data of 2021 to calculate the NPP potential value, and there may be some abnormal value errors in the calculation results. In future research, widely used climate production potential models, such as the Miami model, can be used to calculate the promotion potential of NPP.
CONCLUSION
This study uses LCA to evaluate the NPP supply capacity and promotion potential of different types of landscapes from the perspective of landscape integrity, providing an effective tool for decision-making in ecosystem health management at the landscape scale. The results reveal that different types of landscape have obvious differences in NPP supply capacity, and the NPP supply capacity of the same type of landscape is affected by urban built-up area and shows certain spatial differences. Specifically, the mountain forest landscape with natural elements as the main composition has a high NPP supply capacity, which is greatly affected by urban development. The closer it is to the town, the lower the NPP supply capacity will be. The plain landscape with cultivated land, construction land, and other artificial elements as the main composition has a low NPP supply capacity, which is less sensitive to the impact of urban development, and its NPP supply capacity does not change with the distance from the urban built-up area.
Inflection points for the impact of urban built-up areas on the NPP supply of the landscape can provide a direct and realistic reference for the improvement of NPP management at the landscape scale. This study used these inflection points to evaluate the NPP promotion potential of different types of landscape in the study area and spatialize the results, which not only provides policymakers with a clear quantitative target of NPP promotion potential but also defines the spatial distribution of the promotion potential. These findings can provide decision makers with great implications in the management of ecosystem health at the landscape scale.
DATA AVAILABILITY STATEMENT
The data generated or analyzed during this study are included in this published article. Further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
HL: data collection and analysis, writing, and mapping. DY and CG: methodology, conceptualization, and review. WL: methodology, writing, and review and editing.
FUNDING
This research was funded by the National Natural Science Foundation of China (No. 32171858), the Fundamental Research Funds for the Central Universities (Nos. 2662022YLYJ004 and 2662021YLQD002), and the Hubei Research Station of Ecological Restoration and Comprehensive Management of Territorial Space in Jianghan Plain.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Bojie, F. U., Yanda, X. U., and Yihe, L. V. (2010). Scale characteristics and coupled research of landscape pattern and soil and water loss. Adv. Earth Sci. 25 (7), 673–681. doi:10.1017/S0004972710001772
 Brabyn, L. (2009). Classifying landscape character. Landsc. Res. 34, 299–321. doi:10.1080/01426390802371202
 Chen, T., Huang, Q., Liu, M., Li, M., Qu, L. A., Deng, S., et al. (2017). Decreasing net primary productivity in response to urbanization in Liaoning Province, China. Sustainability 9 (2), 162. doi:10.3390/su9020162
 Cleveland, W. S. (1981). Lowess: A program for smoothing scatterplots by robust locally weighted regression. Am. Stat. 35 (1), 54. doi:10.2307/2683591
 Council of Europe (2000). “European landscape convention and explanatory report,” in Document by the secretary general established by the general directorate of education, culture, sport and youth, and environment (Florence: Council of Europe). Available at: https://www.coe.int/en/web/landscape/the-european-landscape-convention (Accessed April 28, 2022. 
 Cramer, W., Kicklighter, D., Bondeau, A., Iii, B. M., Churkina, G., Nemry, B., et al. (1999). Comparing global models of terrestrial net primary productivity (NPP): Overview and key results. Glob. Chang. Biol. 5 (S1), 1–15. doi:10.1046/j.1365-2486.1999.00009.x
 Dadashpoor, H., Azizi, P., and Moghadasi, M. (2019). Land use change, urbanization, and change in landscape pattern in a metropolitan area. Sci. Total Environ. 655, 707–719. doi:10.1016/j.scitotenv.2018.11.267
 Eetvelde, V. V., and Antrop, M. (2009). Indicators for assessing changing landscape character of cultural landscapes in Flanders (Belgium). Land Use Policy 26, 901–910. doi:10.1016/j.landusepol.2008.11.001
 Fairclough, G., Sarlöv Herlin, I., and Swanwick, C. (2018). “Landscape character approaches in global, disciplinary and policy context: An introduction,” in Routledge handbook of landscape character assessment:Current approaches to characterisation and assessment ed . Editors G. Fairclough, I. SarlövHerlin, and C. Swanwick (London, UK: Routledge), 3–20. doi:10.4324/9781315753423
 Fu, Y., Lu, X., Zhao, Y., Zeng, X., and Xia, L. (2013). Assessment impacts of weather and land use/land cover (lulc) change on urban vegetation net primary productivity (NPP): A case study in guangzhou, China. Remote Sens. (Basel). 5 (8), 4125–4144. doi:10.3390/rs5084125
 Gant, R. L., Robinson, G. M., and Fazal, S. (2011). Land-use change in the ‘edgelands’: Policies and pressures in London's rural–urban fringe. Land Use Policy 28 (1), 266–279. doi:10.1016/j.landusepol.2010.06.007
 Girardin, C., Malhi, Y., Aragão, L., Mamani, M., Huasco, W. H., Durand, L., et al. (2010). Net primary productivity allocation and cycling of carbon along a tropical forest elevational transect in the Peruvian Andes. Glob. Chang. Biol. 16 (12), 3176–3192. doi:10.1111/j.1365-2486.2010.02235.x
 Government of Hubei Province (2021a). The 14th five-year plan outline for the protection and development of forestry and grassland" issued. Available at: http://lyj.hubei.gov.cn/bmdt/hblx/202108/t20210819_3710294.shtml (Accessed April 28, 2022. 
 Government of Hubei Province (2021b). Notice of the provincial people's government on printing and distributing the new urbanization plan of Hubei Province (2021-2035) and the implementation plan for promoting new urbanization construction in Hubei Province during the "14th five-year plan". Available at: https://www.hubei.gov.cn/zfwj/ezf/202111/t20211118_3869820.shtml (Accessed April 15, 2022. 
 Gui, X., Wang, L., Yao, R., Yu, D., and Li, C. A. (2019). Investigating the urbanization process and its impact on vegetation change and urban heat island in Wuhan, China. Environ. Sci. Pollut. Res. 26 (30), 30808–30825. doi:10.1007/s11356-019-06273-w
 Imhoff, M. L., Tucker, C. J., Lawrence, W. T., Stutzer, D., and Rusin, R. (2002). The use of multisource satellite and geospatial data to study the effect of urbanization on primary productivity in the United States. IEEE Trans. Geosci. Remote Sens. 38 (6), 2549–2556. doi:10.1109/36.885202
 Kim, K. H., and Pauleit, S. (2005). Landscape metrics to assess the ecological conditions of city regions: Application to Kwangju City, South Korea. Int. J. Sustain. Dev. World Ecol. 12 (3), 227–244. doi:10.1080/13504500509469634
 Li, X., Gong, P., Zhou, Y., Wang, J., Bai, Y., Chen, B., et al. (2020). Mapping global urban boundaries from the global artificial impervious area (GAIA) data. Environ. Res. Lett. 15 (9), 094044. doi:10.1088/1748-9326/ab9be3
 Müller, F, Groot, R D, Willemen, L, De, R, and Online, L (2010). Ecosystem services at the landscape scale: the Need for Integrative Approaches. Landsc. Online. 23 (1): 31-31. doi:10.3097/LO.201023
 National Bureau of Statistics (2021). National Bureau of Statistics. Available at: http://www.stats.gov.cn/tjsj/zxfb/202202/t20220227_1827960.html (Accessed April 13, 2022. 
 Pei, F., Li, X., Liu, X., Wang, S., and He, Z. (2013). Assessing the differences in net primary productivity between pre-and post-urban land development in China. Agric. For. Meteorol. 171, 174–186. doi:10.1016/j.agrformet.2012.12.003
 Simensen, T., Halvorsen, R., and Erikstad, L. (2018). Methods for landscape characterisation and mapping: A systematic review. Land Use Policy 75, 557–569. doi:10.1016/j.landusepol.2018.04.022
 Sun, L. Q., Xiao, X., and Feng, F. X. (2014). Spatio-temporal pattern of NPP and related analyses with terrain factors in Wuling mountainous area. Int. J. Geogr. Inf. Sci. 9260 (6), 915–924. doi:10.1117/12.2068398
 Swanwick, C. (2002). Landscape character assessment. Guidance for england and scotland. Edinburgh: Countryside Agency, Scottish Natural Heritage. Available at: https://www.nature.scot/doc/landscape-character-assessment-guidance-england-and-scotland (Accessed April 28, 2022. 
 Tudor, C. (2014). An approach to landscape character assessment. London, United Kingdom: Natural England. Available at: https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/691184/landscape-character-assessment.pdf (Accessed April 28, 2022). 
 Warnock, S., and Griffiths, G. (2015). Landscape characterisation: The living landscapes approach in the UK. Landsc. Res. 40 (3), 261–278. doi:10.1080/01426397.2013.870541
 Wood, R., and Handley, J. F. (2001). Landscape Dynamics and the management of change. Landsc. Res. 26 (1), 45–54. doi:10.1080/01426390120024475
 Yang, D., Gao, C., Li, L., and Eetvelde, V. V. (2020). Multi-scaled identification of landscape character types and areas in Lushan National Park and its fringes, China. Landsc. Urban Plan. 201, 103844. doi:10.1016/j.landurbplan.2020.103844
 Yanhua, G., Xu, Z., Qiao, W., Changzuo, W., Zhan, Z., Chen, L., et al. (2013). Vegetation net primary productivity and its response to climate change during 2001–2008 in the Tibetan Plateau. Sci. Total Environ. 444, 356–362. doi:10.1016/j.scitotenv.2012.12.014
 Yokohari, M., Brown, R. D., and Takeuchi, K. (1994). A framework for the conservation of rural ecological landscapes in the urban fringe area in Japan. Landsc. Urban Plan. 29 (2-3), 103–116. doi:10.1016/0169-2046(94)90021-3
 Yu, D., Shao, H., Shi, P., Zhu, W., and Pan, Y. (2009). How does the conversion of land cover to urban use affect net primary productivity? A case study in shenzhen city, China. Agric. For. Meteorol. 149 (11), 2054–2060. doi:10.1016/j.agrformet.2009.07.012
 Zhou, Y., Yue, D., Guo, J., Chen, G., and Wang, D. (2021). Spatial correlations between landscape patterns and net primary productivity: A case study of the shule River basin, China. Ecol. Indic. 130, 108067. doi:10.1016/j.ecolind.2021.108067
 Zhu, Q., Zhao, J., Zhu, Z., Zhang, H., Zhang, Z., Guo, X., et al. (2017). Remotely sensed estimation of net primary productivity (NPP) and its spatial and temporal variations in the greater khingan mountain region, China. Sustainability 9 (7), 1213. doi:10.3390/su9071213
 Zou, D., Feng, Q., and Liang, T. (2011). Research on grassland classification and NPP in gannan region. Remote Sens. Environ. 26 (5), 577–583. doi:10.11873/j.issn.1004-0323.2011.5.577
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Li, Yang, Gao and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 15 September 2022
doi: 10.3389/fenvs.2022.958305


[image: image2]
Efficiency measures and influencing factors for rural land outsourcing: Evidence from China, 2003–2015
Mengdi Wang1*, Changzheng Wang2 and Xiaobing Peng1
1School of Public Policy and Administration, Chongqing University, Chongqing, China
2School of Public Policy and Administration, Chongqing Technology and Business University, Chongqing, China
Edited by:
Chen Zeng, Huazhong Agricultural University, China
Reviewed by:
Shuhong Wang, Shandong University of Finance and Economics, China
Xiaodong Yang, Xinjiang University, China
Liye Wang, Wuhan University, China
* Correspondence: Mengdi Wang, Ammon_616@cqu.edu.cn
Specialty section: This article was submitted to Land Use Dynamics, a section of the journal Frontiers in Environmental Science
Received: 31 May 2022
Accepted: 29 August 2022
Published: 15 September 2022
Citation: Wang M, Wang C and Peng X (2022) Efficiency measures and influencing factors for rural land outsourcing: Evidence from China, 2003–2015. Front. Environ. Sci. 10:958305. doi: 10.3389/fenvs.2022.958305

In the context of China’s vigorous promotion of its rural revitalization and land transfer policy, land outsourcing is a perspective worthy of attention to understand China’s rural land production and agricultural development. Based on rural land outsourcing in China from 2003 to 2015, this study adopts DEA efficiency analysis and Tobit regression analysis to measure the efficiency of rural land outsourcing in China as well as discuss its influencing factors. The results show that 1) from 2003 to 2015, the efficiency of rural land outsourcing in China has risen, especially in the eastern region, where the efficiency has the best performance. Overall, technical efficiency has hindered the improvement of rural land outsourcing efficiency. 2) The development of rural land outsourcing is restricted by factors such as the newly increased arable land area in rural areas, the foreign labor force, and rural managers, while land outsourcing income cannot significantly promote the expansion of land outsourcing. 3) Large rural agricultural enterprises or cooperatives enhance the efficiency of land outsourcing. Under the food security policy, realizing the technological increment of land outsourcing and land economy can effectively promote the scale and production efficiency of land outsourcing.
Keywords: rural land outsourcing, production efficiency, technical efficiency, influence factors, land development
1 INTRODUCTION
Under rapid urbanization and industrialization processes, a large number of rural laborers have flowed out and agricultural land has become idle. However, in order to make good use of idle rural land, improve the efficiency of rural land, and stabilize the rural agricultural economy, land outsourcing, a new land use model, has long been the focus of developing countries (Chen et al., 2017; Zhang et al., 2017). As the largest developing country in the world, China has made active explorations and attempts in China’s agricultural growth, such as agricultural policies, agricultural trade reforms, agricultural product prices, public investment in agricultural infrastructure construction, improvements in land use, innovation in the land lease market, and agricultural cooperatives (Huang et al., 2010; Yu and Jensen, 2010; Zhang et al., 2011).
As early as the end of the 20th century, the international attention to the rural land use reform emphasized the use of rural land in the form of circulation. In underdeveloped regions such as Asia, Africa, and Latin America, more attention is paid to the status quo and efficiency of land transfer, believing that it can improve farmers’ income (Jin and Jayne, 2013; Huy et al., 2016), while studies in eastern Europe pay more attention to land privatization and market transactions (Ciaian and Swinnen, 2006). As the most typical developing country and a largely agricultural country, China’s land system defects, urbanization, and high planting costs have become the main driving factors affecting rural land use. At the same time, the aging labor force, the unsound transfer market, and the high transaction cost also become external factors affecting land use (Wang and Tan, 2020; Li and Shen, 2021). According to the existing research, the improvement of rural land use and land economy has become a key concern of many countries. Developing countries, in particular, face problems such as institutions, production costs, and land use methods in improving land use and land economy. Therefore, the research on the mode, efficiency, and influencing factors of China’s rural land reuse can provide useful experience for other developing countries to understand and find solutions for land development.
On the basis of considering food supply and sustainable land use planning (Li et al., 2022), in the practice of rural land reuse in China, there are two new models: the agricultural production outsourcing service model and the rural land outsourcing model. In the context of promoting rural revitalization policy and land transfer policy in China, we pay attention to the efficiency of land outsourcing different from production services in the process of rural agricultural development, explore its current situation and influencing factors of development, and focus on the “land outsourcing efficiency” and “how to better land outsourcing”.
Agricultural production outsourcing services promote the use of rural land in improving productivity (Chen et al., 2017; Zhang et al., 2017; Sun et al., 2018; Sheng and Chancellor, 2019; Yi et al., 2019). With the massive outflow of rural labor and the reduction of young labor, rural land may not be able to continue to be cultivated, and crop yields and agricultural profits may subsequently be affected. Agricultural production outsourcing services provide support for labor, agricultural machinery, and key agricultural production skills, such that migrant farmers or nonagricultural farmers can continue to cultivate their own land and ensure the production of crops (Yang et al., 2013; Chen et al., 2017; Zhang et al., 2017; Sheng and Chancellor, 2019; Yi et al., 2019; Deng et al., 2020). However, this model has obvious limitations in the service object, and only focuses on those agricultural production organizations with strong purchasing power. To be specific, nonagricultural employment has led to a shortage of rural labor and reduced agricultural productivity and food productivity (Wu et al., 2017). Outsourcing agricultural production services provide a way to mechanize agriculture to increase agricultural productivity. In terms of agricultural mechanization, the Chinese government provided subsidies for farmers or agricultural cooperatives to purchase agricultural machinery in 2004, up to 30% of the purchase price. In 2008, farmers who bought large tractors with more than 100 horsepower could receive a subsidy of up to 80,000 yuan (Ministry of Agriculture and Rural Affairs of the People’s Republic of China, 2020a; Ministry of Agriculture and Rural Affairs of the People’s Republic of China, 2020b); however, in 2004, the per capita income of rural residents in China was only 2936.4 yuan and the Engel coefficient was 47.2% (National Bureau of Statistics of the People’s Republic of China, 2020). Obviously, for individual rural families, buying agricultural machinery is a great burden and, so, such farmers are not motivated to buy or invest in agricultural machinery (Yang et al., 2013; Davis and Lopez-Carr, 2014; Zhang et al., 2018).
Furthermore, the pattern of labor cost outsourcing or labor service outsourcing in agricultural production outsourcing services provides a good research basis for land outsourcing. Agricultural production outsourcing refers to the outsourcing of agricultural production services by farmers to other individuals or professional organizations, which is an employment behavior of the owner of a land management right (Chen et al., 2017; Zhang et al., 2018; Wang and Tan, 2020) and plays a positive role. However, the reality is that the outsourcing of agricultural production by farmers may not be so effective. The outsourcing of individual peasant households is not conducive to the scale economy of the outsourcing organization, which may not be able to afford the outsourcing cost. Therefore, more peasant households have chosen to take the form of village collectives, where village organizations gather the land of peasant households for outsourcing in China. Through land subcontracting, on one hand, farmers can obtain the rent of land leases; on the other hand, outsourcing organizations that obtain land can distribute part of the profits to village organizations and redistribute them to farmers. In this way, farmers can realize their family income without participating in agricultural production and can rely on land outsourcing only, which also ensures the production of land agriculture. In addition, farmers can also be hired by outsourcing organizations to participate in agricultural production for workers, in order to obtain labor income. In 2003, China promulgated the Rural Land Contracting Law, which stipulates that farmland can be transferred to other farmers by means of leasing. With the improvement of China’s rural land transfer policy, land leasing or land outsourcing has become increasingly active in China’s rural areas (Huang et al., 2012; Che, 2014). According to the data from China’s Ministry of Rural Agriculture, from 2012 to 2015, the annual growth rate of farmland transferred to agricultural businesses in China’s rural areas exceeded by 20% (Chen, 2020) and, by the end of 2016, about 35.1% of farmland had been transferred (Tang et al., 2019). Even if the Chinese government adopts subsidies for agricultural machinery, it still adopts the leasing market to realize land centralization and agricultural production growth (Su et al., 2018). Obviously, land outsourcing highlights a shift in land use rights, which is different from the labor cost emphasized by agricultural production outsourcing or regarded as labor outsourcing (Zhang et al., 2017; Chen, 2020). Agricultural production outsourcing focuses on the interpretation of the agricultural production process, while land outsourcing focuses on the exchange and earnings between agricultural production materials. It should be noted that this study is not a judgment on whether agricultural production outsourcing and land outsourcing are right or wrong, instead considering that they are two different perspectives we attempted to carry out research from a different perspective than that of agricultural production outsourcing. Obviously, under China’s vigorous promotion of its rural revitalization and land transfer policy, we chose this perspective of land outsourcing and considered it a relatively new and noteworthy perspective.
Therefore, the purpose of this study is to investigate the production efficiency of land outsourcing from the perspective of land outsourcing, as well as to further explore the circumstances under which land outsourcing is more likely to occur, or which factors affect land outsourcing and agricultural production. In addition, outsourcing means that agricultural production is transferred from inefficient farmers to efficient organizations (Wang et al., 2015), which also centralizes the farmers implementing land outsourcing and forming an organization. In China, such an organization is generally the organization of a village committee, which is a unified organization stipulated by law for the management of rural resident affairs and autonomy. Land outsourcing is a decision made by landowners (farmers). To some extent, we can say that land outsourcing is the self-choice of rural organizations (Schaller et al., 2012). It also gives us a direction to look at from an organizational perspective. Different from the existing research that has studied agricultural production from the perspective of individual characteristics, family characteristics, location characteristics, or traffic characteristics of farmers (Koirala et al., 2016; Amare and Shiferaw, 2017; Alves and Kato, 2018), we discuss the issue of land outsourcing from the perspective of an organizational characteristic formed by farmers. In other words, the existing studies have focused on the effect of outsourcing and whether the expected results are achieved, while our research interest lies in the determinants that influence outsourcing, focusing on the issues of “land outsourcing efficiency” and “how to better promote land outsourcing”. From the perspective of organizational characteristics, statistical data analysis was used to evaluate the production efficiency of rural land outsourcing in China in the current period, while the main factors affecting the development of land outsourcing were sought. Finally, based on the results of our research, we put forward suggestions regarding the development of rural land outsourcing, in order to improve agricultural production efficiency. As a largely agricultural country moving toward modernization, the explanation of China’s rural land outsourcing can provide a reference for agricultural production and land use in different agricultural countries throughout the world.
2 MATERIALS AND METHODS
2.1 Data source
The data in this study were from the “National Rural Fixed Observation Point Survey Data” of the Ministry of Agriculture of China, consisting of two parts of data from 2000 to 2009 and from 2010 to 2015 (Rural Fixed Observation Office, 2010; Rural Fixed Observation Office, 2017). The data survey was carried out by the Rural Fixed-Observation Office and began in 1986. As of 2021 (the most recent published version was used in this study), the survey data covered 23,000 rural households and 360 administrative villages in China, with samples distributed in 31 provinces (autonomous regions and municipalities), excluding Hong Kong, Macao, and Taiwan (please see Figure 1). These continuous data were obtained through long-term follow-up surveys of fixed villages and households. As the data of each peasant household sample are not published, the data used in this study are a summary version of the officially published data; that is, after standardized processing, the data of all the surveyed peasant households and administrative villages are displayed according to the year. The data after scientific processing are still very representative and researchable, which provided a scientific, effective, and sufficient basis for data analysis in this study.
[image: Figure 1]FIGURE 1 | Study area and sampling locations.
To be specific, the data reflect eight aspects: 1) the composition of family members, such as the family population, income, composition, and employment; 2) land conditions, such as cultivated land, park, forest area, and so on; 3) fixed assets; 4) production and operation conditions of farming families, such as crop production and operation, animal husbandry production, and aquaculture production; 5) sales of agricultural products, such as quantity and amount; 6) purchasing the means of production in the planting industry, such as the total amount and quantity of purchasing the means of agricultural production; 7) annual household income and expenditure, such as annual total income, annual total expenditure, capital exchanges, cumulative borrowing, grain income, and expenditure; 8) major food consumption throughout the year, major durable goods owned at the end of the year, living conditions, and so on.
Therefore, the data used in this study were all taken from the aforementioned dataset. Starting from the promulgation of the Land Contracting Law in 2003, the study analyzes the situation of rural land outsourcing in China from 2003 to 2015. “The Rural Land Contract Law” promulgated by the Chinese government in 2003 made institutional provisions on the nature and use of rural land for the first time. That gave farmers long-term and guaranteed right to the contracted management of land, fundamentally consolidating the market main body status of farmer household contract management, in accordance with the law to protect and arouse the enthusiasm of farmers, it is safe to develop agricultural production, increase agricultural inputs, in accordance with the law, norms, and orderly, right to the contracted management of land circulation forward, can safely development moderate scale management. Therefore, it was only in 2003 that the outsourcing of rural land became systemically reasonable, which is the reason why this study took this year as the starting time.
2.2 Research design and methods
This study adopts the DEA-Tobit research method. The DEA method can deal with the efficiency evaluation of multi-input and multi-output indicators, without constructing a production function to estimate the parameters, and is not affected by dimensionality, so it can well reflect the use of resources. The data formed on this basis has the characteristics of censoring, and the Tobit regression analysis is carried out to investigate the influencing factors of land outsourcing. In order to make the framework more understandable, we present an overview of the research methods and procedures in Figure 2.
[image: Figure 2]FIGURE 2 | Research methods and procedures.
2.2.1 Measurement of rural land outsourcing efficiency
The commonly used DEA analysis method (Hauner and Kyobe, 2010) was used to measure the outsourcing efficiency of rural land; in this method, input and output indicators need to be set. In this study, we take the outsourcing degree of rural land as the input index and the ratio of the outsourcing area of rural land to the total area of cultivated land as the input index. The output index reflects the economic growth results obtained through rural land outsourcing and, so, the ratio of outsourcing to internal production was used to select the output index. Specifically, the output index contains the most direct economic result of land outsourcing, namely, the output of economic efficiency of land outsourcing. The ratio of the income of outsourced land per unit area to the economic income of the farmer’s self-run land per unit was taken as the output index, in order to reflect the contribution of land outsourcing to the farmer’s economic income. Second, rural land outsourcing makes up for rural labor force shortages; thus, in this study, labor capacity was added as a second output efficiency index. The output indicators reflecting land outsourcing can achieve the degree of force and the ratio of the relationship between the organization outflow of the rural labor force, namely, how land outsourcing can achieve (measurement) the support of labor and make up for gaps in the labor force. Table 1 shows the input and output indicators of rural land outsourcing efficiency.
TABLE 1 | Input and output indicators of rural land outsourcing efficiency.
[image: Table 1]2.2.2 Influencing factors of rural land outsourcing
From the perspective of organizational characteristics, this study argues that different organizational characteristics have different behaviors for land outsourcing. This study regards the process of land outsourcing as an organizational unit, and the driving effects of structural characteristics, structural complexity, and core tasks within the village organization on rural land outsourcing were investigated (Boon et al., 2019).
(1) Core mission: the core task of the organization directly affects the probability of realization of rural land outsourcing. In the countryside, the basic core task is for rural organizations (or farmers) to obtain economic benefits through land outsourcing. In this study, the direct selection of rural organization outsourcing land unit gains is a core task of operation indicators. In general, under the hypothesis of a rational agent, with the outsourcing of land income, the more “profit” the rural organization (or farmers) will attempt to gather; that is, the more likely it is to conduct land outsourcing operations, in order to obtain more economic benefits.
(2) Scale of production: the organization scale or production scale is a classic variable in the study of the “self-made/outsourcing” decision-making (Wang et al., 2021a). However, in this study, the scale is not the population or land area of the village organization, but the scale of land available for outsourcing and the scale of production conditions conducive to land outsourcing. In general, under a larger production organization and more serious labor shortages, outsourcing is more likely to be chosen (Chen et al., 2017) and, from the view of the outsourcing service provider, larger areas of land resources are likely to produce large-scale land economic returns (Deng et al., 2020). Thus, we chose the number of rural cooperatives or enterprises to measure. In addition, agricultural machinery was considered as the main factor to promote the production efficiency of rural land, as large-scale production of land outsourcing requires a large amount of farm machinery as input. The input volume of agricultural machinery was selected as another driving factor affecting land outsourcing.
(3) Complexity of the rural organizations: the complexity of rural organizations is usually the result of the diversification of internal structures or levels of the organizations (Boon et al., 2019); that is, the diversification of different factors that may affect land outsourcing. In rural organizations, one of the key factors driving the formation of land outsourcing is labor force shortages. At the same time, we also found that, with labor outflow, there is also labor inflow—foreign labor may enter to make up for the original labor force structure in village organizations, thus alleviating the demand for labor. Therefore, we consider foreign labor as one of the forms of rural complexity and, so, as one of the factors that affect land outsourcing. In the reality of foreign labor force inflow, the contribution of the supplement of this labor force to land outsourcing needs to be further verified. Labor force inflow requires employment and income, where there are two modes of employment: agricultural and nonagricultural employment. Therefore, we took the number of enterprises and cooperatives in rural areas as the manifestation of off-farm employment, in order to form another influencing factor of rural land outsourcing.
(4) Age of the manager: the organization manager plays a key role in the organization’s behavior and decision-making. In agricultural production outsourcing, previous studies have investigated the individual characteristics of farmers who take outsourcing actions and found that factors such as age, education level, and political status can affect the outsourcing behavior of farmers (Koirala et al., 2016; Amare and Shiferaw, 2017). However, some studies have pointed out that the decision of outsourcing has no relationship with the education level, political status, and other factors, but has a negative relationship with the age of farmers; that is, the younger the farmers are, the more likely they are to choose outsourcing (Chen et al., 2017). Age is a consistent factor in the individual characteristics of farmers in agricultural production outsourcing research. In this study, rural organizations are originally aggregations of farmers. So, by referring to the aforementioned research results, managers of rural organizations (generally, members of village committees) are more likely to choose land outsourcing actions when they are younger, but this hypothesis still needs to be further verified. In particular, youth is a relative concept in this study. In this study, managers in rural organizations were divided into four age groups (defined as 35, 46, and 55 years old). Considering that the maximum retirement age of civil servant cadres in China is 60 years old (60 years old for males and 55 years old for females), we calculated the proportion of young managers in the management group by taking managers under 45 years old as the standard.
2.2.3 Empirical model of influencing factors of rural land outsourcing
Based on an analysis of the influencing factors of rural land outsourcing, this study sets relevant variables and presents them in Table 2. Furthermore, we empirically studied the degree of influence of these drivers on rural land outsourcing (land_out).
TABLE 2 | Variable definition and description.
[image: Table 2]Considering that the land outsourcing (land_out) calculated by DEA was greater than 0, it has the property of truncation. Therefore, the Tobit model, which follows the concept of the maximum likelihood method, was adopted for further analysis. The Tobit model can analyze both continuous numerical variables and virtual variables. This study uses the Tobit model for empirical analysis. To compare the influences between different drivers, we adopted the method of adding variables step by step, successively adding (agri_mach), (in_labor), (company), (income_landout), and (age_manager), and constructed seven respective models, among which model 5 is expressed as follows. For the convenience of expression, the aforementioned variables are marked as X1–X5, successively:
[image: image]
where αi is the parameter to be estimated and εjt is a random error term following εj ∼ N (0, σ2).
3 RESULTS
3.1 Results of rural land outsourcing efficiency accounting based on the DEA method
3.1.1 Static analysis of the DEA model
Drawing lessons from the evaluation method of urban circular economy efficiency (Wang et al., 2021a), DEAP 2.1 software was used to analyze the input–output indicators of eastern, western, and central China in 2003 and 2015, where the comprehensive efficiency value, pure technical efficiency value, and scale efficiency value of rural land outsourcing efficiency could be obtained.
According to the comprehensive technical efficiency index (crste) of China’s land outsourcing efficiency shown in Table 3, the efficiency of China’s rural land outsourcing in 2003 and 2015 was 0.585 and 0.694, respectively, showing an overall rising trend; however, there is still a large gap to reach the production frontier conditions. Among the three regions, only the western region reached the production frontier conditions (with index value 1), indicating that the rural land outsourcing input in the western region achieved optimal allocation, the structure of land outsourcing quantity and income was reasonable, and the input and output achieved the best effect. The central region had the lowest index value, indicating that the central region had less input and a lower degree of land outsourcing.
TABLE 3 | Efficiency values of rural land outsourcing in China in 2003 and 2015.
[image: Table 3]Furthermore, in terms of the pure technical efficiency index (vrste), the outsourcing efficiency of rural land in China was basically flat in the western region, indicating that there has been no significant improvement and progress in technology or management in the process of rural land outsourcing in China over the past 13 years. The eastern and central regions showed a reversal. In 2015, the northeast region reached production frontier conditions, while the central region dropped from the production frontier to 0.469. Specifically, in 2015, under the pure technical efficiency index, both eastern and western regions reached the DEA effective value (index 1), indicating that the management or technical level in these regions was relatively advanced and maximization of output was achieved. In particular, the technological efficiency growth of the northeast region was the most obvious. However, the pure technical efficiency index of the central region showed a decreasing trend, which reflected that the technical level of the central region could not adapt to the production and development of regional land outsourcing. Of course, it should be noted that, in this study, technical efficiency is more reflected by the compensation of land outsourcing for farmer incomes and rural farming labor resources, which is regarded as a form of technology that can be transformed and, thus, improves or changes agricultural productivity in rural areas.
The scale efficiency index (scale) can reflect whether rural land outsourcing is at the optimal scale. From 2003 to 2015, the scale efficiency index showed an upward trend, indicating that China’s rural land outsourcing gradually moved toward the optimal scale. The growth in the eastern region was 0.104 and that of the central region was 0.152, indicating that the scale advantage of rural land outsourcing in the central region was relatively prominent. However, we cannot ignore the large gap between the scale efficiency and production frontier conditions.
From the comparison between 2003 and 2015, it can be seen that production frontier conditions were reached in the central region in 2003 but were lost in 2015. Fortunately, the scale return of the central region showed an increasing trend in 2015, indicating that the outsourced land invested by the central region was well-utilized without obvious efficiency loss. This reflects that the central region can obtain more outputs by improving its technical level of land outsourcing and, thus, improving the efficiency of land outsourcing in this region again. Nevertheless, the central region was at a low level of input–output efficiency of land outsourcing. In general, the input–output efficiency of China’s rural land outsourcing had an upward trend but was also accompanied by fluctuations in different regions.
Based on the measurement of land outsourcing efficiency in eastern, western, and central regions from 2003 to 2015 in China, it can be found that the western region has a low scale efficiency and a high saturation degree due to the limited land available for outsourcing. The central region has the highest scale efficiency of rural land outsourcing in China, but compared with the Eastern region, its pure technical efficiency needs to be improved. In other words, the central region will be an important part of rural land outsourcing in China, and more attention should be paid to the technology and management of land outsourcing.
3.1.2 Dynamic analysis of the Malmquist index
The Malmquist index can reflect the changing trend of rural land outsourcing efficiency in China. Therefore, DEA2.1 software was used to analyze the rural land outsourcing data of the three regions in China from 2003 to 2015. The dynamic change of total factor productivity was then investigated.
In Table 4, from the perspective of overall efficiency changes, the average input productivity index of China’s rural land outsourcing from 2003 to 2015 was 1.008, showing an overall rising trend. However, due to the fluctuation of the productivity index in different time periods, the overall trend showed a fluctuating rising trend. In terms of decomposition, the average technological progress (techch) increased by 1.7%, indicating that the technology or management level of China’s rural land outsourcing plays a major role in improving the efficiency of land outsourcing. In addition, the indices of technical efficiency (effch), the pure technical efficiency (pech), and the scale efficiency (sech) were less than 1, showing that technical efficiency limits the outsourcing of land use efficiency and the effect of technological progress, pure technical efficiency inhibits technology to improve production and capacity, and scale efficiency reflects the need to improve technology, production capacity and promote land utilization. This is basically consistent with the results of the DEA static analysis in this study.
TABLE 4 | Malmquist index of rural land outsourcing efficiency in China from 2003 to 2015.
[image: Table 4]In Table 5, the three regional efficiency changes are shown, from which it can be found that, between 2003 and 2015 in the east, the rural land outsourcing productivity index (tfpch) was greater than 1, showing that the efficiency of the regional rural land outsourcing development situation was good. The four indices had different degrees of growth, with the static DEA analysis of the eastern region in 2015 leading to consistent efficiency conclusions. However, the productivity indices in the central and western regions fell. The main reason for this is that, for the central region, the technical efficiency and pure technical efficiency indices were 0.960 and 0.946, respectively, showing a trend of decline; this suggests that the land outsourcing technological progress in the central region did not improve land use efficiency. The efficiency loss and low technological level in production capacity at the same time also inhibited the scale efficiency and production efficiency. The same problem existed in the western region; that is, the inhibition of land use efficiency by technological progress. The difference is that the scale efficiency of the western region limited the transformation of technology into production capacity, which affected the overall production efficiency of the western region. This is consistent with the common knowledge that plateau, basin, desert, and other terrain types in western China cannot form a resource-based large-scale economy (Yang et al., 2021). This also reflects the regional differences, resource misallocation, and the differences between land efficiency and ecological efficiency in China (Wang et al., 2021b).
TABLE 5 | Malmquist index of rural land outsourcing efficiency in different regions of China.
[image: Table 5]3.2 Analysis of influencing factors of rural land outsourcing
Before the regression analysis of rural land outsourcing from 2003 to 2015, through a correlation analysis among various variables (please see Table 6 for details). According to the existing research on the critical value of correlation coefficient (Carsten et al., 2013), the colinearity analysis was carried out on all variables, and it was found that the variance inflation factor (VIF) of all variables was below 5, indicating that there was a small possibility of multicolinearity among all variables. On this basis, the Tobit regression analysis was performed using Stata17.0 software.
TABLE 6 | Correlation analysis of all variables.
[image: Table 6]The most direct reflection of the degree of land outsourcing is the change in land outsourcing income. The proportion of land outsourcing income in the total income of farmers (income_landout) is taken as the benchmark for the regression analysis of rural land outsourcing to form model 1. Then, considering that the increase in income will attract the attention of managers, drive enterprises or agricultural cooperation organizations, and cause a change of production costs such as labor and farming equipment, model 2 and model 3 are constructed by gradually joining the proportion of youth under 45 years old in the rural management team (age_Manager), rural enterprises, or cooperative organizations (company). Finally, the inflow labor (in_labor) and agricultural equipment input (agri_Mach) of rural land production costs are added to the model to form model 4 and model 5.
From Table 7, through the Tobit regression analysis of the driving factors of land outsourcing behaviors adopted by rural organizations in China from 2003 to 2015, the following results were obtained:
(1) In model 1, the increase in the proportion of land outsourcing income in the total income of farmers does not have a significant impact on the degree of land outsourcing. This indirectly reflects that, in the total income of farmers in the current period, the impact of land outsourcing income may be low, that is, the land economic income obtained by farmers relying on land outsourcing is not ideal.
(2) The estimation results of model 2 show that young managers in rural organizations have a significant role in promoting rural land outsourcing, and land outsourcing income also has a positive and significant role in promoting the degree of land outsourcing. This shows that the younger the managers of rural organizations, the higher the degree of land outsourcing, and their dependence on land outsourcing income is much greater.
(3) The increase in the number of rural enterprises and cooperatives will promote the expansion of land outsourcing. In model 3, the elasticity coefficients of enterprises and cooperatives in rural areas are 0.004, which indicates that the number of enterprises and cooperatives in rural areas has a promoting effect on the level of rural land outsourcing.
(4) The inflow of labor does not promote the outsourcing of land. In model 4, the inflow of the rural labor force has a positive effect on the level of rural land outsourcing, but it does not pass the significance test. Similarly, in model 5, the input of farming equipment also fails to pass the significance test, which reflects that the production cost of land outsourcing has no obvious effect on the degree of land outsourcing.
TABLE 7 | Tobit regression analysis results of influencing factors of rural land outsourcing in China.
[image: Table 7]4 DISCUSSION
The driving force of production scale and the constraint of input resource efficiency affect the overall efficiency of land outsourcing in China. In terms of the overall efficiency of rural land outsourcing in China from 2003 to 2015, the overall trend was upward and the return on the scale has increased. These results are similar to those of Yue (2010) and Larson (2013), especially in the eastern coastal areas of China, where agricultural productivity is very high (Yue et al., 2010; Larson, 2013), while the inland areas, such as the central and western regions, still have huge development potential in terms of land use efficiency, technological production efficiency, and agricultural productivity improvement, in agreement with the results of Long (2010) (Long and Zou, 2010).
However, behind this seemingly good development trend, the performance is driven by the production scale and the suppression of input resource efficiency. In particular, from 2003 to 2015, the scale of rural land outsourcing in China has continuously expanded; however, due to the current technical level and the production efficiency of land outsourcing, the use efficiency of land outsourcing has been lost. From 2003 to 2015, China’s rural land outsourcing efficiency technological progress index rose by 1.7%, but the rest of the indices experienced a relatively small decline. This further clarifies that the efficiency of land outsourcing mainly relies on technological progress, which cannot be converted into technical efficiency and enhance land use efficiency or scale efficiency, and may not meet or play a role in the current land outsourcing production efficiency and the scale of production.
In addition, this study examines the influencing factors of rural land outsourcing. At its most fundamental, protective production of land for grain cultivation in rural areas is the main reason for guaranteeing the scale of cultivated land and food security. Rural land outsourcing has been used to explain the decrease in arable land and the increase in food production due to the shortage of the rural labor force. In 2012, 8,318,190.6 ha of China’s rural outsourced land were used for grain cultivation (accounting for 55%), while 15, 268, 278 ha were used for grain cultivation in 2015, accounting for 57% (China Agricultural Yearbook Editorial Board; China Agricultural Yearbook Editorial Board, 2015). From 2012 to 2015, the area of grain cultivation increased by 84%. It has been found that the proportion of grain planting area in the national outsourced land is maintained at about 55%, and with the growth of grain planting area, the grain output generated by this proportion will also increase substantially. This reflects China’s protective production of rural arable land. The basic protection of China’s farmland policy is very effective and has had a profound impact on China’s land use and food security (Liu et al., 2014). For example, the Chinese government has launched a national arable land preservation program, known as the “Green Food” program, to protect high-quality arable land as basic farmland, in order to meet the survival needs of local people (Wang et al., 2007). This protective policy ensures that the total amount of basic arable land and its quality will not be reduced, which is the key to rural food production and land cultivation.
Rural land outsourcing gradually flows from farmers to large-scale agricultural enterprises or rural cooperatives. The income of farmers in land outsourcing is not significant, which reflects that land outsourcing does not flow into the hands of farmers, and grain output is not created by farmers. From the correlation analysis of the variables affecting land outsourcing, we found that there was a strong positive relationship between grain output and land outsourcing. In other words, the increase in land outsourcing will be accompanied by an increase in grain output. However, in the analysis of influencing factors, the income of farmers in land outsourcing was not significant, which reflects that land outsourcing profits do not flow into the hands of farmers and that the grain output is not created by farmers. In the analysis of the driving factors of land outsourcing, the entry of enterprises and cooperatives promoted land outsourcing. This is consistent with reality. In China’s rural farming land contracts in 2012, the cultivated land area operated by peasant households was 10, 277, 357.1 hactares, accounting for 68% of the total contracted area that year. However, by 2015, this proportion had decreased to 58% (China Agricultural Yearbook Editorial Board; China Agricultural Yearbook Editorial Board, 2015). During this period, the cultivated land area flowing into peasant households increased by 58%. Li (2020) also pointed out that, from 2003 to 2011, the per capita demand for arable land of rural residents decreased from 1984 to 1,501 square meters (Li et al., 2020). In contrast, the proportion of arable land flowing into enterprises and cooperatives increased from 21% in 2012 to 32% in 2015, with a growth rate of 156% (China Agricultural Yearbook Editorial Board; China Agricultural Yearbook Editorial Board, 2015), much higher than the growth rate of farmers. The reason for this is that the increased cost of the rural labor force promotes large-scale machinery production or services outsourcing as the main engine (Zhang et al., 2017), while for farmers, expanding their funds to the scale needed is beyond their capacity (Chen, 2020). All these lead to the rural land in the hands of farmers being less likely to achieve large-scale production, leading to outsourcing and, thus, the land depending on large-scale agricultural enterprises and rural cooperatives. This conclusion is consistent with that of Deng (2020) (Deng et al., 2020). However, the growth of cooperatives has had two different results.
On the one hand, the choice of nonagricultural employment and the growth of nonagricultural land in rural areas have squeezed the scale of land outsourcing. In the study of the factors influencing the efficiency of rural land outsourcing, the migrant labor force as the production cost does not promote the outsourcing of rural land. Rural land outsourcing solves the problem of rural labor shortages, but the inflow of labor does not promote land outsourcing. This is an interesting finding; we think the likely reason for this is labor gains. On one hand, we found that the increase in land outsourcing income could not promote the land outsourcing of rural organizations. The economic benefits of rural land outsourcing are not obvious, but there is no basic condition for labor force supplementation. It also means that even considering the environmental costs, the labor cost increase effect limits employment (Wang et al., 2022). On the other hand, in order to obtain more income, the labor force flowing into the countryside will not choose land with relatively low income for farming but, instead, will flow to nonagricultural enterprises, whose development serves to reduce the efficiency of land outsourcing. According to the study by Song (2020), a large number of off-farm agricultural workers have higher income, reducing their dependence on rural land and agricultural income (Song et al., 2020), verifying the choice of migrant workers for off-farm employment. In addition, nonagricultural land also exists in the use of rural land. In 2012, the acreage leased to factories and enterprises in China accounted for 27% of the total cultivated land area. In 2015, the proportion reached 33% (an increase of 117%), forming the fastest growing form of land outflow in China. However, the proportion of land outsourced decreased from 51 to 47% over the period 2012–2015. Nonagricultural land may also affect food production at the same time. In 2015, crop production directly related to nonagricultural land increased by 28% over the annual increase of the 2013–2014 national crop yield while, between 1990 and 2015, the expansion of nonagricultural land use problems, such as pollution from crop losses, caused close to 9% of the total crop production in China (Zhang et al., 2020a).
On the other hand, agricultural production outsourcing services can realize the technical value-added of rural land outsourcing. The technological efficiency of rural land outsourcing affects the transformation of technological production capacity and the efficiency of land use. Realizing the technological increment of land outsourcing needs to be changed from the effective use of the invested outsourced land resources at the current technological level. The study of Huang and Ding (2016) was aimed at promoting the establishment of service centers of land circulation, as farmland circulation leads to an increase in the agricultural scale (Huang and Ding, 2016). Yang (2013) and Yi (2019) also believe that, relative to large-scale farms or agricultural professional organizations, China’s small farmers cannot buy machinery; this kind of restrictive nature cannot achieve technical efficiency changes for farmers (Yang et al., 2013; Yi et al., 2019). However, such agricultural machinery or professional services can replace household labor in agricultural production, thus improving labor productivity (Zhang et al., 2020b). In other words, the realization of technical efficiency of rural land outsourcing must rely on large-scale production scales or agricultural professional service organizations, in order to realize the support for rural land production efficiency under labor shortages, which is also the technical value-added of rural land outsourcing. This further reflects the connection between the two perspectives of rural production outsourcing services and land outsourcing proposed in the introduction.
Of course, our investigation of the managers of rural organizations has also found and verified the pursuit of a “land economy” by the rural managers. Young managers in rural organizations play a significant role in promoting rural land outsourcing. Under the background of China’s policy of promoting rural revitalization, managers hope that more and more farmers can stay in the countryside and earn a living income there, differing from the idea of farmers who go out to work. Young managers pay more attention to the concepts and policies of rural development, and are more inclined to make up for the labor force shortage and promote agricultural production by other means (e.g., calling for returning home to start businesses, attracting investments, promoting ecological agriculture, and so on). From relevant studies (Wang and Tan, 2020), we suspect that managers are more inclined to obtain more income-generating opportunities through the pursuit of the “land economy”, further converting it into public facilities or environmental improvements needed for rural development. The land has become an important tool for local governments to achieve their economic development goals (Yang et al., 2022).
5 CONCLUSION
In this study, the DEA efficiency analysis and the Tobit model were used to analyze the efficiency and influencing factors of rural land outsourcing in China. The results showed that the overall efficiency of rural land outsourcing in China is on the rise; however, the inhibiting effect of technical efficiency is prominent. The results of the current survey and the existing literature clearly indicate that the production efficiency of rural land outsourcing has become an important issue in rural land production. The production efficiency of land outsourcing is affected by agricultural enterprises, agricultural cooperatives, nonagricultural land, and the economic pursuits of managers, among other reasons. Although land outsourcing can boost grain output, its role and contribution to China’s food security are no longer a primary concern due to China’s protective policies on rural arable land and grain production. How to improve the production efficiency of land outsourcing is an important issue in the study of land outsourcing.
Of course, the measurement and analysis of land outsourcing efficiency in this study also make us have a clearer understanding of the practical value of rural production service outsourcing. Rural production service outsourcing focuses on the transfer of production costs, while land outsourcing focuses on the use of production materials. Land outsourcing is an indispensable link in the development of modern agriculture, and production service outsourcing is an important innovative form in the process of land outsourcing and land use, which can promote rural land outsourcing and promote the rural land economy.
Based on the results of our research, we propose suggestions from three aspects. First of all, the rural land outsourcing of “post-production” should be emphasized. Post-productivism points out that rural production should be diversified, rather than specialized (Hay and Hay, 2017). The use of rural land outsourcing also changes from a single food production function to diversified functions, covering environmental protection, entertainment experiences, and agricultural consumption, among others, thus optimizing and improving the efficiency of outsourced land use. Second, the outsourcing or trusteeship of large-scale agricultural production should be strengthened. The establishment of an effective agricultural social service system, a well-trained labor market, and access to mechanized services and technical services will also increase the number and capital employed in agriculture and popularize agricultural production techniques, thus improving the quality and efficiency of China’s agricultural production. Finally, policy resources must be used. In the context of the construction of civilization and rural revitalization, the Chinese government has implemented land transfer and outsourcing policies to improve land resource utilization efficiency and optimize land use structure and layout (Zhou and Cao, 2020). At the same time, land resources should be allocated, differentiated environmental development policies should be formulated, and efficiency, scale, and technology should be improved (Wang et al., 2021c). This is a favorable policy direction for the scale and efficiency improvement of China’s land outsourcing, which can obtain more resource support through such policies.
This study has some drawbacks. Due to the availability of the data, we did not include data after 2015 in the research data and only used relevant research or data from the literature for explanations. At the same time, due to the characteristics of the data, we did not analyze the social and economic characteristics of individual farmers. From the perspective of rural organizations formed by farmers, we selected the influencing factors of land outsourcing. Therefore, in future studies, we will focus on the socio-economic characteristics of farmers and the latest data to analyze and verify the efficiency and influencing factors of rural land outsourcing. In addition, we plan to further study the optimization and development of the production efficiency of rural land outsourcing.
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To pursue higher agricultural output, farmers have invested heavily in fertilizers, pesticides and other factors of production, which inevitably causes agricultural nonpoint source pollution (ANPSP) and seriously restricted the sustainable development of global agriculture. Accurate and efficient integrated prevention and control of ANPSP requires scientific identification of critical source areas and influencing factors of nonpoint source pollution, which is particularly important in geographic conditions where steep-slope agriculture dominates and landscape features are complex. In this study, a typical small watershed in the mountainous area of the Three Gorges Reservoir area was selected, and the risk of nonpoint source phosphorus loss in the watershed was assessed using the Phosphorus Index (PI) on the basis of Soil Topographic Index (STI) prediction of runoff production area in the watershed. Finally, the critical source areas (CSAs) for its loss were identified. The results showed that the area of hydrologically sensitive areas in the watershed was approximately 22.87% of the total study area, with an area of 37.05 hm2. The hydrology of variable source areas within hydrologically sensitive areas plays a dominant role and is more likely to produce runoff and increase the risk of agricultural nonpoint source phosphorus pollution. The results of PI analysis showed that the risk of phosphorus loss was low in most areas of the watershed (45.77%), the areas at high risk of phosphorus loss accounted for 29.33% of the entire watershed with an area of 47.52 hm2, and tea plantation was the most dominant land use type. The critical source area of nonpoint source phosphorus output accounts for 5.47% of the watershed area and is mainly distributed along the watershed system, 82.55% of which is tea plantation. Compared with the traditional phosphorus index evaluation system, this method is important for the accurate identification of critical source areas of nonpoint source pollutants, for strengthening the efficient prevention, control and management of ANPSP, and for improving the utilization rate of arable land as well as land management and sustainable development of watersheds.
Keywords: nonpoint sources phosphorus, critical source area, hydrological sensitive areas, phosphorus index, watershed management
1 INTRODUCTION
Studies from all over the world show that agricultural nonpoint source pollution has become a major source of water pollution and land degradation worldwide, which greatly limits the sustainability of both urban and rural areas. (Yang et al., 2013; Rissman and Carpenter, 2015; Carstensen et al., 2020). Nonpoint source pollution from farmland to surface water remains a major threat to the environment. (Mcdowell et al., 2015; Wang Z. et al., 2020). The problem of agricultural nonpoint source pollution (ANPSP) refers to fertilizers, pesticides and other pollutants, through the process of surface runoff, underground leakage, volatilization or residue, resulting in eutrophication of water bodies, soil sludge and other ecological pollution problems and food safety crises. (Beharry-Borg et al., 2013; Bowes et al., 2015; Wang R. et al., 2020). The loss of nitrogen and phosphorus from agricultural land not only deteriorates water quality, reduces the productive capacity of the land and weakens many nonproductive functions of the cultivated land ecosystem, such as recreation and biodiversity such as recreation and biodiversity of arable ecosystems, but also threatens the safety of water bodies and human health, causes huge economic losses and affects the functions of the ecosystem. (Beharry-Borg et al., 2013). More importantly, the acceleration of global freshwater eutrophication is largely driven by phosphorus. (Campbell et al., 2015; Lou et al., 2016; Rossel and Bui, 2016), and phosphorus-based nonpoint source management is a common response. Increasing attention is focused on nonpoint sources of P, with emphasis on developing strategies to prevent agricultural contributions to surface water P loading. (Chang et al., 2013; Djodjic and Villa, 2015). Therefore, it is critical to accurately identify critical source areas for nonpoint source pollutant phosphorus loss.
Studies from around the world have found that smaller critical areas within the watershed contribute to a greater share of pollutant loss. Agricultural catchment areas at the highest risk of diffuse pollution transfers are termed critical source areas (CSAs) (Doody et al., 2012). Defining critical source areas (CSAs) depends upon the accurate delineation of hydrologically sensitive areas (HSAs) at the highest risk of generating surface runoff pathway pollutant transport and delivery via hydrologically connected pathways. (M.Todd Walter et al., 2000; Xue et al., 2014; Thomas et al., 2016). To target mitigation measures and best management practices at appropriate locations and scales, HSAs and CSA nonpoint source pollution indices need to be more accurately modeled as areas within a watershed where pollutant loads are consistent with runoff area and can be used to spatially locate CSAs in the landscape (Johansson and Randall, 2003; Shen et al., 2011).
Many methods have been applied to identify critical source areas of phosphorus, such as index models (Osmond et al., 2012; Wang et al., 2015), isotope labeling methods (Li et al., 2017), process-based watershed models (Shen et al., 2015), and export coefficient methods (ECA) (Collick et al., 2015). Index models such as the phosphorus index (PI) consider factors that may have a potential impact on pollutant losses, ranking individual fields according to “sources” (e.g., soil test P, fertilizers, and application methods) and “transport” factors (e.g., soil erosion, surface runoff, proximity to streams.) The PI method has been tested and modified by numerous researchers and is effective in classifying the risk level of phosphorus loss (Heckrath et al., 2008; Ou and Wang, 2008; Anderson et al., 2015), and is therefore being widely adopted. However, these studies ignore that hydrologic connectivity processes can increase the loss of dissolved phosphorus. This is considered to be a neglect and simplification of reality, without considering the impact of micro topography on runoff generation, confluence and hydrological connectivity (Marjerison et al., 2011; Cassidy et al., 2019). At the same time, water pollution and land use change are closely related. Changes in land use and land cover are driven by human activities, and as phosphorus levels in soils increase, more phosphorus losses occur. At the same time, the increase in arable land leads to increasing fertilizer use and consequent soil erosion. (Watson et al., 2007; Lou et al., 2015).
The Three Gorges Reservoir is the largest strategic reserve of freshwater resources in China and the most important hub on the Yangtze River Economic Belt. Its special geographical position determines that it is the main link to maintain and control the ecological functions of the Yangtze River basin. The results of the comprehensive analysis of China’s water environment quality in 2016 show that the main pollution indicator of water environment quality in the Yangtze River basin has changed from ammonia nitrogen to total phosphorus, and total phosphorus pollution in the main stream of the Yangtze River has risen as the main pollutant. Total phosphorus exceeds the standard mainly due to agricultural surface source pollution, with relevant data showing that approximately 70% comes from agricultural surface source pollution. It has been pointed out that the N/P ratio of the water bodies in the main and tributaries of the Three Gorges Reservoir is as high as 40–200, and phosphorus has become a nutrient limiting factor in the water bodies in the main and tributaries of the Three Gorges Reservoir. Phosphorus (P) is a limiting nutrient in many terrestrial ecosystems. Compared with nitrogen, the behavior and fluxes of phosphorus in Three Gorges Reservoir are more sensitive to the impact on the water ecosystem of the main and tributary rivers. Focusing on the current status of phosphorus pollution and transport patterns in Three Gorges Reservoir is important for controlling eutrophication in reservoir waters and ensuring water ecological security in the reservoir and the middle and lower reaches of the Yangtze River. In order to more accurately delineate the critical source areas of agricultural nonpoint source phosphorus export in the basin, an innovative approach was adopted for our selected study area. Therefore, the main objectives of this study were: (1) to identify HSAs using high-resolution digital elevation models and soil data based on field surveys; (2) to identify and characterize the potential risk of phosphorus loss using Phosphorus Index; (3) to combine Soil Topographic Index and Phosphorus Index to identify CSAs for phosphorus loss; and (4) to determine the relationship of land use within CSAs. The results of the study will help to improve the accuracy of identifying CSAs of agricultural nonpoint source pollution, and open new horizons and bring new methods and ideas for watershed management, ecological restoration and sustainable development work of agricultural intensification in the new period.
2 MATERIALS AND METHODS
2.1 Study site
The study was conducted in the Zhangjiachong watershed (110°57′20″E, 30°46′51″N) located in Zigui County of Hubei Province, China. The watershed is located approximately 5 km southeast of the Three Gorges Reservoir Area (TGRA), with an area of 162 hm2 (Figure 1). The climate of the watershed belongs to the subtropical monsoon. Elevations within the watershed range from 148 m to 530 m with slopes ranging from 2° to 47° and an average of 21°. The annual precipitation averages 1164 mm, of which 70% occurs between May and September. The lithology of the study area exhibits granite. Following the World Reference Base for Soil Resources (WRB, 2014), the soils refer to Entisols, Inceptisols and Alfisols. The dominant land use types are tea garden, cropland and forest land. The main agricultural crops are rape (Brassica napus L.), corn (Zea mays L.) and wheat (Triticum aestivum L.). The natural resources, land use patterns and population density of the Zhangjiachong watershed are the typical areas of the surrounding areas. Although the results of this study are from a small watershed in the Three Gorges Reservoir area, they could indicate the possible trends in the Three Gorges Reservoir area. The small watershed in this study area is equivalent to a microcosm of the ecological industry development in the Three Gorges Reservoir area, and the large area of tea plantation has brought considerable economic benefits to the residents. At the same time, the development of the watershed also faced some problems in terms of soil and water conservation and surface source pollution.
[image: Figure 1]FIGURE 1 | The location of the study sites (A): Three Gorges Reservoir Area in China; (B) Zhangjiachong Watershed in the Three Gorges Reservoir Area) and (C) the digital elevation model (DEM), drainage system of Zhangjiachong Watershed, China. The red dot represents the sampling points.
2.1.1 Field data preparation and collection
The 81 representative soil sites were selected according to statistical sampling designs, which adequately enabled the mapping of soil properties by digital soil map techniques. These 81 soil sites consisted of the main land uses including the cropland (21, 26%), tea garden (31, 38%), forest land (24,30%), and grassland (5, 6%). Due to the steep topography and dangerous road conditions, these 81 profiles represent the best coverage of the spatial variability of vegetation in the study area given the physical and resource constraints.
At each selected site, three undisturbed soil cores (5 cm in diameter and 5 cm in height) were sampled in each soil horizon with a thin silicone grease layer applied on the internal wall of the core to avoid the wall-effect. The samples were carefully sealed and then taken to the laboratory to determine the saturated hydraulic conductivity (Ks) and soil bulk density. In addition, disturbed soil samples were collected from different soil horizons to determine the organic carbon content, particle size distribution, and total phosphorus content. The geographical characteristics of each site including longitude and the latitude, soil depth, land use and slope were recorded.
2.1.2 Data collection
The digital elevation model (DEM) of the Zhangjiachong small watershed used in this study was transformed from the 1:10,000 Digital Linear Map (DLG) of the study area. The DLG data came from the Basic Geographic Information Center of Hubei Province. After extracting contours, elevation points, closed static waters and other pretreatments, DLG data were supplemented with important feature points. After checking the edges, the second complementary points were made in ArcGIS. Based on the Irregular Triangulation network, the DEM data of the watershed was generated with a spatial resolution of 5 m (Table 1).
TABLE 1 | Data format and sources for the study watershed.
[image: Table 1]To obtain the land use map of the study area, this study selected the 2015 Gaofen-2 (GF-2) digital product from Geospatial Data Cloud (http://www.gscloud.cn/). It uses the GCS WGS 84 coordinate system and has a spatial resolution of 2 m. Referring to the standard of China’s land use classification system, combined with the characteristics of the land landscape of the Zhangjiachong small watershed, and using a combination of unsupervised classification, supervised classification and visual interpretation, the land use types are finally divided into: tea garden, crop land, forest land, grass land, water area, road and housing estate. (Figure 2A)
[image: Figure 2]FIGURE 2 | Land use types (A) and hydrologically sensitive areas (B) for the Zhangjiachong watershed created using digital elevation model (DEM) and soil data.
2.2 Calculation of the Phosphorus Index
The Phosphorus index (PI) is a method that evaluates the risk of phosphorus loss in different areas of the watershed, based on the analysis of the natural environment, and social and economic data, and it comprehensively considers the main factors affecting agricultural non-point source phosphorus pollution. On the basis of the action mechanism of each influencing factor on the loss of phosphorus loss, the factors can be divided into source factors and transport factors. According to the contribution of each influencing factor to the loss of phosphorus element, the corresponding weight is given, and each factor is divided into several grades with the corresponding grade score. The potential risk index (PI) of phosphorus loss is calculated according to certain calculation rules:
[image: image]
where SFi is the corresponding rank score of the source factor evaluation index i; Wsi is the corresponding weights of the source factor evaluation index i; TFj is the corresponding rank score of the transport factor evaluation index j; Wij is the corresponding weights of the transport factor evaluation index j.
In this study, soil phosphorus content, phosphorus fertilizer application amount and time were selected as source factors. Soil erosion and overland flow distance were selected as transport factors. With the aid of GIS, based on 1:50,000 topographic maps, the research area is rasterized by 5 m *5 m grid, and other thematic maps are unified into the same geographic coordinate system. The attribute characteristics of each influencing factor were obtained by GIS. On this basis, the risk index of phosphorus loss was used to quantitatively evaluate the risk of phosphorus loss in the watershed.
2.2.1 The calculation of source factors
Source factors include soil total phosphorus content, phosphate fertilizer application amount in watershed and phosphate fertilizer application time. All these data were based on a field survey in Zhangjiachong watershed during August 2018.
2.2.2 The calculation of transport factors

1) Soil erosion factor
Erosion caused by rainfall and runoff is calculated using the universal Soil Loss Equation (USLE), an empirical model based on Wischmeier (Wischmeier and Smith, 1965; Wischmeier and Smith, 1978). It can predict the average annual rate of soil erosion for a site, including any number of scenarios involving cropping systems, management techniques, and erosion control practices:
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where A is the computed soil loss per unit area (t/hm2·a), R is the rainfall and runoff factor (MJ mm/(hm2·ha)), K is the soil erodibility factor (thm2·h/(hm2·MJmm)), LS is the topographic factor, C is the cover and management factor, and P is the support practice factor. Detailed information regarding the model can be obtained from the handbook (Foster et al., 2003). After the coordinate system of R, K, LS, C and p value, the distribution map of the soil erosion risk in Zhangjiachong watershed was calculated by using the grid calculator in ArcGIS and according to formula (1).
The rainfall erosivity model is applied to the watershed where the study area is located. Using the measured rainfall data of Zhangjiachong watershed from 2004 to 2016, the calculation method is applied to the calculation of rainfall erosivity. Then, the correlation regression analysis between the calculated value of the formula and the actual measured value is carried out by the relevant statistical software, and the rainfall erosivity value of the watershed is calculated by the calculation formula of rainfall erosivity in the study area.
The K value is computed as follows (Williams et al., 1983):
[image: image]
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where Sd is the sand content (%), Si is the silt content (%), Cl is the clay content (%), and OC is organic carbon content (%). The soil particle size date were obtained from the field survey.
The LS values were calculated by the following equation:
[image: image]
where λ is the length of slope (m), θ is the inclination angle (°), and S is the percentage of slope. The current recommended values for index m are as follows:
[image: image]
The C value and p value adopted in this study were based on a literature review and determined on the basis of many studies on the range of values, combined with land use patterns and local farming systems. Referring to the research of Shi et al. (2009), the C value was determined to be 0.25 for crop land, 0.003 for forest land, 0.02 for garden land and 1 for bare land. The p value is determined as crop land 0.5, forest land 1, garden land 0.7 and water area 0.
2) Distance factor
Farmland ditches and rivers are the main transport channels for phosphorus nutrients to enter the water body. The distance between potential pollution sources and receiving water bodies is an important factor affecting phosphorus transport. The farther away the receiving water is, the more likely it is to be diluted and intercepted during transport, and the lower the risk of potential forest loss. The hydrological analysis tool in ArcGIS was used to generate DEM data and network data, and then run the Euclidean Distance tool was run to use the river network as input data to obtain the distance factor.
2.3 The calculation of the soil topographic index
Soil Topographic Index (STI) calculation based on DEM and soil data in Zhangjiachong watershed. Topographic index (TI) can accurately depict the control of soil moisture saturation by topographic features (Beven and Kirkby, 1979), and it has been widely used to study the spatial heterogeneity of hydrological processes in river basins. The Soil topographic index (STI) is based on the existing TI, introducing soil factors and taking into account soil storage capacity, so as to better evaluate hydrological sensitivity of watershed landscapes. When variable source hydrology is the dominant hydrological process in the watershed, STI approximately reflects the propensity of runoff generation at a certain point in the watershed (M.Todd Walter et al., 2000). The STI is derived from the following equation, which accounts for soil properties in addition to topography (Qiu, 2009; Qiu et al., 2017):
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where α is the upslope area per unit contour length in m, β is the local slope surface angle in decimal, Ks is saturated hydraulic conductivity (m/day), and D is the depth to the restrictive layer in m (Walter et al., 2002).
In our study area, because of the different degrees of soil development, there are several soil layers with different Ks values above a restrictive layer or bedrock. In this case, the formula for calculating Ks is:
[image: image]
where D is the total depth of the soil above the restrictive layer (cm); Di is the depth of the ith layer, and Ki is the saturated hydraulic conductivity (m/day) of the ith layer.
In Eq. 5, ln (α/tan(β)) is known as the wetness index and ln (KsD) represents soil transmissivity. The wetness index at the study sites was based on the 5-m resolution light detection and ranging (LiDAR) digital elevation model (DEM) using the SAGA GIS package in R (Team, 2012). Deriving the wetness index involves different processes, such as LiDAR DEM filling, slope calculations, and catchment area calculations. The soil transmissivity layer was derived using the soil data collected from the field survey. The soil saturated hydraulic conductivity used to calculate soil transmissivity was the geometric mean of the saturated hydraulic conductivities related to multiple soil layers above the restrictive layer. Soil transmissivity was multiplied by 0.000864 to convert the units of measurement for soil transmissivity to m2/day. Finally, the soil transmissivity layer was added to the wetness index to create STI for the study site. HSA was the subset of grids that had high STI values in the watershed landscape (Qiu, 2009; Qiu et al., 2014).
Previous studies have used different methods to delineate hydrological sensitive areas, including the method of average saturation probability, the method of focusing 20% of the watershed area with a high STI value, and the method of delineating hydrological sensitive areas by setting the TI threshold or STI threshold. This study drawed on the research of Qiu et al., (Qiu, 2009; Qiu et al., 2014; Giri et al., 2016; Giri et al., 2017), that is to set the threshold level of the STI, and classify the areas where STI is above the threshold level as HSAs. Based on the results of HSAs delineated by different thresholds of STI, the spatial variations in HSAs delineated by the thresholds were 8.5. On the occasion, the HSAs account for approximately 22.87% of the total area of the watershed.
3 RESULTS
3.1 Identification of hydrologically sensitive areas
The soil thickness for the Zhangjiachong watershed exhibited strong spatial variability, varying from 4 to 105 cm. In the whole watershed, the area of soil depth between 15 and 45 cm accounted for 70.6%. The saturated hydraulic conductivity of the watershed varied from 0.0025 to 0.0384 cm/s. The soil transmissivity for the watershed varied from 0.0001 m2/d to 0.0084 m2/d, which indicated that water infiltration was sufficient to reduce the probability of runoff.
The delineated HSAs have STI values ranging from 3.75 to 17.95, showed that the location of HSAs in the areas where runoff is the most prone to occur in the watershed. As be shown in Figure 2, the higher STI (darker shading) indicated a higher probability of runoff generation. In the course of a rainfall event, runoff would first appear in areas with higher STI values. HSAs were located near streams in the upland areas of the watershed. The total area of HSAs was 35.77 hm2, which was approximately 22.87% of the watershed. In the HSAs of area 35.77 hm2, 3.53 hm2 was crop lands, 15.60 hm2 was tea plantation, 12.76 hm2 was forest land, and 2.50 hm2 was urban land. The tea plantation was the main land use type in HSAs (Table 2). The delineated HSAs have STI values ranging from 3.75 to 17.95, showed that the location of HSAs in the areas where the runoff are most prone to produce in the watershed. A higher STI (darker shading) indicated a higher probability of runoff generation. During a rainfall event, runoff would first appears in areas with higher STI values.
TABLE 2 | Distribution of different land use types in hydrological sensitive areas.
[image: Table 2]3.2 Identification of phosphorus producing areas
3.2.1 Spatial distribution characteristics of phosphorus loss factors
The pollution producing areas of phosphorus in the watershed were based on the Phosphorus Index. The spatial distribution of each evaluation factor was shown in Figure 3. According to the universal Soil Loss Equation, the soil erosion factor map was generated by using the results of the grid calculator. The map reflected the soil erosion of the whole small watershed. The average annual soil erosion in Zhangjiachong watershed was 1620 t/(km2·a). The largest area of soil erosion was mainly distributed in the slight erosion area (52.47%). Mild erosion and slight erosion accounted for 40.21% of the total erosion area, while intensive erosion, extreme erosion and severe erosion accounted for a small proportion. The areas with serious soil erosion (A > 5,000 t/(km2·a)) were mainly distributed on both sides of the river course and steep areas in the north of the watershed.
[image: Figure 3]FIGURE 3 | The spatial distribution of the phosphorus loss factors (A). Soil erosion. (B). Soil phosphorus content. (C). Distance in the watershed.
Based on the measured soil total phosphorus data, ArcGIS spatial interpolation was used to generate the total phosphorus distribution map. As Figures 3B shows, the total phosphorus content in most areas of Zhangjiachong small watershed was at the middle level. The area with 0–5 mg/kg soil total phosphorus content accounted for 9.53% of the watershed area, the area with 5–10 mg/kg soil total phosphorus content accounted for 89.68% of the watershed area, and the area with 10 mg/kg soil total phosphorus content accounted for 0.79% of the watershed area. The high value areas were mainly distributed in tea gardens in the west and middle of the watershed.
Based on the water system map, the distance factor map was obtained by using the distance mapping function of ArcGIS. As shown in Figure 3C, 44.23% of the watershed was at the risk level of high phosphorus loss from 0 to 150 m away from the water body. On the whole, a large number of tea gardens were planted in the southeastern part of the watershed and fertilized at the same time, which was close to the water body and had a higher risk of phosphorus loss.
3.2.2 Output risk assessment of phosphorus
The risk degree of the phosphorus index was classified by the natural fracture method in ArcGIS. The results showed that it is divided into three grades, which could better distinguish the risk level of phosphorus loss in the study area. According to the measured values of each factor, it was divided into three grades, low, medium, and high. Each grade corresponded to a grade score, ≤2.29, 2.29–3.05, ≥3.84 (Table.3). The corresponding weight values of each factor were given. Table 3 showed the details.
TABLE 3 | Risk assessment factors of the phosphorus export in the study watershed.
[image: Table 3]According to the established risk evaluation index system of phosphorus loss, the risk grade map of agricultural non-point source phosphorus loss in Zhangjiachong small watershed was calculated (Figure 4). As can be seen from the map, most areas in the study area showed “medium” and “low” risk of phosphorus loss, of which the low risk areas accounted for 59.93% and the medium risk areas account for 19.83%. Most of the low and medium risk areas lied in the northern part of the watershed, where there were woodland with high vegetation coverage and low intensity of human activities. The areas of high-risk covered an area of 32.78 hm2, accounting for 20.24% of the watershed. The main loss risk areas are the southern and both sides of the river of the central part of the watershed where tea trees were planted on a large scale in this area.
[image: Figure 4]FIGURE 4 | High, medium, and low potential phosphorus producing areaS in Zhangjiachong watershed.
3.3 Target the critical source areas
Phosphorus CSAs were the intersection of HSAs and high potential phosphorus producing areas in the watershed. Table 4 gave the land area in CSAs by phosphorus pollutant and land use. The total area of CSAs for phosphorus was 8.86 hm2, accounting for 5.47% of the total watershed, of which 7.59 hm2 was the tea plantation, and 1.27 hm2 was the crop land. The tea plantation was the main land use type of the watershed. Figure 5 illustrated the location of CSAs for phosphorus in the Zhangjiachong Watershed.
TABLE 4 | Land use in hydrologically sensitive areas, high potential phosphorus producing areas, and phosphorus critical source areas, in hectares, the Zhangjiachong watershed.
[image: Table 4][image: Figure 5]FIGURE 5 | Phosphorus Critical Source Areas in Zhangjiachong watershed.
4 DISCUSSION
Comparing the area of different land use types in the hydrological sensitive area, high risk area of phosphorus loss and critical source area of phosphorus pollution under STI ≥8.5. As shown in Table 4, it can be concluded that in the hydrological sensitive area under STI ≥8.5, tea plantations and forest lands account for a larger proportion of the hydrological sensitive area (28.36 hm2), with the areas of 15.6 hm2 and 12.76 hm2, respectively. And the grassland area is the smallest. The total area of high-risk areas of phosphorus loss was 39.54 hm2. Tea plantations account for 82.85% of the total high-risk areas of phosphorus loss, with an area of 32.76 hm2 and an area of crop land of 6.78 hm2. Most of the critical source areas of phosphorus pollution in the study area were tea plantations with an area of 7.59 hm2, accounting for 85.67% of the total area of the CSAs.
In addition, recent research has demonstrated the importance of accurately identifying HSAs when identifying and mitigating CSAs. Watershed hydrology has been found to be an important part of CSAs of phosphorus transfers in agricultural watersheds (Shore et al., 2014; Campbell et al., 2015). In some of these studies, HSAs were a dominant CSA factor which outweighed source and land management pressures (Mellander et al., 2012; Mellander et al., 2015). This study proposes a new approach that incorporates P loss factors and runoff probability to detect CSAs at the watershed scale. This approach considers more data on generating factors for CSAs in order to obtain more precise information on their status. Actually, the approach proposed in this study provides an objective and brand new perspective to identify the areas posing the greatest risk to river water quality from agricultural nonpoint pollution and makes it possible for the most efficient of incorporating proper mitigation measures. It is also a basis for identifying critical source areas of phosphorus produce at watershed scale with garden land as the main utilization, based on the investigation and analysis of phosphorus risk factors in an agricultural catchment area of the Three Gorges Reservoir Area. The CSAs of phosphorus loss are the areas where nonpoint source phosphorus pollution needs to be controlled. The total area of CSAs for phosphorus is 39.54 hm2, accounting for 24.41% of the total watershed, of which 6.78 hm2 is the crop land, 32.76 hm2 is tea plantation. Tea plantation is the main agricultural land use type in Zhangjiachong small watershed. The residents in the watershed mainly obtain the main family income through tea picking. In the whole TGRA, similar to the Zhangjiachong small watershed, there are many watersheds with garden land as the main land use. However, in order to pursue high income, “abuse of water and fertilizer” and the abuse of pesticides are common in the garden (tea garden and citrus garden) of the TGRA. Garden land has become an important source of environmental pollution in the Three Gorges Reservoir Area. According to the ecological and Environmental Monitoring Bulletin of the Three Gorges Project of the Yangtze River published by the Ministry of Environmental Protection of the People’s Republic of China in 2017 (China, 2017), the garden area in the reservoir area accounts for 32.3% of the agricultural land area, reaching 132,186 ha. Tea plantations accounted for 3.5% of agricultural land. Therefore, it is necessary to control the output of nonpoint source pollution from the source. It is representative to select Zhangjiachong small watershed as a typical case to study how to improve the accuracy of identifying the output of phosphorus nonpoint source pollution in the Three Gorges Reservoir Area.
The CSA of phosphorus loss is an important control area of nonpoint source phosphorus pollution in the watershed. According to the characteristics of the CSAs of phosphorus loss, the control and management measures should be taken in Zhangjiachong small watershed. Firstly, for vegetable fields and tea plantations, we must start with the application mode of phosphorus fertilizer, apply phosphorus fertilizer appropriately to avoid excessive accumulation of phosphorus in soil. Especially in tea plantations, appropriate application amount and mode should be determined according to their growth and development needs, and a buried application method should be adopted as far as possible to avoid phosphorus fertilizer migration because of rainfall runoff and soil erosion. Then, for the critical source areas of phosphorus loss distributed on both sides of the river, the principle of landscape ecology can be used to optimize the allocation of land resources, or to establish new landscape elements such as green belts or buffer belts on both sides of the river bank, so as to readjust the distribution and balance of soil phosphorus and reduce the phosphorus load of nonpoint sources. Moreover, the upper and middle slopes of Zhangjiachong small watershed are steeper (Collick et al., 2015). For the critical source areas with high soil erosion in the middle and upper watersheds, which are far away from rivers and small in area, soil erosion can be controlled by adopting appropriate soil and water conservation measures.
HSAs play a significant role in the generation of surface runoff, and their utilization has great significance to the quantity management and quality of water resources. The HSAs was declined to represent the most easily runoff-producing areas in the watershed by the calculation of STI. The results showed that 22.08% of the watershed area was divided into the hydrological sensitive area with an STI threshold of 8.5. As Herron and Hairsine (Herron and Hairsine, 1998) demonstrated that attention should be given to the high STI areas of the watershed, which is about 20% of the watershed areas, the threshold in our study was set as 8.5. Similar results were also observed by Qiu et al. (Qiu et al., 2014), HSAs were defined as the areas having STI values greater than or equal to 9 to assess HSAs in three municipalities in New Jersey to evaluate alternative water resource protection strategies. Different from the above study, the Zhangjiachong watershed is a typical mountainous watershed, with an elevation of 148–530m and a slope of 2°–47°. Agricultural land was the main land use type, which accounted for over 45.78% of the whole watershed area (Figures 2A) with fewer crop land and grass land. Therefore the difference may be attributed to the influence of topographic factors and land use type in the watershed. Therefore, compared with other areas in the watershed, farming and fertilization in the hydrological sensitive areas are more likely to lead to agricultural nonpoint source phosphorus pollution and increase the risk of regional phosphorus pollution. Zhangjiachong small watershed area has been seriously eroded because of the artificial expansion of the tea plantation area. This study is an important step toward the rational planning and implementation of effective measures to control erosion and protect natural resources. It is suggested that the establishment of farmland catchment management system should be strengthened, and other measures to control erosion, such as planting trees and establishing buffers, can be taken to minimize the degree of soil erosion and reduce soil erosion in this area.
The spatial difference in nonpoint source phosphorus pollution in the watershed is the result of the interaction of several influencing factors with spatial differences. These influencing factors promote and restrict each other in the occurrence of nonpoint source phosphorus pollution. Considering both source factors and transport factors, the Phosphorus Index method was applied in Zhangjiachong watershed. The whole watershed is divided into three grades: high, medium and low, of which 20.24% are at high risk of phosphorus loss. These hotspots in the watershed would be appropriate locations for the implementation of source-control BMPs such as restrictions on nutrient application (Buchanan et al., 2013; Zhang et al., 2020) or deploying appropriate soil and water conservation measures. And Haygarth et al. (2005) promoted the control of phosphorus transport pathways to reduce overall phosphorus load to receiving water and outlined several transport management techniques. Based on PI, Lane et al. (2004, 2009) assessed the risk potential in the watershed, and designed a novel approach to consider network connectivity when assessing the potential for pollution risk, which is somewhat analogous to the TTPI. Their approach assumed that the saturated region was hydrologically connected, and therefore the risk of contamination is considered high when a topographic index indicates continuous (Kirkby, 1975). Based on this point of view, our research proposes to apply both PI and STI to small watersheds to obtain high-risk areas for pollutant output based on HSAs (Figure 6).
[image: Figure 6]FIGURE 6 | Schematic of HSAs and high risk of phosphorus producing areas.
Previous methods for identifying CSAs are based on only a single criterion (Shen et al., 2011; Zhuang et al., 2016; Moges et al., 2017; Hua et al., 2019), such as STIs or high pollution producing areas. One of the main contributions of this study is that CSA controls phosphorus pollution by integrating two standards, namely HSA measured by STI method and high-risk phosphorus producing areas measured by PI method, in the Zhangjiachong watershed of the Three Gorges Reservoir. More specifically, CSAs for phosphorus can be identified by the intersection of HSAs and the high risk of phosphorus producing areas in the watershed. The advantage of using the integrated approach to delineate CSAs in the Zhangjiachong watershed is that it can significantly reduce the target area of soil and water conservation and land governance measures implementation, which will increase the economic efficiency aimed at reducing NPS pollution. Using the innovative approach described in this study, soil and water conservation and land governance measures, are positioned in CSAs, which can effectively improve the efficiency of governance and save the funds needed for governance. By incorporating STI and PI, the phosphorus output critical source area was identified as intersection area of the HSAs and high risk of phosphorus producing area. This novel CSA identification approach can be widely used in the watersheds where funds are limited and need to be processed in the TGRA. Accurate and efficient integrated nonpoint pollution prevention and control requires precise identification of critical source areas, key processes and influencing factors. This method proposed in this paper can simply, efficiently and accurately depict the path of prone runoff production and its influence on pollutant transport, and can be well applied at both small watershed scale and regional scale. It has excellent application prospects in ecological research directions such as landscape ecology and green sustainable development, and has important application value for the integrated and efficient prevention and control of regional surface source pollution.
5 CONCLUSION
Identification of the critical source area of the agricultural watershed is essential for nonpoint source pollution control. However, due to the topographic characteristics of the Three Gorges Reservoir area with high mountains and steep slopes, it is still a challenge to accurately identify the areas that need to be controlled. The risk assessment of nonpoint source phosphorus loss and the identification of critical source areas in this study were conducted at the watershed scale. The combined phosphorus index (PI) and soil topographic index (STI) approach allows for quick and easy identification of critical source areas of nonpoint source phosphorus contamination. By combining PI and STI, CSAs are identified as the intersection of HAS and high-risk phosphorus-producing areas, and the majority of CSAs are located along streams where high or relatively high soil phosphorus content and phosphorus fertilization, or heavy soil erosion, can be observed Therefore, the garden, especially the tea garden, according to its growth and development needs, should determine the appropriate amount of fertilizer and fertilization methods, and try to use buried fertilization methods to avoid the migration of phosphorus fertilizer with rainfall runoff and soil erosion. Taking a typical watershed in the Three Gorges Reservoir area as an example, this study suggests the application of appropriate soil and water conservation measures or best management practices for the integrated management of small watersheds. When the innovative approach is applied to large watersheds, spatial differences in nonpoint source phosphorus pollution can be acquired from a macroscopic perspective and effective control can be implemented. The results of the study will help to strengthen the accuracy of identifying critical source areas of agricultural nonpoint source pollution, and open new perspectives and methods for land management, ecological restoration, and sustainable development efforts of agricultural intensification in the new period. Moreover, since the data required to run the method are easily accessible, it can be quickly and efficiently applied to identify critical source areas in small watersheds and large regions, and is worthy of replication in other regions.
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Changes in meteorological conditions affect crop output and planting structure. Based on county-level data of agricultural statistics and weather information in Guangdong province from 1992 to 2018, this paper uses a panel regression model to examine the effects of high impact weather on agricultural outputs and identify the responses in planting structure. The findings show that the rainstorm significantly reduces the per-unit yield (PUY) of rice, and an additional day with daily excessive precipitation (≥50 mm) in the growth period leads to an average 0.25% reduction in PUY. However, the vegetable yield is not susceptible to high-impact weather. With a two-period panel regression model and sub-regional climate response analysis, we find that the agricultural planting structure is formed by the regional farming adapting to the high-impact weather (low temperature, high temperature, rainstorms, and high wind). The original rice farmland in the more climate-sensitive areas is transformed into vegetable farming, while the scale of rice is increasing in those less sensitive areas. Finally, we argue that the agricultural sector should assess the impacts of climate change on staple crops and make national climate sensitivity zoning maps. It will provide a scientific justification for making the national agriculture structural adjustment plan.
Keywords: high-impact weather, crops, planting structure, climate sensitivity, vegetable
1 INTRODUCTION
Global climate change is exerting a significant effect on the economic system, health, and sustainable development. It has drawn extensive attention from multiple fields of study. Nordhaus (1982) study firstly included climate change within the framework of economic analysis, emerging as a pioneering work of climate economics. Natural elements, such as light, temperature, and water, are necessities for the growth of crops, while the most direct influence of climate change is to systematically change these elements, which in turn may have important implications for agriculture. As climate change increases the probability of high-impact weather, what effects do frequent high-impact weather events (which refer to some serve weather events such as low temperature, high temperature, heavy precipitation, strong gale and so forth) have on agricultural production? Does the agricultural planting structure make self-adaptive adjustments in the face of high-impact weather? It is of great significance to stabilize agricultural production and maintain food security in China by assessing the effects of high-impact weather on agricultural output and revealing the law of agricultural production adapting to high-impact weather.
Existing documents have surveyed how changes in weather factors such as temperature and precipitation affect agricultural production and have made breakthroughs in research methods (Pang et al., 2021). Most early studies were conducted based on cross-section data, which can be divided into two categories: (a) Estimating a relationship between climate factors and the yield of crops based on the agricultural production functions and forecasting climate change’s impacts on agricultural output by numerical simulation (Hansen, 1991; Kaiser et al., 1993; Rosenzweig and Parry, 1994; Adams et al., 1995; Lobell et al., 2007) (b) Adopting the hedonic model to estimate the relationship between climate factors and the price of agricultural land (Mendelsohn et al., 1994; Schlenker et al., 2005; Wang et al., 2009). A major defect of the cross-section data method is that the reliability of the conclusions is fairly sensitive to the control variables as the estimate is biased due to the omitted variables (Dell et al., 2014). Therefore, some improvements were made in the following studies. For instance, Deschênes and Greenstone (2007) used the panel data model to analyze the effects of temperature and precipitation on the agriculture of the United States and qualified the relationship between agricultural profits and interannual fluctuations in temperature and precipitation, which to some extent alleviates the endogeneity in the cross-section model and enables the model to characterize the influences of adaptive measures on agriculture. However, Recent studies have found that controlling for only temperature and precipitation in the panel data model in the Chinese agriculture case will suffer from the bias of omitting important variables. For example, it was found that relative humidity is critical to accurately estimate the effect of temperature and that ignoring relative humidity would result in an overestimation associated with the negative effects of climate warming. For instance, the effect of temperature on rice was overestimated by 12.5%, and that on wheat by 29.6% (Zhang et al., 2017). The climate factors are generally in a nonlinear relationship with agricultural output, which has been supported by extensive empirical evidence (Schlenker and Roberts, 2009; Lobell et al., 2011). If the temperature exceeds the corresponding threshold of a crop, its output will reduce significantly. Chen et al. (2016) found that there is an inverted U-shaped relationship between meteorological factors and outputs of maize and soybean.
Agricultural production needs to proactively adjust to climate change to reduce adverse effects and promote sustainable agricultural development (Qian et al., 2014). Most existing studies (Mendelsohn et al., 1994; Chen et al., 2016; Sesmero et al., 2018) used the panel data models to estimate the short-run relation between agriculture outputs and weather factors, but in general, failed to predict the long-term effects of climatic change. Because the effects of climatic change might be either enhanced or weakened in the long-run conditions. However, the existing studies did not reach a consensus associated with agriculture’s capacity to adapt to climatic change. Some studies propose the argument based on the historical analysis that advancements in agricultural technology and agricultural specialization enable agriculture to adapt to climate extremes. Farmers in the northern region of the United States have pushed crop farming north and west by introducing new crop varieties, and new varieties of wheat have gradually been planted in some uncultivable areas with low temperature and drought (Olmstead and Rhode, 2011). With the increase of specialized investments in workforce, land, and facilities for apple planting, farmers in Shaanxi China tend to take more measures such as film mulching and irrigation to adapt to climatic change. Consequently, the risk of agricultural output has remarkably reduced and outputs have increased (Feng et al., 2018). However, some studies made some distinct discoveries. Some studies (Hornbeck, 2012; Burke and Emerick, 2016) paid attention to the American Dust Bowl in the 1930s and found that the Dust Bowl led to a sharp decline in the productivity of farmland in some regions. After adjustment in the severely afflicted areas, the original wheat farmland was transformed into pasture or forage grass. However, the measures did not help much to recover the land value in these areas. The gap between the land value in the severely afflicted areas and that in other regions has narrowed only by 25 percent.
Considering that the subtropical zone in the southeast coastal region of China is sensitive to global climatic change, we take Guangdong province as a survey area. Moreover, we select rice as a representative of land-intensive crops and vegetables as a representative of labor-intensive crops, since rice is planted in double-season (early and late season), and vegetables are universally planted in Guangdong province. Based on county-level agricultural statistics and meteorological data in Guangdong from 1992 to 2018, this paper quantifies the effects of high-impact weather including low temperature, high temperature, rainstorms, and high wind on the outputs of rice and vegetables by the panel data regression model. It also identifies the responses in the planting structure. We try to provide empirical evidence for the agricultural output effects and adaptive agricultural structure effects from the high-impact weather.
2 HIGH-IMPACT CLIMATE FACTORS AND AGRICULTURAL SCALE IN GUANGDONG
Guangdong belongs to the tropical and southern subtropical monsoon climate region (20–26°N). The special geological location endows Guangdong with prominent climatic resource superiority, with agricultural production all year round. However, disasters such as low temperature, rainstorms, and high wind take place alternatively throughout the year. In 2018, the rice area was 178.7 × 104 hm2 all over the province, which accounted for 6 percent of the nationwide rice area. The major rice planting area of Guangdong (≥1.0 × 105 hm2) is Zhanjiang, Maoming, Zhaoqing, Jiangmen, Meizhou, Heyuan, Qingyuan, Yangjiang, and Shaoguan (see Figure 1A). Due to the abundant water and heat resources, Guangdong is a major province of vegetable production and outward transportation in China, with a vegetable planting area of 127.2 × 104 hm2 in 2018, including more than 1.0 × 105 hm2 in Guangzhou, Zhanjiang, Qingyuan, Huizhou, and Maoming (see Figure 1B).
[image: Figure 1]FIGURE 1 | The planting area of rice and vegetables in Guangdong in 2018. (A) Rice. (B) Vegetables.
2.1 Variation tendency of high-impact climate factors
We characterize the variation tendency of meteorological factors by a linear regression model by the county-level data from 1992 to 20181. Ten times of model coefficients represent the changing rates of the meteorological factors. The changing rates of spatial distribution are obtained by Kriging’s interpolation method. As shown in Figure 2A, the number of low-temperature days decreases in most areas except for some areas in western and eastern Guangdong, especially in the northern and southern regions, where the decrease rate reaches 1.8–2.5d/10a (day/decade). As shown in Figure 2B, the number of high-temperature days shows is increasing all over the province, with the increase rate ascending from the southwest region to the northeast region. The increase rate is even up to 7.0–9.1d/10a in some areas of northern Guangdong.
[image: Figure 2]FIGURE 2 | The variation tendency spatial distribution of high-impact climate factors in 1992–2018. (A) Low-temperature days. (B) High-temperature days. (C) Rainstorm days. (D) High wind days. (E) Average relative humidity. (F) Total hours of sunshine.
As shown in Figure 2C, the variation tendency in the number of rainstorm days in different regions are remarkably different, with the highest increase rate of 0.2–0.6d/10a in the central region, whereas the decrease rate is up to 0.2–0.7d/10a in northern and the west region. The high wind days show an increasing trend, with the highest increase rate up to 3.0–4.1d/10a in some west regions (Figure 2D). The average relative humidity increases in most of western Guangdong, with the highest increase rate up to 0.4–0.8%/10a, but the other regions like the northern and central regions have a decreasing trend with 0.5–1.2%/10a (Figure 2E). The total hours of sunshine increase in northern regions, most of the western regions, and eastern coastal regions, and decrease in the rest regions, with a higher decrease rate of 30.0–60.0h/10a in central regions (Figure 2F).
2.2 Variation tendency of agricultural outputs
The variation tendency spatial distribution of planting area and the per-unit yield (PUY) from 1992 to 2018 is obtained by the same methods used in characterizing the variation tendency of climate factors. It shows that the planting area of rice in most counties is decreasing fast, especially in central regions, where the decrease rate is up to 12,000–24,000 hm2/10a (Figure 3A), and there is no rice planting in recent years in some counties. The PUY of rice shows a downward tendency in a wider range of the province, including central regions, most parts of northern regions, eastern regions, and most parts of western regions. The decrease rate of PUY is up to 700–1,400kg/(hm2·10a) in some northern regions (Figure 3B). The areas with increased PUY are concentrated in east-central regions and western coastal regions.
[image: Figure 3]FIGURE 3 | Spatial distribution of variation rate of planting area and per unit yield of crops by county in Guangdong province from 1992 to 2018. (A) Rice planting area. (B) Per unit yield of rice. (C) Vegetable planting area. (D) Per unit yield of vegetables.
As shown in Figure 3C, the vegetable planting area shows an upward trend in almost counties. In some central counties, the increase rate of vegetable planting area is10,000–15,000 hm2/10a. As shown in Figure 3D, The PUY of vegetables shows an upward trend in most counties all over the province. The areas with a greater increase rate are scattered throughout the province, with an increased rate up to 5,000–10,000kg/(hm2·10a), A few central counties and eastern counties have a greater decline rate with 2,000–4,000kg/(hm2·10a).
3 METHODOLOGY AND DATA
3.1 Model specification and estimation method
As the panel data model includes information in both cross section and time dimensions, it significantly increases the sample volume and overcomes the problem of omission of variables. With the county and time fixed effect in the model and the addition of strict exogenous variables, i.e., other meteorological factors, the estimated relationship between high-impact weather and agricultural output has become more reliable. Inspired by Chen et al. (2016) and Deschênes and Greenstone (2007), we use the two-way fixed effect model as following:
[image: image]
where [image: image] is PUY of county i in year t; [image: image] is the annual high-temperature frequency days (the days with daily maximum temperature above 35°C at crop growing seasons); [image: image] is the annual low-temperature days (days with daily average temperature below 12°C at crop growing seasons); [image: image] is the annual rainstorm days (days with daily precipitation above 50 mm at crop growing seasons); [image: image] is the annual high wind days (days with daily maximum wind speed above 17.2 m/s); [image: image] represents the other weather factors including average relative humidity, sunshine duration, atmospheric pressure; [image: image] and [image: image] are the model parameters to be estimated; [image: image] is county fixed effect; [image: image] is year fixed effect; [image: image] is the stochastic error.
Moreover, Section 4.2 will conduct several robustness tests on the results from model (1). Firstly, we add the monomial and quadratic terms of time trend into the basic model (1), namely we suppose the PUY of crops has a nonlinear variation with time; Secondly, considering that crop yield might be affected by the earlier climate factors, we further test the effect that the earlier high-impact weather events have on the crops.
3.2 Variables definition and data
Dependent variable. We use the agricultural output per-unit area to measure the dependent variable. The agricultural output data is from the Rural Statistic Yearbook of Guangdong Province (1993–2019), which collects county-level data about yields and planting areas of rice (including early-season rice and late-season rice) and vegetables in more than 120 counties of Guangdong. The types of vegetable include eggplants, leafy vegetables, root vegetables, pods, fungi, bean sprouts, melons and fruits. The administrative divisions of some regions were adjusted and the number and names of some counties changed as well from 1992 to 2018, which were verified based on historical information. The dependent variable is taken the logarithm in the regression.
Independent variables. Inspired by existing studies (Huang et al., 2014; Feng et al., 2019), we take high-impact weather events including low temperature, high temperature, rainstorms, and high wind that might happen during the planting seasons of rice and vegetables as the independent variables to explain the variation of crop outputs. Table 1 reports the descriptive statistical analysis of the variables. There are 30.9 days on average with a daily average temperature below 12°C in each year, 21.0 days on average with a daily maximum temperature over 35°C, and 7.7 days on average with daily precipitation over 50 mm. The growing seasons of crops are as follows according to their growth characteristics: there are early season rice and late rice in Guangdong and the maximum in-field period is from late February to mid-November each year; vegetables grow throughout the year. The county-level meteorological information is from the meteorological station inside a county or the closest meteorological station outside a county.
TABLE 1 | The statistical description of the variables.
[image: Table 1]Control variables. According to the study (Huang et al., 2014; Feng et al., 2018; Feng et al., 2019), there are other meteorological factors affecting the crop output, other than the four high-impact weather factors above. Based on the data availability, the control variables include annual average relative humidity, annual sunshine duration, and annual average air pressure. All the meteorological data are from the information recorded in the Climate Center of Guangdong, belonging to the data set from a total of 86 national meteorological stations.
Table 1 reports the descriptive statistical results of the control variables. It shows that from 1992 to 2018 in all counties. The average PUY of rice reaches 1454.0 kg/mu with standard deviation 449.1 kg/mu, which implies there is remarkable difference across the regional and annual PUY of rice. The average PUY of vegetable is 384.4 kg/mu but with a lower standard deviation (56.7 kg/mu). The annually average low-temperature (daily temperature ≤ 12°C) time is near one month (30.9 days) with a lager standard deviation (20.4). There are on average annually 21 days, 7.7 days, and 0.3 days with high-temperature (daily temperature ≥ 35°C), rainstorm (daily precipitation ≥ 50 mm), and Gale (maximum velocity ≥ 17.2 m/s), respectively. The annual average temperature, maximum wind velocity, relative humidity, precipitation, and sunshine duration are 22.1°C, 4.6 m/s, 78 percent, 1822.1 mm, 1744.0 h, respectively.
4 RESULTS AND DISCUSSIONS
4.1 Basic results: High-impact weather and agricultural output
Table 2 shows the estimated effects of high-impact weather events on the PUY of rice and vegetables. Columns 1 and 2 are the estimation results for the rice and columns 3 and 4 for the vegetables. Columns 1 and 3 include the independent variables, county and year fixed effects, but exclude the control variables; columns 2 and 4 add all the control variables based on columns 1 and 3. Both columns 1 and 2 show that the rainstorms decrease the rice yield with the significance level of p < 0.01 and that an extra rainstorm day will result in an average 0.25% reduction of PUY each year. Besides, columns 1 and 2 show the coefficients of the low-temperature days, high-temperature days high and wind days are negative but not statistically significant.
TABLE 2 | The effects of meteorological factors on the per unit yield of crops.
[image: Table 2]Columns 3 and 4 in Table 2 show that high-impact weather factors such as low temperature, high temperature, rainstorm, and high wind have a non-significant effect on the PUY of vegetables. Different from rice and other land-intensive crops, vegetables are of labor intensity. The farmers will input more labor and capital in the vegetable production process, which is conducive to stabilizing output and responding to the impact of unfavorable weather. According to Li and Song (2016), the development of greenhouse vegetables will reduce the impact of climatic disasters on vegetable yields. On the other hand, this paper examines the impact of high-impact weather on the vegetable yield in the long term (at least one year). Although the high-impact weather might hurt the PUY of vegetables in the short term (a week or a month), it can be mitigated by farmers’ later countermeasures and planting structure adjustment. The PUY of vegetable is less susceptible to unfavorable weather since it is of more varieties and more feasible to be protected from bad weather than the rice. In fact, vegetable production in most Chinese areas suffered severely chilling damages in 2008 and 2016. Although the PUY yield of some species of vegetable dropped dramatically after the chilling disaster, like tomato, lettuce, and cucumber, the PUY of all vegetables in either year did not reduce remarkably. The average PUY of vegetables was 21,754.5 kg/hm2 in 2008, slightly down compared with 22,034.6 kg/hm2 in 2007; whereas in 2016 the PUY of vegetables arrived at its peak in the latest 30 years.
4.2 Robustness tests
We further test whether the PUY of crops has a nonlinear function with time, then we test the effects that the earlier high-impact weather has on the crops based on model (1).
(1) Robustness test of a nonlinear time trend. The results in Table 3 obtained from the nonlinear model report that both PUY of rice and vegetables have a monomial time trend with the significance of p < 0.01 and a quadratic time trend with the significance of p < 0.01 (the coefficients are not shown in this Table). Moreover, the estimated result by the nonlinear model is completely consistent with the basic model: rainstorm events hurt the PUY of rice and the other high-impact weather events have no significant impact on it; all the high-impact weather events still have no significant impact on PUY of vegetables.
(2) Robustness test in the lag effects. Table 4 shows the results estimated by the lag effect model in which the high-impact weather factors in the one year lag were added into the model (1) (For the sake of simplicity, the coefficients of high-impact weather factors are reported in the lag while its coefficients in current are not). The results in Column 1 of Table 4 indicate that the high-impact weather factors in the lag have no significant effects on the PUY of rice except for the high wind, and all the high-impact weather factors in the lag have no significant effects on the PUY of vegetables. Moreover, the coefficients of high-impact weather factors in the current are consistent with those in Table 2 in terms of sign and significance.
TABLE 3 | Robustness test 1: Nonlinear regression results.
[image: Table 3]TABLE 4 | Robustness test 2: Lag effect.
[image: Table 4]5 ANALYSIS OF THE RESPONSE OF THE AGRICULTURAL STRUCTURE TO CLIMATE CHANGE
The agricultural production’s response to high-impact weather factors is not invariable, and we will further analyze the change of rice planting area to demonstrate this. In this paper, we divide the sample into two subsamples, i.e., 1992–2005 and 2006–2018, respectively. The estimated results in Table 5 are obtained by the model (1), then the corresponding coefficients of high-impact weather factors in the two periods are compared to examine whether the PUY of rice is adaptive to the high-impact weather factors (Note that we do not analyze the response of vegetable planting due to the insignificant coefficients of high-impact weather factors as shown in Table 2). Columns 2 and 3 in Table 5 respectively show the estimated results from the two subsamples, and column 1 is the result from the total sample in Table 2. According to the results in Table 5, the coefficient of the rainstorm is -0.0029 with p < 0.01 in the earlier period (1992–2005), while the corresponding coefficient is -0.0009 with p < 0.1 in the later period (2006–2018). It indicates that, compared with the first period, the second period is exposed to fewer negative effects on the PUY of rice by high-impact weather.
TABLE 5 | The PUY of rice changes corresponding with the high-impact weather (1992–2005 vs. 2006–2018).
[image: Table 5]By GIS spatial analysis tools, the distribution of the change rate regarding cereal planting area (Figure 1A) and that of accumulated rainstorm days (Figure 2C) are used to match the rainstorm days change rate in the regions with the rice planting area change rate in the corresponding regions. Then we can get the average change rate of either rainstorm days or rice planting areas in any region, with the results listed in Table 6. It shows the decreasing rate of the rainstorm days declines in the regions where the rice planting area rises, slightly reduces, and declines, but rainstorm events are increasing in those regions where the rice planting area reduces dramatically. This says that farmers have taken some effective adaptive measures against the unfavorable effect of the heavy precipitation; and that the local rice production in Guangdong has made adaptive changes to the impact of the rainstorms.
TABLE 6 | The change rate of rice planting area corresponding with the rainstorm events.
[image: Table 6]As various crops’ sensitivity to high-impact weather events is remarkably heterogeneous, did farmers adjust the planting area of crops to respond to the events? Data show that the rice planting area in Guangdong presented a quick reduction tendency from 1978 to 2006 and a stabilization tendency after 2006. On the contrary, the planting area of vegetables grew remarkably from 1978 to 2006. The mechanism based on the “climate sensitivity hypothesis” proposed in this paper can make some explanations for this phenomenon. As rice is a land-intensive agricultural product that is highly sensitive to high-impact weather events, farmers gradually reduced the rice area significantly under climate change and meanwhile increased the vegetable area, which is less affected by climate. Over a long period of adjustment, the PUY of rice is less sensitive to the impact of high-impact weather events and the rice area is stable. The empirical results of both Tables 5, 6 prove the hypothesis. Due to the increased input in labor and capital and indigenous knowledge of the sensitivity of plants, vegetables have a higher capacity for resisting natural disasters and are insusceptible to high-impact weather. It implies that farmers could choose to increase the vegetable area on those land where rice had grown, and this adaptive adjustment led to a stable rising tendency for the planting area of vegetables.
6 CONCLUSION AND POLICY IMPLICATIONS
This paper examines the effects that high-impact weather including low temperature, high temperature, rainstorms, and high wind exert on the agricultural outputs in the climate-sensitive regions based on county-level agricultural and meteorological data of Guangdong province from 1992 to 2008, and shows how the regional planting structure responds to climate change. The findings are as follows: (1) the rice planting area declines rapidly in most counties all over the province, with the fastest reduction in the central region of Guangdong; the per-unit yield of rice is declining in most regions except for the east-central areas and western coastal areas in Guangdong; the vegetable area is increasing in almost all regions as well as its per-unit yield; (2) The rainstorm events decrease the per-unit yield of rice, and we find that an extra rainstorm day (daily precipitation above 50 mm) leads to a reduction in the per-unit yield of rice by 0.25% in average. However, high-impact weather events have no effects on the per-unit yield of vegetables; (3) The rice production has become adaptive to the local rainstorm events after the planting structure adjustments. The adaptive adjustment is manifested in the decrease in the rice area in high climate-sensitive regions where vegetables are planted instead, and the increase in the rice area in less climate-sensitive areas.
The following policy suggestions are proposed based on the findings. Firstly, making a division of climate-sensitive regions nationwide and optimizing and adjusting the inter-regional crop planting structure. The existing crop planting structure is mostly adjusted in terms of the crop diversity, land constraints, consumer demand, and industrial chain, but less taking climate change factors into account. The “climate sensitivity hypothesis” proposed in this paper provides a new perspective for the planting of the crops’ structure adjustment and food security assurance plan. Constrained by the realistic factors of economic development, land area, and climatic conditions, there are often limited measures for the intra-regional adjustment of planting structure, with a far less effect of adjustment than cross-regional adjustment. Thus, it is suggested that a nationwide assessment of the influence of climate change on multiple crops should be carried out and a nationwide climate sensitivity zoning map should be drawn according to future climate change prospects. This will provide a scientific reference for the nationwide crop planting structure adjustments. Once the general objective of the nationwide crop planting area is determined, the provincial regions for planting area adjustment should be identified according to the nationwide climate sensitivity zoning map. The less climate-sensitive regions have priority to increase crop planting area, whereas the area of high climate-sensitive crops can be reduced, and the vacant land can be used for other less climate-sensitive crops planting instead.
Secondly, the agriculture department should consider the impacts the climate and non-climate factors have on agricultural production to make the policy more feasible. Adjustment in regional crop planting structure depends on the interactions between internal and external natural factors. In fact, the agricultural planting structure adaptivity to climate change does not merely rely on the causal relationship between agricultural yield and climate change; more importantly, market demand, labor price, technological progress, agricultural policy, and climate change can affect the farmers’ planting plan, such as crop types and area. Therefore, the non-climate factors’ effect on crop outputs shall be assessed by the macro and micro data. Next, a relevant prediction model shall be constructed and a database of non-climate factor change scenarios shall be set to predict the crop planting area. Finally, a variety of crops with planting structure to be adjusted shall be included in the analysis so that the policy with scientific justification can be provided for the adjustment of multiple crops’ planting structure.
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The lower reaches of the Yellow River are China’s grain production base and ecological barrier. Its total grain production ranks third in China in 2021, and its cultivated land plays an extremely important role in ensuring food security in the Yellow River Basin and even the whole country. Based on the data of GlobeLand30 in 2000, 2010 and 2020, this study studied the spatial distribution of cultivated land use and the cultivated land transfer pattern, the spatial distribution concentration degree and directional distribution characteristics of cultivated land and grain production, and the sensitivity analysis of grain production to the change of cultivated land area in the lower reaches of the Yellow River by using the methods of land cover transfer matrix, spatial distribution concentration model, sensitivity analysis model, standard deviation ellipse model and spatial autocorrelation analysis. The results show that: 1) The land type with the largest area transferred from cultivated land in the lower Yellow River is artificial surface, and its regional distribution is scattered; At the same time, the land type with the largest area transferred into cultivated land is still artificial surface, which is directly related to the rural land remediation measures implemented by the government. 2) During the period from 2000 to 2020, the spatial distribution concentration index (HHI) grade of cultivated land in the lower reaches of the Yellow River was moderately concentrated and below, and there was no obvious concentration trend; the concentration degree of grain production distribution in the lower reaches of the Yellow River is higher than that of cultivated land, such as Rizhao, Dongying, Qingdao and Weihai, where the HHI grades of grain production are higher; The center of gravity of cultivated land in the lower reaches of the Yellow River is relatively stable, while the center of gravity of grain production shows an obvious trend of “westward shift”. 3) During 2000–2010, the grain productions of 68.38% of districts and counties were insensitive to the change of cultivated land, while the grain productions of 18 districts and counties were highly sensitive to the change of cultivated land, mostly distributed in the hilly and mountainous areas of central and southern Shandong; During 2010–2020, the proportion of insensitive districts and counties decreased to 36%, and the middle and high sensitive areas obviously showed a gradual decreasing trend. Based on GlobeLand30 remote sensing image technology, this study can effectively reveal the temporal and spatial dynamic changes of cultivated land use and grain production in the lower reaches of the Yellow River, and provide scientific reference for further rational development and utilization of cultivated land resources in the lower reaches of the Yellow River and promoting the high-quality development of the Yellow River Basin.
Keywords: cultivated land use, grain production, dynamic changes, GlobeLand30, sensitivity
1 INTRODUCTION
Cultivated land is the scarcest production resource in China, and it is the irreplaceable material basis and bearing condition to ensure national food security. Rural areas are the birthplace of farming civilization and the strategic highland to ensure food security. Rural spatial governance is particularly important for the implementation of rural revitalization strategy (Wang et al., 2020). In 2020, the Chinese government issued the “Opinions on Preventing Cultivated Land from Being Non-grain” and Stabilizing Grain Production ", and in November 2021, it issued the” Notice on Strict Control of Cultivated Land Use ", which stipulated that the “balance of entry and exit” of cultivated land into other agricultural land can be implemented across administrative regions. The optimization of spatial allocation of non-grain cultivated land and the fairness, benefit and efficiency of “balance between entry and exit” of cultivated land utilization are all important issues worthy of attention. Many scholars’ researches on cultivated land use mainly focus on economic compensation effect of cultivated land protection (Niu and Xiao, 2019), evaluation of cultivated land productivity (Zhao et al., 2019), quality management of cultivated land (Guo et al., 2019), fallow scale of cultivated land (Tan et al., 2020), ecological efficiency of cultivated land use (Liu et al., 2022a), distribution of soil elements of cultivated land (Liu et al., 2022b), emissions of CO2, N2O and CH4 from cultivated land (Berglund et al., 2021), identification of cultivated land change using time-series Landsat images (Li et al., 2021) and elastic space of cultivated land protection (Liang et al., 2022). The exploration of cultivated land security is more inclined to think about food security. “Barn is full, and the world is stable”, China is a populous country, and ensuring national food security is related to the long-term stability of the country and the rice bowl on which everyone depends. The research on food security is mainly manifested in the change of food output (Xu et al., 2012), the distribution of food production (Liu et al., 2019), the evaluation of food production system (Ge et al., 2021; Zhuo et al., 2022) and so on.
Farmland management requires significant spatial analysis. It is of practical significance to adjust agricultural production structure, promote agricultural modernization, improve agricultural production capacity and ensure food security. For a long time, drought, little rain, ecological destruction and frequent natural disasters in the Yellow River Basin have always plagued the sustainable development of social economy in the areas along the Yellow River. Based on the national major development strategic background of ecological protection and high-quality development in the Yellow River Basin, how to scientifically and reasonably solve the problems of cultivated land utilization and grain production in the lower reaches of the Yellow River Basin is a realistic problem that the society generally pays attention to and needs to solve urgently. Looking at the related research on the Yellow River Basin at home and abroad, the research areas are mainly concentrated in Ningxia (Wen et al., 2018), Shanxi (Liu and Ma, 2003), Henan (Zhang et al., 2017), Yellow River Delta (Li et al., 2019), Shaanxi (Zhang et al., 2020; Wei et al., 2021), and the research fields are mainly concentrated in cultivated land quality protection (Wang and Guo, 2020), cultivated land reconstruction in historical period (Guo et al., 2021), cultivated land temporal and spatial change (Han et al., 2021), water-energy-grain coupling development (Xu et al., 2021), and so on. Based on this, with the help of GIS technology and GlobeLand30 data in 2000, 2010 and 2020, this paper studies the spatial pattern and temporal and spatial changes of cultivated land resources and grain production in the lower reaches of the Yellow River, in order to provide basis for scientific management decision-making of cultivated land use and food safety production in Shandong Province and even the Yellow River Basin, and provide reference for promoting high-quality development of the Yellow River Basin.
2 MATERIALS AND METHODS
2.1 The grain production data and fundamental geographic data
In view of the consistency and integrity of natural resources, geographical location, society, economy and policy in the study area, this study selects the complete administrative unit (16 prefecture-level cities in Shandong Province) in the lower reaches of the Yellow River as the study area, which can better match the socioeconomic data and increase the accuracy of the study. The grain production data of each prefecture-level city in the lower reaches of the Yellow River in 2000, 2010 and 2020 are derived from the socio-economic statistical yearbook of counties (cities) in China. The data of prefecture-level city administrative divisions in the lower Yellow River in vector format (ESRI shapefiles) comes from National Catalogue Service for geographic information (http://www.webmap.cn), and this data is re-projected to Albers Equal-area Conic Projection using ArcGIS 10.2.
2.2 GlobeLand30 land cover data
The global land cover remote sensing data GLobeLand30 is the first set of global land cover data products in the world with a resolution of 30 m independently developed by China, and it is also the global land cover data with the highest resolution in the world at present. The Chinese government donated it to the United Nations for sharing by the international community in September 2014 (Chen, 2018). In this paper, the global land cover data GlobeLand30 in 2000, 2010 and 2020, is used as the data source of cultivated land information (http://www.globallandcover.cn). The data set defines cultivated land as “land for planting crops” (Chen et al., 2017). The classified images used in the development of GlobeLand30 data set are mainly 30-m multispectral images, including TM5, ETM + and OLI multispectral images of Landsat, HJ-1 multispectral images of China Environmental Disaster Reduction Satellite and GF-1 multispectral images (Yimuranjiang et al., 2021). GlobeLand30 data includes ten first-class types, which are: cultivated land, woodland, grassland, shrub land, wetland, water body, tundra, artificial surface, bare land, glacier and permanent snow (Yang et al., 2016). GlobeLand30 data is based on WGS-84 coordinate system. In this study, ArcGIS 10.2 software is used to re-project the data of the lower reaches of the Yellow River to Albers Equal-area Conic Project, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Research area.
2.3 Methods
2.3.1 Land cover transfer matrix method
In the study of land cover change, the basis of land use structure and change direction analysis is land cover transfer matrix, which plays an important role in the analysis of land use change. Land cover transfer matrix lists the transfer areas of various types of land use change according to the form of matrix, which can carefully reflect the mutual transformation relationship between various types of land use, so as to understand the structural characteristics of various types before and after transfer. The land cover transfer matrix reflects the dynamic process of mutual transformation between different areas at the beginning and end of a certain period of time in a certain region. The general form of the land cover transfer matrix is (Sun, 2020):
[image: image]
Where: S represents the land type area; n is the number of land use types before and after transfer; i, j (i, j = 1, 2, … , n) denote the land use types at the beginning and the end of the study period respectively; Sij represents the area where the initial land use type i is transferred to the final land use type j. Each row of elements in the matrix represents the flow direction information of the i land class before the transfer to the local class after the transfer, and each column of elements represents the source information of the area of the j land class after the transfer from the local class before the transfer.
2.3.2 Spatial distribution concentration model
Because all agricultural planting industries take cultivated land as their material resource base, the concentration degree of spatial distribution of cultivated land resources in a certain administrative region can reflect the concentration degree of regional spatial distribution of agricultural planting in that administrative region. This paper adopts the concentration index of spatial distribution of cultivated land constructed by Wang Jiayue (Wang and Xin, 2017):
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Where: HHIi is the spatial distribution concentration index of cultivated land in the ith prefecture-level city. N is the total number of districts and counties in the ith prefecture-level city, Xij is the cultivated land area of the jth district and county in the ith city, and Xi is the total cultivated land area of the ith prefecture-level city. The range of HHIi is between 0 and 1, and the larger the value, the more concentrated the distribution of cultivated land resources in this prefecture-level city; the smaller the value, the more dispersed the distribution of cultivated land resources in this prefecture-level city. By the same token, the spatial distribution concentration index of grain production in each prefecture-level city can be calculated by using the grain production data of each district and county.
2.3.3 Sensitivity analysis model
The influence of cultivated land area change on grain production determines the grain management policy in a region, so it is necessary to study the sensitivity of grain production to cultivated land change. The Intergovernmental Panel on Climate Change (IPCC) defines sensitivity as the ratio of grain production change rate to cultivated land area change rate in a certain period of time as the sensitivity of grain production to cultivated land change (IPCC, 2007). In this paper, the sensitivity index constructed by Liu Yansui (Liu et al., 2009) is adopted:
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Where: β is the sensitivity index of grain production to cultivated land change in a prefecture-level city. Gt and Gt+1 are the grain production of the prefecture-level city in year t and year t+1 respectively, and Lt and Lt+1 are the cultivated land area of the prefecture-level city in year t and year t+1 respectively. When β < 0, it means that the direction of grain production change is opposite to the direction of cultivated land area change in the study period, and in this case, grain production is insensitive to cultivated land area change. When β is greater than 0, it means that the change direction of grain production is the same as that of cultivated land area in the study period. In this case, grain production is sensitive to the change of cultivated land area, and the larger the β value, the higher the sensitivity of grain production to the change of cultivated land area, that is, the small fluctuation of cultivated land area will lead to the larger change of grain production. In addition, HHIi and β can effectively solve the problem of integrating different spatial scales and data.
2.3.4 Spatial statistical model
2.3.4.1 Standard deviation elliptic model
The standard deviation ellipse (SDE) is an important geospatial statistical method, which is mainly used to measure the concentration, dispersion and directional trend of geographical elements (He et al., 2016; Lv et al., 2016). It can accurately reveal the global characteristics of spatial distribution of research objects from multiple angles, and quantitatively interpret the information such as centrality, directionality and extended direction deviation (Zuo et al., 2022). In this study, the standard deviation ellipse model was used to explore the spatial evolution trend and development direction of cultivated land use in the lower reaches of the Yellow River from 2000 to 2020. The relevant calculation formula of standard deviation ellipse model is expressed as (Ren et al., 2016; Zuo et al., 2022):
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Where: [image: image] and [image: image] denote the abscissa and ordinate of the center of the standard deviation ellipse respectively. [image: image] and [image: image] represent the abscissa and ordinate of geographic objects, respectively. [image: image] and [image: image] are the arithmetic mean center of the geographic objects, [image: image] is the number of the geographic objects, [image: image] is the azimuth angle of the standard deviation ellipse; [image: image] and [image: image] are the average center deviation respectively; [image: image] and [image: image] are [image: image] axis and [image: image] axis standard deviation respectively.
2.3.4.2 Spatial autocorrelation analysis
Global spatial autocorrelation is used to measure the spatial distribution characteristics of a certain attribute value in a region, and to reflect the similarity degree of attribute values of adjacent or adjacent regional units in space. It is mainly measured by global Moran’s I exponent measure, and its calculation formula is as follows (Ren, 2014):
[image: image]
After the global Moran’s I exponent is calculated, the normalized statistic Z is usually used for statistical test to verify whether there is spatial autocorrelation. The larger the I value, the higher the spatial autocorrelation. Because the spatial autocorrelation change in a region may not be stable, in order to better reflect the spatial aggregation degree of a local region, it is necessary to introduce a local spatial autocorrelation statistic, that is, a local Moran’s I index, whose calculation formula is as follows (Zuo et al., 2022):
[image: image]
[image: image] is positive, indicating that the similarity value of local spatial units tends to spatial aggregation. When [image: image] is negative, it means that the similarity values of local spatial units tend to be scattered.
3 RESULTS
3.1 The overall situation of cultivated land resources during 2000–2020
By processing and summarizing the data of GlobeLand30 in 2000, 2010 and 2020, the cultivated land resources data of 16 prefecture-level cities in the lower reaches of the Yellow River in Table 1 was obtained. It can be seen from the table that the cultivated land resources in the lower reaches of the Yellow River are unevenly distributed in 16 prefecture-level cities, among which Linyi, Weifang, Yantai and Heze are rich in cultivated land resources, while Rizhao, Zibo, Weihai and Zaozhuang rank lower in the lower reaches of the Yellow River. During the 20 years from 2000 to 2020, the area of cultivated land resources decreased obviously. The total amount decreased from 12,503,631 ha in 2000–11,135,228 ha in 2020, with a total decrease of 1,368,403 ha and an average annual decrease of 68,420 ha, with an average annual decrease of 0.55%.
TABLE 1 | Data of cultivated land resources during 2000–2020 (ha).
[image: Table 1]3.2 The transfer situation of cultivated land resources during 2000–2020
The ArcGIS software is used to calculate the data of GlobeLand30 in 2000, 2010 and 2020, and the transfer matrix of cultivated land resources in the lower reaches of the Yellow River is in Table 2. It can be seen that the cultivated land resources in the lower reaches of the Yellow River have different magnitudes of transfer in different periods, during 2000–2010, the area of cultivated land transferred out to artificial surface is as high as 497,510 ha. During 2010–2020, the area of cultivated land transferred out to artificial surface reaches 10,99,642 ha. In the meantime, from 2000 to 2010, the main type of land type with the largest area transferred into cultivated land is still artificial surface, and its transferred cultivated land area was 241,743 ha. From 2010 to 2020, more areas were transferred from artificial surface and water to cultivated land, which were 154559 and 129,290 ha respectively.
TABLE 2 | Aggregate converted area of cultivated land resources during 2000–2020 (ha).
[image: Table 2]3.3 The overall situation of grain production during 2000–2020
By processing and summarizing the grain production data in 2000, 2010 and 2020, the grain production and yield data of 16 prefecture-level cities in the lower reaches of the Yellow River were obtained in Table 3. It can be seen from the table that the distribution of grain production in 16 prefecture-level cities in the lower reaches of the Yellow River is very uneven, among which, Heze, Dezhou, Liaocheng, Jining, Weifang, Linyi have sufficient grain output, while Zibo, Dongying, Rizhao, Weihai rank lower in the lower reaches of the Yellow River. At the same time, the cities with higher grain yield are Dezhou, Heze, Liaocheng, Binzhou, Jining and Zaozhuang, while Rizhao, Weihai and Yantai have lower grain yield. From 2000 to 2010, the prefecture-level cities with obvious increase in grain production mainly include Dezhou, Heze, Liaocheng, Zaozhuang and Weifang, with an increase of more than 40%. On the contrary, the grain production of Dongying City decreased by 3.74%, and the cultivated land area of Dongying City decreased by 14.2% during this period, far exceeding the decrease of other prefecture-level cities. Under certain agricultural planting level and farmland management experience, the cultivated land area of Dongying City will inevitably lead to a decrease in grain production. During the 10 years from 2000 to 2010, Dongying, Heze and Binzhou were the prefecture-level cities with obvious increase in grain output, while Rizhao, Yantai, Weihai experienced a reduction of more than 30%, and the cultivated land area of these cities decreased by more than 10%, which led to the decrease of grain produciton in the current period. The sharp decrease in cultivated land area cannot make up for the decrease in grain prodcution even when the grain yield is generally increased.
TABLE 3 | Grain production and grain yield during 2000–2020 (ha).
[image: Table 3]3.4 The spatial distribution concentration index of cultivated land during 2000–2020
According to the formula of cultivated land spatial distribution concentration index, the cultivated land spatial distribution concentration index in, as shown in Figure 2 Of each city in the lower reaches of the Yellow River from 2000 to 2020 was calculated, and the regional spatial distribution concentration degree of regional agricultural planting in the 20 years from 2000 to 2020 was revealed by this index. It can be seen that the spatial distribution concentration index of cultivated land in each prefecture-level city in the lower reaches of the Yellow River is between 0.1 and 0.3, and the change range between different years is very small, which shows that the spatial distribution of cultivated land in the lower reaches of the Yellow River is relatively scattered, the cultivated land resources in each prefecture-level city are relatively uniform, and the distribution pattern of cultivated land resources changes little.
[image: Figure 2]FIGURE 2 | Spatial distribution concentration index of cultivated land.
3.5 The cultivated land sensitivity index during 2000–2020
According to the cultivated land data extracted from GlobeLand30 images in 2000, 2010 and 2020, the cultivated land sensitivity indexes of cities in the lower reaches of the Yellow River in 2000–2010 and 2010–2020 are calculated, as shown in Table 4. It can be seen that the cultivated land sensitivity index of all prefecture-level cities in the lower reaches of the Yellow River from 2000 to 2010 is negative except Dongying City, which indicates that the grain production of all prefecture-level cities in the lower reaches of the Yellow River is not sensitive to the change of cultivated land area in this period. During 2010–2020, the cultivated land sensitivity index of Weihai, Yantai, Qingdao, Rizhao, Weifang and Tai’an changed to positive, indicating that the grain production in these areas began to become sensitive to the change of cultivated land area.
TABLE 4 | Cultivated land sensitivity index during 2000–2020.
[image: Table 4]3.6 The standard deviation ellipse model of cultivated land and grain production during 2000–2020.
According to the cultivated land data extracted from GlobeLand30 images in 2000, 2010 and 2020, combined with the grain production data, the distribution of cultivated land center of gravity and grain production center of gravity in 16 prefecture-level cities in the lower reaches of the Yellow River was calculated, and the standard deviation ellipses of cultivated land use and grain production in three periods in the lower reaches of the Yellow River were calculated respectively, as shown in Table 5. In 2000, the coordinates of cultivated land barycenter in the lower reaches of the Yellow River were (1,148,233, 3,959,488). The barycentric coordinates of cultivated land in the lower reaches of the Yellow River in 2010 are (1,147,694, 3,958,393). In 2020, the coordinates of cultivated land barycenter in the lower reaches of the Yellow River were (1,149,001, 3,959,701). During the decade from 2000 to 2010, the cultivated land barycenter only shifted by 1,220 m. During the 10 years from 2010 to 2020, the center of gravity of cultivated land only shifted by 1854 m, and the displacement of the center of gravity of cultivated land use changed little in the past 20 years, and the center of gravity of cultivated land was located in Boshan District of Zibo City. The centers of standard deviation ellipse of cultivated land in the lower reaches of the Yellow River in 2000, 2010 and 2020 are completely consistent with the centers of gravity of cultivated land in corresponding years. The interior of an ellipse is the main area of cultivated land resources distribution in the lower reaches of the Yellow River. During the 20 years from 2000 to 2020, the main area of cultivated land utilization, the spatial distribution direction and spatial dispersion degree of cultivated land utilization have maintained good consistency, and the change range is very small.
TABLE 5 | Standard deviation ellipse model of cultivated land and grain production.
[image: Table 5]The barycentric coordinates of grain production in the lower reaches of the Yellow River were (1,124,516, 3,948,975) in 2000 (1,112,577, 3,951,556) in 2010 and (1,092,396, 3,946,694) in 2020. During the decade from 2000 to 2010, the barycentric coordinates of cultivated land shifted westward by 12,214 m. During the decade from 2010 to 2020, the center of gravity of grain production further shifted by 20,805 m to the southwest. In the past 20 years, the displacement of the center of gravity of grain production changed obviously, and the center of gravity of grain production shifted in Laiwu District of Jinan City all the time. The temporal and spatial migration of the center of gravity of grain production showed a slow moving trend to the west. The centers of standard deviation ellipse of grain production in the lower reaches of the Yellow River in 2000, 2010 and 2020 are completely consistent with the centers of gravity of grain production in corresponding years. The interior of an ellipse is the main area of grain production distribution in the lower reaches of the Yellow River. During the 20 years from 2000 to 2020, the spatial distribution area of the standard deviation ellipse of grain production shifted to the southwest as a whole, and its distribution direction also showed obvious deflection.
4 DISCUSSION
4.1 Temporal and spatial variation characteristics of cultivated land transfer
The spatial distribution of cultivated land transfer in the lower reaches of the Yellow River from 2000 to 2010 and from 2010 to 2020 is mapped respectively, as shown in Figure 3. It can be seen that during the period from 2000 to 2010, the cultivated land in the lower reaches of the Yellow River was transferred numerously to artificial surface, and the regional distribution of the transferred artificial surface in 16 prefecture-level cities was scattered, which was directly related to the rapid expansion of urban construction during this period, and the transfer of some cultivated land for urbanization. During 2000–2010, the second land type of cultivated land transferred out is water body, which is mainly distributed in the Yellow River Delta and Weishan Lake. During this period, with the construction of the Yellow River Delta National Eco-economic Demonstration Zone and the prominent role of Weishan Lake, the largest freshwater lake in the north, in the eastern route of the South-to-North Water Transfer Project, some cultivated land needs to be transformed and restored to important water resources. During 2010–2020, the area of cultivated land transferred to artificial surface in the lower reaches of the Yellow River has further increased, and the demand for urban construction land has further increased sharply. Only in 2017–2019, the urban expansion speed of Shandong Province was further accelerated, and the average annual growth rate of urban construction land area reached 12.29%[ (Zeng and Lin, 2022), (Zhang et al., 2022)]. Therefore, the type with the largest area among all land types transferred from is artificial surface, and the area of artificial surface transferred from cultivated land is as high as 1,099,642 ha. It can be seen from Figure 3B that with the rapid urbanization process, the concentrated areas of the artificial surface transferred from cultivated land in various cities are consistent with the spatial distribution of outward diffusion and construction of urban built-up areas in these cities.
[image: Figure 3]FIGURE 3 | Temporal and spatial distribution of cultivated land transfer during 2000–2020. (A) transfer from cultivated land 2000 to 2010, (B) transfer from cultivated land 2010 to 2020, (C) transfer to cultivated land 2000 to 2010, (D) transfer to cultivated land 2010 to 2020.
From 2000 to 2010, the most land type transferred into cultivated land in the lower reaches of the Yellow River is artificial surface, with an area of 241,743 ha, followed by forest land transferred into 70,043 ha. As can be seen from Figure 3C, the spatial distribution area of artificial surface transferred into cultivated land is mainly the non-urban central areas of various cities, and the spatial distribution is very scattered, which is directly related to the rural land remediation implemented during this period. In the lower reaches of the Yellow River, through comprehensive treatment of rural fields, water, roads, forests and villages, idle homesteads and collective construction land are reclaimed into cultivated land, which obviously increases the number of cultivated land, improves the quality of cultivated land and improves the productivity of farmland. However, the situation of forest land turning into cultivated land is very obvious in Yantai and Weihai. Because Yantai and Weihai are dominated by low mountains and hills, forest land resources are abundant, and cultivated land occupies forest land. During the period of 2010–2020, the area of artificial surface converted into cultivated land in the lower reaches of the Yellow River still ranks first among all types, reaching 154,559 ha. With the promotion of “living together in villages” in many places in Shandong Province during this period, a large number of idle rural construction land has been reclaimed, increasing a large amount of cultivated land area. At the same time, integrated land can be operated on a large scale, which greatly promotes the development of agricultural industrialization.
4.2 Analysis of spatial distribution concentration degree and directional distribution characteristics of cultivated land and grain production
According to the spatial distribution concentration index of cultivated land and grain production in the lower reaches of the Yellow River, the spatial distribution concentration patterns are divided into five grades, which are: HHI ≥0.3 is highly concentrated distribution, 0.2 ≤ HHI <0.3 is moderately concentrated distribution, 0.1 ≤ HHI <0.2 is low concentrated distribution, and HHI <0.1 is uniform distribution. It can be seen from Figure 4 that during the period from 2000 to 2020, the concentration degree of grain production distribution in the lower reaches of the Yellow River is generally higher than the spatial distribution concentration degree of cultivated land. The HHI grades of cultivated land in each year are moderately concentrated and below, among which the HHI grades of Qingdao, Zaozhuang, Dongying, Tai’an, Weihai and Rizhao are moderately concentrated. In 2020, 51.1% of cultivated land in Qingdao is located in Pingdu City and Huangdao District; 56.4% of cultivated land in Zaozhuang City is located in Tengzhou City and Shanting District; 46.2% of cultivated land in Dongying City is located in Kenli County and Hekou District. 47.4% of cultivated land in Tai’an city is located in Xintai city and Daiyue district; 61.4% of cultivated land in Weihai is located in Rushan City and Wendeng District; 66.3% of cultivated land in Rizhao City is located in Juxian County and Wulian County. The HHI grade of cultivated land in other cities is low concentrated distribution, among which, the HHI value of cultivated land in Dezhou, Linyi and Jining is 1.0, and the HHI grade is uniform distribution, which shows that the cultivated land in these cities is scattered and uniform in the city range. The average value of HHI of cultivated land in three periods in the lower reaches of the Yellow River is 0.16, and its spatial distribution concentration degree is low, showing no obvious concentration trend, which shows that cultivated land is not concentrated in some cities in this region, and the distribution of cultivated land resources in the whole region is relatively uniform and reasonable.
[image: Figure 4]FIGURE 4 | Spatial distribution concentration of cultivated land and grain production.
During the period from 2000 to 2020, the concentration level of grain production distribution in the lower reaches of the Yellow River is not completely consistent with the concentration level of cultivated land. For example, the HHI grade of grain production in Rizhao, Dongying, Qingdao and Weihai is relatively high, and the HHI grade of grain production in Rizhao is highly concentrated Within three periods. The HHI of grain production in Dongying in 2010 is as high as 0.46, and the HHI value of grain production in Qingdao has been continuously improved until it reaches 0.30 in 2020. The average HHI of grain production in Weihai in three periods also approached 0.3. According to the grain production data of these cities in 2020, 44.1% of Rizhao City’s grain production is produced in Juxian County, 60.7% of Dongying City’s grain production is produced in Guangrao County and Lijin County, 47.1% of Qingdao City’s grain production is produced in Pingdu City, and 62.0% of Weihai City’s grain production is produced in Wendeng District and Rushan City, so the grain distribution in these cities is relatively concentrated. The HHI grade of grain production in Zibo and Zaozhuang is moderately concentrated distribution, while the HHI grade of grain production in other cities is low concentrated distribution. The average HHI of grain production in Jining, Linyi and Dezhou is 0.10, 0.10 and 0.11 respectively, which are almost close to the state of uniform distribution. From the internal composition of grain production in these prefecture-level cities, it can be seen that grain production is not concentrated in a few districts and counties, but relatively evenly distributed in each district and county of the prefecture-level city. The average value of HHI of total grain production in three periods in the lower reaches of the Yellow River is 0.19, which is slightly higher than the average value of HHI of cultivated land in the whole region. The spatial distribution concentration of grain production tends from low to medium concentration, which shows that grain production in the lower reaches of the Yellow River is not very evenly distributed, and there are still great differences in grain production among different cities.
As shown in Figure 5, during the period from 2000 to 2020, the spatial movement trend of cultivated land center of gravity and grain production center of gravity in the lower reaches of the Yellow River showed completely different characteristics. The center of gravity of cultivated land only shifted by 796 m to the east, and the position of cultivated land center of gravity was relatively stable. However, the center of gravity of grain production moved westward by 32,203 m, and the center of gravity of grain production showed an obvious trend of “westward shift”. In the past 20 years, the focus of cultivated land has always been in Boshan District of Zibo City, while the focus of grain production has been in Laiwu District of Jinan City. The shifting trend and range of the grain production center of gravity in the lower Yellow River is much larger than the change of cultivated land center of gravity, which shows that the grain production pattern has obvious trend change compared with the change of cultivated land spatial and temporal distribution pattern in this area. During the 30 years from 2000 to 2020, the obvious trend of “westward shift” of grain production center of gravity in the lower reaches of the Yellow River also shows that the grain production of western cities contributes more and more to the whole lower reaches of the Yellow River, especially the grain production of western cities such as Heze, Dezhou, Liaocheng and Jining rank in the forefront of the whole region, and the growth rate in the past 20 years is very obvious. The grain growth rate of Heze and Dezhou is more than 120%, which plays a leading role in the grain pattern of the whole western region. In the past 20 years, the area of standard deviation ellipse of cultivated land use has increased by 1.2%, while that of standard deviation ellipse of grain production has only increased by 0.6%. This phenomenon shows that the spatial distribution of cultivated land in 2020 is more dispersed and the coverage is larger than that in 2000, while the spatial distribution of grain production has not changed much in the past 20 years. In the past 20 years, the rotation amplitude of the standard deviation ellipse of grain production is larger than that of cultivated land. The rotation angle of the standard deviation ellipse of grain production inclines from 62.4° in 2000 to 58.7° in 2020, resulting in a change of 3.7°, and the axis of the ellipse shows an obvious counterclockwise rotation trend. At the same time, the cultivated land standard deviation ellipse only changed by 0.4°, and the cultivated land standard deviation ellipse in the third period changed very little. In the process of social and economic development in the lower reaches of the Yellow River, this unbalanced development trend of grain spatial distribution must be highly valued, not only fully coordinate the contradiction of land use between grain areas and industrial areas, but also fully consider how to better meet the grain demand within and outside the region under the realistic background of “transferring grain from north to south".
[image: Figure 5]FIGURE 5 | Barycenter and standard deviation ellipse of cultivated land and grain production.
The standard deviation elliptic model mainly reveals the global characteristics of the spatial distribution of the research object, and quantitatively interprets the information such as centrality, directivity and extended direction deviation. In order to further understand the regional spatial clustering pattern of grain production in the lower Yellow River region, the global Moran’s I index of grain production in the lower Yellow River region was calculated to be 0.57 by using the global spatial autocorrelation method, which shows that the grain production in the lower Yellow River region is obviously clustered in space. However, the global spatial autocorrelation analysis can not reflect the clustering distribution of grain production in various cities in the lower reaches of the Yellow River. Therefore, according to Formula (8), the Local Moran’s I index and LISA distribution map are calculated to reflect the spatial agglomeration degree and distribution characteristics of grain production in the lower reaches of the Yellow River. The specific results are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Spatial agglomeration and distribution of grain production.
It can be seen from Figure 6 that the grain production in the lower reaches of the Yellow River has obvious spatial agglomeration distribution characteristics. Among them, Lingcheng District, Leling County, Pingyuan County, Linyi County, Shanghe County, Yucheng City, Gaotang County, Linqing County, Chiping District, Guanxian, Dongchangfu District, Yanggu County, Shenxian County and other counties in northwestern Shandong are HH areas, indicating that the grain production level of these counties is relatively high, and the grain production level of their neighboring areas is correspondingly high. Juancheng County, Yuncheng County, Juye County, Mudan District, Dongming County, Dingtao District, Cao County and Shan County in Southwest Shandong Province are HH areas, which also shows that the grain production level of these counties is relatively high, and the grain production level of their neighboring areas is correspondingly high. However, only Pingdu city and Gaomi city show HH clustering in the eastern region, and HH clustering in the eastern region is not obvious on the whole. Penglai District, Zhifu District, Fushan District, Lai Shan, Qixia City, Muping District and other districts and counties are LL areas, which indicates that the grain production level of themselves and surrounding cities is weak, reflecting that the low-value concentration area of grain production in the lower reaches of the Yellow River is mainly distributed in Jiaodong area; In addition, Laoshan District, Shinan District and Shibei District are also LL areas. Zichuan District, Boshan District, Yiyuan County and Gangcheng District in central Shandong, Lixia District and Shizhong District, which belong to Jinan, the provincial capital, are all LL areas.
4.3 Sensitivity analysis of cultivated land and grain production
According to the combination of grain production and cultivated land area changes in 2000–2010 and 2010–2020, the lower reaches of the Yellow River are divided into four patterns: ① The cultivated land area increases and the grain production increases. ②The cultivated land area decreases and the grain production decreases. ③The cultivated land area increases and the grain production decreases. ④The cultivated land area decreases and the grain production increases, as shown in Figure 7. During the two periods of 2000–2010 and 2010–2020, the cultivated land area in the lower reaches of the Yellow River continued to decrease, and there was no type ① and ③. During the period from 2000 to 2010, only Dongying City belongs to the situation ② that cultivated land area decreases and grain production also decreases, while other cities belong to the situation ④ that cultivated land area decreases and grain production increases. The reason is that China’s grain production is highly dependent on cultivated land planting area (Wang and Xin, 2017). Historically, grain yields in eastern China have increased around 2% per year, largely due to improved varieties, mechanization, and improving management. During this period, the cultivated land area in Dongying City decreased by 14.2%, far exceeding that in other prefecture-level cities. Under certain agricultural planting level and farmland management experience, the sharp reduction of cultivated land area in Dongying City will inevitably lead to a decrease in grain production. However, the reduction of cultivated land in other cities is a slow process. With the continuous improvement of agricultural science and technology level, more refined field management, the use of chemical fertilizers, the continuous improvement of agricultural water conservancy facilities and a series of other reasons, the cultivated land area in most cities has decreased, but the total grain production is still increasing. During the period of 2010–2020, there are 10 cities, which belong to the situation ② that the cultivated land area decreases and the grain production also decreases. Among them, the cultivated land area of Zibo, Jinan, Linyi, Rizhao, Zaozhuang decreased by more than 10%, which led to the increase of grain production in the previous period to the decrease at present. The cities with increased grain production are all distributed in Dezhou, Liaocheng, Heze, Jining, Binzhou and Dongying in the western region. These cities are located in the coastal areas of the lower reaches of the Yellow River, with relatively flat terrain, high degree of agricultural mechanization and high reclamation efficiency, and a large amount of high-quality land is suitable for agricultural planting. Especially in Heze City and Dezhou City, the total grain production ranks in the forefront, and the total grain production of the two cities accounts for 28.5% of the grain production of the whole region. It can be seen from the above analysis that the lower reaches of the Yellow River presents an unreasonable trend that the cultivated land area continues to decrease and the spatial distribution of grain production is uneven, and the grain production in most cities is sensitive to the change of cultivated land area.
[image: Figure 7]FIGURE 7 | Sensitivity analysis of grain production and cultivated land area change. (A) year 2000–2010, (B) year 2010–2020.
According to the sensitivity analysis model, the sensitivity index value can reflect the sensitivity of grain production to the change of cultivated land area. The sensitivity of district and county administrative units is divided into four grades (Yang et al., 2016), which are: β ≤ 0 is an insensitive area; 0 < β ≤ 5 is a low sensitive area; 5 < β ≤ 10 is a moderately sensitive area; β > 10 is a highly sensitive region. The sensitivity distribution maps of grain production and cultivated land area change in district and county administrative units in 2000–2010 and 2010–2020 are shown in Figures 7A,B. It can be seen that during the period from 2000 to 2010, the grain production of 93 districts and counties was insensitive to the change of cultivated land, accounting for 68.38%, 18 districts and counties were low sensitive to the change of cultivated land, seven districts and counties were moderately sensitive to the change of cultivated land, and 18 districts and counties were highly sensitive to the change of cultivated land, among which the sensitivity indexes of Ningyang County, Qihe County, Changle County and Juxian County all exceeded 100. It can also be seen from Figure 7A that the most sensitive districts and counties are distributed in the hilly and mountainous areas in central and southern Shandong. These districts and counties are limited by the influence of mountainous and hilly topography. Most cultivated land plots are small, the distribution is fragmented, the agricultural infrastructure is relatively backward, modern agricultural machinery and equipment cannot be used in large-scale planting activities, and the management level of individual farmers is low. Therefore, once the cultivated land area is reduced, the grain production will be significantly reduced. During 2010–2020, the number of insensitive districts and counties decreased to 49, accounting for only 36%. During this period, the grain production of many districts and counties began to change from insensitive to sensitive to the change of cultivated land, 73 districts and counties were low sensitive to the change of cultivated land, 12 districts and counties were moderately sensitive to the change of cultivated land, and two districts and counties were highly sensitive to the change of cultivated land. During this period, although the whole cultivated land area decreased to a certain extent, with the promotion of land remediation and development projects, the soil conditions of cultivated land and the conditions of agricultural water conservancy and mechanized facilities have been improved to a great extent. The grain production in most areas will be sensitive to the change of cultivated land area reduction, but the degree of influence is not very significant, and the middle and high sensitive areas obviously have a gradual decreasing trend. Therefore, as one of the main grain producing areas in China, the lower reaches of the Yellow River should make reasonable policies in controlling the decreasing trend of cultivated land area and improving the level of agricultural modernization facilities to improve agricultural production efficiency and ensure regional food security.
5 CONCLUSION
From the perspective of remote sensing and geographic information technology, using the latest GlobeLand30 data to extract the cultivated land distribution data of the lower Yellow River in 2000, 2010 and 2020, the spatial distribution of cultivated land use and the cultivated land transfer pattern, the spatial distribution concentration degree and directional distribution characteristics of cultivated land and grain production, and the sensitivity analysis of grain production to the change of cultivated land area in the lower reaches of the Yellow River are obtained: ① The land type with the largest area transferred from cultivated land in the lower Yellow River is artificial surface, and its regional distribution is scattered; At the same time, the land type with the largest area transferred into cultivated land is still artificial surface, which is directly related to the rural land remediation measures implemented by the government. ② During the period from 2000 to 2020, the HHI grade of cultivated land in the lower reaches of the Yellow River was moderately concentrated and below, and there was no obvious concentration trend; the concentration degree of grain production distribution in the lower reaches of the Yellow River is higher than that of cultivated land, such as Rizhao, Dongying, Qingdao and Weihai, where the HHI grades of grain production are higher; The center of gravity of cultivated land in the lower reaches of the Yellow River is relatively stable, while the center of gravity of grain production shows an obvious trend of “westward shift”. ③ During 2000–2010, the grain productions of 68.38% of districts and counties were insensitive to the change of cultivated land, while the grain productions of 18 districts and counties were highly sensitive to the change of cultivated land, mostly distributed in the hilly and mountainous areas of central and southern Shandong; During 2010–2020, the proportion of insensitive districts and counties decreased to 36%, and the middle and high sensitive areas obviously showed a gradual decreasing trend.
Based on GlobeLand30 remote sensing image technology, this study can effectively reveal the temporal and spatial dynamic changes of cultivated land use and grain production in the lower reaches of the Yellow River. At present, the study only focuses on the sensitivity of total grain production to the change of cultivated land area in the lower reaches of the Yellow River, but there is no in-depth study on grain production of different planting types and “non-grain” land use. Meanwhile, the average annual grain yields growth rate of 2% in eastern China due to improved varieties, mechanization, and improving management also needs to be further considered as the effect on G and beta in future studies. Therefore, on the basis of analyzing the overall law of temporal and spatial dynamic changes of cultivated land use and grain production in the lower reaches of the Yellow River, in the future further research, we can combine other higher-resolution satellite images, topographic and meteorological data to carry out multi-scale and long-time series research on grain production and “non-grain” of different planting types. At the same time, although there are some analysis on the influencing factors of the change of cultivated land and grain production, the analysis of special influencing factors is the direction of further research in the future, which can provide scientific reference for further rational development, utilization and decision-making of cultivated land resources in the lower reaches of the Yellow River and promoting the high-quality development of the Yellow River Basin.
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Old industrial bases (municipal districts) play a decisive role in the process of China’s economic development. This study focuses on the upgrading of urban industrial structure. Based on the panel data of 120 old industrial bases (municipal districts) in China from 2010 to 2018, a double difference model was established to empirically analyze the impact of pilot relocation and reconstruction policies on the upgrading of urban industrial structure in old industrial districts. The results demonstrate that 1) The pilot relocation and reconstruction policies play a significant role in promoting the upgrading of urban industrial structure in old industrial districts; 2) Upgrading of urban industrial structure is significantly affected by the urban economic development level, urban population density, land marketization level, industrial enterprise agglomeration degree and infrastructure construction; 3) The impact of relocation and reconstruction policies on the upgrading of urban industrial structure in old industrial districts exhibits certain regional heterogeneity. Finally, some targeted suggestions are proposed for future formulation of effective policies for the relocation and reconstruction of old industrial areas and optimal allocation of urban industrial structure.
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1 INTRODUCTION
Old industrial bases (municipal districts) are centralized industrial areas (cities) with relatively complete industrial categories established with national investment during the planned economy period, which are mostly distributed in northeast, central and western China. With the transformation of China’s economic development from “high-speed growth” to “high-quality growth”, the old industrial bases (municipal districts) are confronted with a series of problems, such as backward industrial production capacity, unbalanced configuration of industrial structure, extensive land use and serious environmental pollution (Dong et al., 2022; Li et al., 2022). Among these problems, unbalanced configuration of industrial structure has largely hindered the high-quality development of regional economy (Du et al.,2021; Gu et al.,2022). According to the statistical bulletin, the proportion of China’s primary, secondary and tertiary industry in GDP was 7.3, 39.4 and 53.3% in 2021, respectively. Compared with that in developed countries, the industrial structure configuration in China is still relatively unbalanced. In order to achieve economic “structural growth”, it is necessary to accelerate the substitution of old driving force with new driving force, as well as improve infrastructural construction, land use efficiency and urban ecological environment. In 2014, the General Office of the State Council issued Guiding Opinions on Promoting the Relocation and Reconstruction for Old Industrial Districts in Urban Areas (GBF [2014] No. 9). The document identified 21 old industrial bases (municipal districts) such as Beijing, Hebei, Shanxi, Inner Mongolia, Liaoning and Jiangsu, which lays a solid foundation for the upgrading of industrial structure in these areas.
In recent years, Chinese government has accelerated the implementation of urban renewal activities, focusing on the transformation of old industrial bases (factories), and promoting the upgrading of industrial structure. In this context, it is of great practical and theoretical significance for old industrial bases (municipal districts) to fully utilize the relocation and reconstruction policies. At present, research on relocation and reconstruction mechanism in old industrial districts has attracted extensive attention of scholars and achieved fruitful results, but many major issues remain to be further explored. Generally, the existing research has the following problems. First, it is mainly focused on the importance (Zhang G. et al., 2021; Zhou et al., 2021), existing problems (Liu et al., 2019; Hu et al., 2019; Hu et al., 2022), impact mechanism (LAI et al., 2021; Chen and Lin, 2021) and innovation paths (Lin and Zhou, 2021) of the relocation and reconstruction of old industrial districts, while the relationship between the relocation and reconstruction policies and industrial structure upgrading has been largely ignored. In addition, little is known about the changes during the policy implementation and regional heterogeneity of the impact. In terms of research methods, previous research is mainly qualitative research or logical deduction with little quantitative analysis through the empirical model. Finally, in terms of the spatial scale, previous studies mostly took a city or a region as an example (Yang et al., 2017; Li et al., 2021; Pu and Zhang, 2022), while there has been no research on the impact of pilot relocation and reconstruction policies for old industrial districts on the upgrading of industrial structure based on a large number of old industrial bases (municipal districts).
The marginal contributions of this study can be summarized as follows. 1) Theoretical value. The year of 2022 is the time to check the effect of the relocation and reconstruction policies for old industrial districts. It remains undetermined whether the implementation of these policies promotes the upgrading of urban industrial structure, what are the influencing factors, and whether the impact has any heterogeneity in different regions. Here, based on the panel data of 120 old industrial bases (municipal districts) in China from 2010 to 2018, and the national pilot relocation and reconstruction policies for old industrial bases issued by the central government in 2014, this study builds a double difference model to answer the above questions, which may help to further enrich the relevant theory and practice in the relocation and reconstruction of old industrial districts. 2) Practical value. An in-depth analysis on the effect of the relocation and reconstruction policies for old industrial districts can help solve the problems in the process of relocation and reconstruction, as well as provide important reference for improving the relocation and reconstruction policies in the future.
The rest of this paper is arranged as follows. First, policy practices are combed and the relevant literature is reviewed, including theoretical research on the relocation and reconstruction of old industrial districts and the impact on industrial structure upgrading. Secondly, the research design is elaborated, such as research methods, data sources and variable selection, followed by empirical results, robustness test results and regional heterogeneity analysis. Finally, brief conclusions and policy recommendations are proposed.
2 POLICY PRACTICE AND LITERATURE REVIEW
2.1 Policy practice
In 2011, the General Office of the State Council issued the Special Plan for Adjustment and Transformation of Old Industrial Bases in China (2011–2020), signifying that China’s old industrial bases have entered the stage of comprehensive rectification. In March 2014, the General Office of the State Council issued the Guiding Opinions on Promoting the Relocation and Reconstruction of Old Industrial Districts in Urban Areas; Subsequently, the National Development and Reform Commission established the National Pilot List for the Relocation and Reconstruction of Old Industrial Districts in Urban Areas, pointing out the direction for the reconstruction and reuse of old factory areas and buildings. Since 21 pilot cities were established by the National Development and Reform Commission, local governments have actively carried out the relocation and transformation based on the resource allocation of each city, forming the following typical models. 1) Active planning and urban transformation to reduce dependence on resource-based industries. Taking the Zigong mode as an example, Zigong makes full use of traditional advantages of chemical fluid machinery, restructures the supporting facilities of the industrial chain, and develops a large number of new kinetic energy industries, such as energy-saving and environment-friendly equipment, aviation and gas turbines, and new materials. 2) Promotion of the upgrading through integration, development through opening up, and enhancement through transformation. Taking the Xuzhou model for example, the Xuzhou municipal government issued the “Made in China 2025 Xuzhou Practice Plan” to build a “smart manufacturing” and powerful city in 2016, creating a new system of modern industrial industries and advancing the development of manufacturing industry clusters by relying on “6 + 6″ and “255″ development models. Advanced manufacturing industries such as solar photovoltaic, industrial machinery, new medicine and 3D printing have been vigorously developed. 3) Industrial heritage conservation development, service industry-driven development, investment and financing market-oriented operation, such as the Shijingshan model. By taking the Beijing winter Olympics as a development opportunity, the Shijingshan District in Beijing developed and reused the inefficient, idle and obsolete industrial plants to create distinctive national demonstration bases of sports industry, such as the winter sports training base of the national team, air trails and rock climbing bases, while retained the landscape of old industrial zones of Shougang. The focus of regional industrial development has been shifted to five high-end service industries, including modern finance, scientific and technological services, cultural creativity, business services, tourism and leisure. 4) Shiyan model, which enhances the transformation and upgrading of traditionally advantageous industries and extension of industrial chains, and cultivates advantageous emerging industries. With focus on the development of main automobile industries and cultivation of emerging industries, it strengthens the transformation and upgrading of traditionally advantageous industries, extends the automobile industry chain, promotes the transformation of industrial mountain cities to landscape garden cities, and expands and develops industries such as hydropower development, agricultural product processing and biomedicine. Three new automobile industrial parks and seven professional parks have been built, attracting 50 enterprises in the urban area to move to new industrial parks for development. 5) Implementation of the urban transformation strategy in three dimensions, including industry, people’s livelihood and ecological environment. For example, the Shizuishan model focuses on the implementation of urban transformation and development strategy, starting with the cultivation and development of continuous leading industries, transformation and upgrading of traditional industrial chains, and development of circular economy and other aspects, so as to win people’s trust and promote social harmony and stability by improving people’s livelihood, and improve urban living environment by improving the ecological environment. This model lays much emphasis on new materials, equipment manufacturing, calcium carbide chemical industry, metallurgy, new energy, biomedicine and other special industries, as well as vigorously develops modern logistics, cultural tourism, e-commerce and other fast-growing service industries.
2.2 Literature review
To solve the problems of unreasonable industrial structure and environmental pollution caused by the development of traditional industries, the development and reuse of inefficient, idle and obsolete industrial land not in line with economic development have become important issues for many countries to improve the comprehensive competitiveness of cities (Sosnovskikh., 2017; Ahmad et al., 2021). Despite of some differences in the exploration and practice in the relocation and reconstruction of old industrial districts in various countries, the essence of the development and reuse of industrial districts is to improve the regional urban land resource utilization efficiency, industrial structure optimization, infrastructure improvement and urban environment restoration. During the changing process of industrial structure in a country, the resource allocation theory believes that industrial land policy can utilize the differences in information advantage to guide the endowment of resource elements to industries with higher productivity and development rate, so as to improve the use efficiency of industrial land resources. Luo et al. (2022) revealed that effective institutional supply can realize the optimal allocation of urban land resources based on the life cycle management of industrial land. According to the urban renewal theory, urban renewal is a process of “metabolism” from the inside out of the city. The formulation of a series of policies can guide the spatial layout and reconstruction of industrial structure in old urban areas. Obviously, decision-makers have the responsibility to determine the most effective way to promote economic development and transform industrial structure. Upadhyay (2015) believes that developing countries are faced with greater risks of market failure in the process of industrial structure transformation. In general, in the process of urban industrial structure transformation, there are some common problems such as inconsistent policies, low implementation efficiency, insufficient technical support and rent-seeking and corruption, as well as problems such as long transformation time and high cost, which inevitably lead to greater risks and uncertainties of the transformation. Therefore, in the process of relocation and reconstruction of old industrial districts, decision-makers believe that the government should be able to effectively identify and avoid the redevelopment risk of inefficient urban land use through a series of strategic layout such as policy design, implementation and follow-up measures (Verma and Haimanti, 2022; Samford.,2022).
In the complex and dense urban environment in China, there are significant differences in the layout, structure and composition of old industrial districts. Rapid industrialization has prompted China to enter the “post industrialization” era. The complex history, scale and spatial layout of degraded old industrial districts have caused a series of social, economic and environmental problems (Wang et al., 2022; Zhang et al., 2022). Pan et al. (2017) proposed that China’s industrial districts are currently faced with problems such as scarcity of space for industrial structure upgrading and low efficiency of industrial space utilization. In order to alleviate the degradation and irrationality of urban industrial structure, some scholars suggest that planners should take different reconstruction conditions into account when formulating reconstruction policies and regulations in different regions (Lai et al., 2021). Zhan (2019) demonstrated that environmental regulation has an obvious spatial effect and lagging effect on the upgrading of urban industrial structure. Geng (2021) proposed that the government should make better use of market-oriented policies and “creative destruction” mechanism to promote the upgrading of industrial structure. Some studies also indicated that some measures such as strengthening infrastructure construction, technological innovation, financial subsidies and resource allocation could also help to refine the urban industrial structure to some extent (Jiang et al.,. 2020; Su et al., 2021; Yu and Wang, 2021).
3 RESEARCH DESIGN AND DATA SOURCE
3.1 Variable selection
This study uses the panel data of 120 old industrial bases (municipal districts) from 2010 to 2018 before and after the policy promulgation for empirical research. Among them, 21 cities including Beijing, Chongqing, Taiyuan, Dalian, Harbin, Hefei, Nanchang, Jinan, Wuhan, Guiyang, Xi’an, Lanzhou, Zigong, Maoming, Zhuzhou, Luoyang, Xuzhou, Jilin, Tieling, Baotou and Zhangjiakou are classified into the treatment group, and the remaining 99 cities are defined as the control group. The specific geographical distribution is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Distribution map of 120 old industrial base cities (municipal districts).
3.1.1 Explained variables
On the basis of existing research, the upgrading and rationalization of industrial structure are taken as proxy variables to measure the upgrading of urban industrial structure. Advanced industrial structure (AIS) mainly reflects the connotation of industrial structure upgrading. As shown in Equation 1, n represents the primary, secondary and tertiary industry, respectively, and yn represents the proportion of output value of the nth industry in the total output value; the rationalization of industrial structure (Theil) mainly reflects the “input-output” coupling relationship. Li refers to the total output value of all industries in an old industrial base (municipal district), and L represents the number of employees of all industries in an old industrial base (municipal district); Yi refers to the total output value of all industries in an old industrial base (municipal district). The data were derived from China Statistical Yearbook for Regional Economy.
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Note: advanced industrial structure (AIS) is a positive indicator; the closer it is to 3, the more advanced; and the rationalization of industrial structure (Theil) is a negative indicator; the smaller it is, the more reasonable it is.
3.1.2 Core explanatory variables
A cluster of pilot cities for the relocation and reconstruction in old industrial districts are defined as the experimental group. The pilot city is set as 1 and the non-pilot city is set as 0. The interactive term generated by multiplying two dummy variables is the core explanatory variable (did) of this study. The data were derived from the website of National Development and Reform Commission.
TABLE 1 | Policy practices of relocation and reconstruction of old industrial bases (municipal districts).
[image: Table 1]3.1.3 Control variables
This study selects the following indicators as control variables to measure the upgrading of urban industrial structure (as shown in Table 2). The urban economic development level is represented by per capita GDP; the urban population density is expressed by the total urban permanent population/area of the municipal district; the industrial agglomeration degree is measured by the total number of industrial enterprises/urban construction land area; the land marketization level is measured by the total number of industrial enterprises/urban construction land area; the per capita road area is used to represent the infrastructure construction level. The data were from China Urban Yearbook and China Statistical Yearbook for Regional Economy.
TABLE 2 | Meaning, measurement and data source of main variables.
[image: Table 2]3.2 Descriptive statistical analysis
The National Development and Reform Commission set up 21 pilot cities for the relocation and reconstruction among old industrial bases (municipal districts) of China in 2014. The processing group in the benchmark regression of this study include these 21 cites for robustness test. Finally, the panel data of 120 old industrial bases (municipal districts) from 2010 to 2018 were selected for the empirical analysis. The outliers of each variable were identified and eliminated, and the missing value interpolation method was filled in the missing data. The descriptive statistical analysis results of the processed variables are shown in Table 3.
TABLE 3 | Descriptive statistical results of main variables.
[image: Table 3]4 EMPIRICAL STUDY RESULTS AND ANALYSIS
4.1 Parallel trend test
Parallel trend test is the basic premise for double difference evaluation, which means that the upgrading of industrial structure in the control group and the experimental group should be maintained in a stable situation before the implementation of pilot policies of relocation and reconstruction in old industrial districts. The results are shown in Figure 2 and Figure 3. Before the implementation of the pilot policies, the regression coefficient is not significant, indicating that the gap between the treatment group and the control group is not obvious. Given the impact of the relocation and reconstruction policy standards of old industrial areas, the advanced urban industrial structure was remarkably influenced, and the power of promotion continued to grow. The pilot policy has a lagging impact on the rationalization of urban industrial structure. Therefore, the industrial structure upgrading model established in this study passes the parallel trend test.
[image: Figure 2]FIGURE 2 | Parallel trend test of advanced industrial structure.
[image: Figure 3]FIGURE 3 | Parallel trend test of industrial structure rationalization.
4.2 Basic regression results
This study adopts basic regression for the selected variables and the results are shown in Table 4. Model 1) and model 3) are not added with control variables; and model 2) and model 4) are added with all variables. According to model 1) and model 3), the pilot relocation and reconstruction policies for old industrial districts play a significantly positive role in promoting the upgrading and rationalization of urban industrial structure at the significance level of 0.01. The implementation of pilot policies can effectively promote the upgrading of urban industrial structure, accelerate the flow and allocation of various production factors among industries, and thus curb the imbalance of urban industrial structure.
TABLE 4 | Impacts of pilot relocation and reconstruction policies of old industrial districts on the upgrading of urban industrial structure.
[image: Table 4]As shown in model 2), urban economic development level has negative impacts on the upgrading of urban industrial structure at a significance of 0.01. Areas with a relatively high level of economic development will actively carry out pilot projects for the relocation and transformation of old industrial areas, but blindly pursuing the advanced industrial structure will bring about a “structural slowdown” of economic growth. Urban population density and land marketization have positive impacts on the upgrading of urban industrial structure at a significance of 0.01. The relocation and reconstruction policies play important roles in accelerating local economic development and promotion of government officials. Therefore, regions with high economic development levels and better conditions tend to more actively carry out the pilot work of relocation and reconstruction of old industrial areas. Urban population density can reflect the housing demand in urban areas to certain extent. Therefore, provinces with higher urban population densities tend to have greater housing demand. In order to relieve the housing imbalance between supply and demand caused by increasing population, the local government develops and reuses the inefficient, idle and obsolete industrial land for residential land to meet the growing housing demand. Land marketization reflects the utilization efficiency of urban land resources to certain extent. Under the background of the reconstruction of China’s tax sharing system, the local government with higher land marketization degrees behaves better in land function transformation. Revitalization of the inefficient, idle and obsolete industrial land can not only improve land use efficiency and reshape urban land use structure, but also facilitate the healthy and sustainable development of cities.
As descripted in model 4), the urban population density still has a positive impact on the rationalization of urban industrial structure, which is significant at the level of 0.01, indicating that a higher urban population density is more likely to encourage the government to adjust the urban industrial structure to some extent. The degree of industrial enterprise agglomeration also has a positive effect on the rationalization of urban industrial structure at a significance level of 0.05. This may be due to the role of economy in reducing enterprise production cost caused by industrial enterprise agglomeration. From a dynamic point of view, the agglomeration of industrial enterprises is conducive to the improvement of innovation ability and production efficiency of enterprises, thus boosting urban economic development. The infrastructure construction level has a positive impact on the rationalization of industrial structure, which is significant at the level of 0.1. On the one hand, the improvement of infrastructure construction can promote the flow of production factors in various industrial sectors, improve production efficiency, enhance the optimal allocation of industrial structure, and has a strong structural dividend effect. On the other hand, it can alleviate the potential mismatch of market space and reduce the transportation cost. As a result, enterprises tend to have more funds for innovative activities, forming an excellent competition mode, so as to achieve greater diversification and rationalization of urban industries.
4.3 Dynamic marginal effect test
The implementation of relocation and reconstruction policies for old industrial districts is a dynamic and lasting process. With the in-depth implementation of the policies, their impact on the advance and rationalization of urban industrial structure will gradually appear. Therefore, it is necessary to further test the dynamic marginal effect. The year of 2014 is an important node for the implementation of the relocation and reconstruction policies of old industrial districts. Therefore, the time dummy variables from 2014 to 2018 are set as 1 and those of the rest years are set as 0. By introducing time dummy variables respectively into model 2) and model 4), the following equations can be obtained:
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The test results are shown in Table 5. Model 5) and model 7) are not added with control variables. The coefficients of multiplication term from 2014 to 2018 become increasingly significant, whether it be the upgrading of urban industrial structure or the rationalization of industrial structure, demonstrating that the implementation of the relocation and reconstruction policies for old industrial districts can effectively promote the upgrading and rationalization of urban industrial structure. In addition, the implementation of these policies has a certain lag, as revealed by the regression results after the addition of control variables into model 6) and model 8).
TABLE 5 | Dynamic effects of the relocation and reconstruction policies for old industrial districts on the upgrading and rationalization of industrial structure.
[image: Table 5]4.4 Robustness test
In view of the possible non-randomness in the implementation of old industrial districts relocation and reconstruction policies, which violates the principle of random experiments, this study adopts the PSM-DID method to correct the selection error of samples, and selects propensity matching methods such as nearest neighbor matching, kernel matching and radius matching for the matching. The pilot cities with sample investigation period were used as the control group for regression, and the results are shown in Table 6. The difference between the average value of the treatment group and control group is significant at the level of 0.01, indicating high balance and robustness.
TABLE 6 | Robustness test results.
[image: Table 6]4.5 Placebo test
In order to avoid limitation by unobserved factors, this study conducts random sampling of all data the control group and treatment group for a total of 500 times, and carries out basic regression on the samples randomly selected each time. The results are shown in Figure 4 and Figure 5. The average estimated coefficient of industrial structure upgrading and industrial structure rationalization is 0.000, which is not significantly different from the actual estimated coefficients of 0.067 and –0.042, respectively. Therefore, it can be concluded that the unobserved urban characteristics have no impact on empirical test results, and thus the relocation and reconstruction policies for old industrial districts can significantly improve the upgrading and rationalization of urban industrial structure.
[image: Figure 4]FIGURE 4 | Placebo test of advanced industrial structure.
[image: Figure 5]FIGURE 5 | Placebo test of rationalization of industrial structure.
4.6 Regional heterogeneity analysis
To explore the impact of the relocation and reconstruction policies for old industrial districts on the upgrading of urban industrial structure in different regions, this study further classifies the observed values into eastern region, central region, northeast region and western region. The results show that the policies have different effects on the upgrading of urban industrial structure in different regions (Table 7).
TABLE 7 | Regional heterogeneity test.
[image: Table 7]From the perspective of urban industrial structure upgrading, these regions follow the order of western region > eastern region > central region. The western region and northeast region make significantly greater achievements than the eastern region and central region, which may be attributed to the following two reasons. On the one hand, there is a poor coordination between China’s economic development and industrial structure upgrading. When the industrial structure deviates from the economic development level, those regions with lower economic development levels are more likely to have “premature” upgrading of industrial structure (Guo and Liu, 2022). On the other hand, in recent years, the eastern and central regions have continuously deepened the reform on the system and mechanism and reshaped the competitiveness of industrial structure, providing “hematopoietic” function for old industrial bases (municipal districts), so as to enhance the upgrading of urban industrial structure.
From the perspective of rationalization of urban industrial structure, the overall order is central region > eastern region > western region. Compared with that in the eastern region, the pilot policies for the relocation and reconstruction of old industrial districts play a more obvious role in promoting the rationalization of industrial structure in the northeast and central regions, but not in the western region. There may be two reasons for the above phenomenon. On the one hand, these policies have a significant stimulating effect on cities with low economic development levels, and narrow the development gap in industrial structure between regions to some extent. On the other hand, under the influence of urban economic development level, urban population density, industrial enterprise agglomeration degree, infrastructure construction level and land marketization, these pilot policies have rather limited effects to bridge the differences in the upgrading of industrial structure between different regions. They only have such effect in the eastern region and central region, but cannot effectively solve the development problems caused by the unreasonable allocation of industrial structure in the central region and western region.
5 CONCLUSION AND POLICY RECOMMENDATIONS
5.1 Conclusion
This study takes 2010–2018 as the research period and 120 old industrial bases (municipal districts) in China as examples to empirically analyze the impact of the pilot relocation and reconstruction policies of old industrial districts on the upgrading of urban industrial structure based on the double difference model. The results demonstrate that: 1) The pilot relocation and reconstruction policies of old industrial districts play a significant role in promoting the upgrading of China’s urban industrial structure; 2) Urban economic development level, urban population density, land marketization, agglomeration degree of industrial enterprises and infrastructure construction level have significant impacts on the upgrading and rationalization of urban industrial structure; 3) There is certain regional heterogeneity in the impact of these policies on the upgrading of urban industrial structure and the impact follows the order of western region > eastern region > central region. The overall order of the effect on the rationalization of industrial structure is central region > eastern region > western region.
5.2 Policy recommendations
First, the differential path of policies in pilot cities for the relocation and transformation of old industrial districts should be actively explored. In response to the relocation and reconstruction policies of old industrial districts, the local government is supposed to plan advantageous industries in conformity with local development according to the real conditions, determine the orientation of industrial development, and formulate relevant incentive and supporting policies. Besides, it is necessary to grasp the time node to refine the pilot policy plan. On the other hand, full consideration should be given to the coordination of the overall land use plan with regional development, industrial layout, and ecological environment construction, so as to balance the benefits of various parties such as the government, land owners with original property right and market subjects. On the other hand, the government should appropriately adjust special fund subsidies, tax incentives and financial services, enhance the confidence of original landowners, and reduce the cost of development and reuse of market subjects. Moreover, it is necessary to narrow the regional economic gap by promoting the strategic emerging industries to settle in economically backward areas for a more balanced spatial layout, so as to solve the problem of “last mile” in the upgrading of urban industrial structure.
Second, more attention should be paid to the promotion effect of relocation and transformation policies for old industrial districts on the upgrading of urban industrial structure. Most old industrial bases (municipal districts) focus on the development of traditional heavy industries. The relocation and transformation policies for old industrial districts are of great practical significance for the optimization of urban industrial structure. On the one hand, enterprises in old industrial bases (municipal districts) should make flexible use of undertaking transfer, chain extending and technological transformation to guide the division of labor and cooperation in regional development, so as to optimize the spatial layout and promote the coordinated development of regions. On the other hand, the old industrial bases (municipal districts) should focus on developing strategic emerging industries such as optoelectronic information, biological industry, energy conservation and environmental protection, new materials and high-end equipment manufacturing, and incubate new economic growth points.
Third, the successful experience of pilot cities in the relocation and transformation of old industrial districts should be popularized. Cities that have not carried out the pilot relocation and reconstruction of old industrial districts should fully mobilize regional resources to learn from the successful cases. On the one hand, the local government should dynamically adjust the relocation and reconstruction policies of old industrial districts, give full play to the joint efforts of the government, market and society, guide the traditional industries to move closer to emerging industries for the reasonable layout and unified supply, and ensure the strong development trend of urban industrial structure upgrading. On the other hand, according to characteristics of local resources, environment, economy and other aspects, land allocation should be coordinated for relocation and reconstruction of old industrial districts, green land, public infrastructure land and residential land. In addition, it is beneficial to optimize urban functional areas, improve the urban ecological environment, and reinforce the tenacity of urban development.
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The process of improving tourism requires prior determination of the existing offer, as well as assessment of the advantages and weaknesses of the given offer. Upon the analysis, it is possible to improve the tourist offer. This study examined ways in which agro-tourism can be improved, related to the foundation of sustainability. Methodologically, this article involves the use of expert assessment, additionally supported with fuzzy logic based on the fuzzy PIPRECIA and fuzzy MARCOS methods. Using the fuzzy PIPRECIA method, the criteria and sub-criteria were weighted, while the observed agro-tourism facilities in Bosnia and Herzegovina (BiH) were ranked according to the applied fuzzy MARCOS method. The results of the application of the fuzzy PIPRECIA method showed that for experts the most important are economic criteria, then environmental, and the latter important are social criteria. The most important sub-criterion is the quality of services. Out of the six facilities in question, the most appropriate results are achieved at the “Šadrvan” rural household, while the worst outcome is exhibited at the agro-tourism facility, (rural household) “Kovačević.” Sensitivity analysis confirmed these results. The aim of this article was to evaluate the agritourism offer in BiH, taking into consideration these six agritourism facilities. Based on that, it is necessary to determine on what advantages to build agritourism in BiH, and what should be corrected in order to be more competitive. Based on the obtained results, the facilities management should determine which sustainability criteria would need to be improved, as well as on which criteria it is desirable to build a competitive advantage, aiming to advance the tourist offer.
Keywords: agro-tourism, fuzzy logic, fuzzy PIPRECIA, fuzzy MARCOS method, sensitivity analysis
INTRODUCTION
The most of European countries see their chance in the fight against poverty in emphasis of the sustainability of rural areas (Ciolac et al., 2019). The stability of the development of rural areas is realized by applying the principles of sustainability. The emphasis of sustainability is on the application of the values and principles that aim to direct human activities in a liable and coordinated way, considering the ecological and social aftereffects, as like the economic purpose of business (Tseng et al., 2019). The application of the sustainability concept in tourism implies the presence of economic, environmental, and social dimension (Prevolšek et al., 2020) as the primary criteria of sustainability.
As a concept, business sustainability has its application in various economic activities and is very noticeable in tourism. Sustainable tourism, which is applied in many rural areas, could represent the good alternative to exotic touristic destinations abroad (Sanagustin Fons et al., 2011).
During the last couple decades, tourism globally changes its role from “just” one segment of the local economy to one of the key factors of local economic development (development driven by the tourism). Current trends show the building of strong and widely recognized tourist brands (creation of destinations’ image as highly desirable touristic ambient) that will be fully competitive within the targeted market segment (Rabrenović, 2018). Sustainability linked to tourism is usually framed by its large share in created GDP, role of significant employer and provider of silent exporter, influence to balanced regional development, and attraction of FDI (Jeločnik et al., 2013).
On the other hand, agriculture is characterized by instability and unpredictability (Rozman et al., 2009) because the success of agriculture is influenced by many factors that cannot be predicted, such as weather conditions. In addition to the traditional activities in rural territories, farmers are diversifying their activities and introducing the possibility of tourists’ visits to the farms (Villanueva Álvaro et al., 2017). Doing this, farmers affect the development of agro-tourism, which represents a way to strengthen the competitiveness of rural areas (Puška et al., 2020a). Therefore, the presence of tourism in rural areas has effect on the development of given areas, and in order to achieve their development, it is necessary for tourism to be based on the consistent application of the sustainability concept (Weaver, 2014). Agro-tourism represents an alternative, which is interesting to tourists who want to get involved in the implementation of the sustainability of tourist areas (Villanueva Álvaro et al., 2017), as the basis of the tourist offer. During the global pandemic affected by the COVID-19 (since the end of 2019 and throughout 2020), tourists had limited access to tourist destinations abroad, so they are largely focusing on national touristic destinations and facilities, while tourism in rural areas is experiencing a boom.
Agritourism is realized in rural areas and as such belongs to the form of rural tourism, but it is not the only one performed in rural areas. There are two conceptions in the literature that agritourism is actually rural tourism and that there is a difference between these two concepts (Puška et al., 2020a). However, agritourism includes farms, nurseries, and orchards in the tourist offer, and on that occasion the agricultural potentials of these areas are used. It can be said that there are similarities between rural tourism and agritourism, but there are also differences, thus agritourism should not be equated with rural tourism. The World Tourism Organization claims that over the ¾ of the global touristic demand is focused to natural areas. Although it is not precisely specified what share belongs to rural territories (Vukovic et al., 2016), it could be assumed that rural tourism and its varieties possess huge potential. Some estimations show that share of rural tourism ranges from 12 to 30% of the worldwide tourist flow. Over the last 2 decades its annual growth rate (10–15%) over-sizes the growth rate of the entire European tourism product (4–5%), (Ivolga and Shakhramanian, 2019).
As (Jeločnik et al., 2018) argues the rural tourism is often perceived as a vacation in generally driven by the tourists’ aspiration to closely “taste” the certain countryside, available nature, local heritage, tradition, and way of living. It is usually focused to rural settlements. Deeply reconsidered, it could be directly linked to on-farm activities and accommodation offered by the farmer (Jeločnik et al., 2018). Agro-tourism considers the connection of agricultural activities with the tourist offer, when integrated services are provided on farms. Agro-tourism is described as a specific experience that provides tourists with rest and acquaintance with traditional heritage, natural, historical, and cultural sights, and with the possibility of active participation in the implementation of agricultural activities on the farm (Žunić, 2011).
Agro-tourism is linked to the activities that are exercised on farm estate and includes the possibility of active participation of tourists in their implementation. Regarded in such manner, it represents a form of sustainable touristic development of rural areas. Tourists are offered opportunities to get acquainted with the local tradition, customs, and culture, which points to the social aspect of agro-tourism. The environmental aspect of agro-tourism is contained in the introduction to local natural resources, and the tourist offer is based on a serene and intact environment. Tourists are offered local products and visits to various facilities within the area, which realizes the economic aspects of agro-tourism. Based on the aforementioned points, the assessment of the agro-tourism offer must take into account the social, economic, and environmental aspect that a certain facility has at its disposal (Lun et al., 2016) in function of agro-tourism.
Agro-tourism could be considered as a component of farm economic sustainability that derives from the fact that among the other profitable activities linked to the certain farm (such are selling of agri-food products and agro-services, fishery, forestry, and selling of the timber and handicrafts), agro-touristic offer might also appear (Subić et al., 2015). As (Privitera, 2010) highlights many contemporary farmers has extended the basically farm activities to agro-tourism activities as a supplementary income source and new entrepreneurial possibilities to value the agricultural potential. In this context, as it already argued by (Privitera, 2010), they find several benefits in implementing agro-tourism, such as strengthening of farm stability and initiation of overall economic impact to local rural community (primarily by affecting the local unemployment and fulfilling the local budget), promoting the educational and certification programs that will engage the young people to farming and nature (Privitera, 2010).
In Bosnia and Herzegovina (BiH), it is being progressively invested in the improvement of the agro-tourism offer (Puška et al., 2020a). On the other hand, the offer is still quite scarce and should be subjected to more intensive development. A good example is either Italy, where over 23,000 farms offer agro-tourism services, which have effect on the generation of income of more than a billion euros per year on these farms (Palmi and Lezzi, 2020), or Poland, where in 2016 agro-tourism services were provided on more of 8,200 farms (Roman et al., 2020). Compared to these countries, agro-tourism in BiH is in its infancy. On the other hand, understanding the farms in BiH, before all those one involved in agro-tourism, as some kind of SMEs active in rural areas, it should be noticed that although they are among the key factors responsible for rural areas development, they are also affected by the lack of local population and its unfavorable age and educational structure, making the rural territories less attractive for living and entrepreneurial ventures (Zubović et al., 2019).
The main goal of this study is to evaluate the agro-tourism offer in BiH. The research would realize the capacity of the current agro-tourism offer in BiH from the perspective of sustainability, determine its pros and cons, and then give certain recommendations for the viable development of observed sub-sector. Research outcomes are both in function of improving the current offer, and directing new providers of agro-tourism services toward the elements of sustainable development that would strengthen rural areas in BiH. The research should provide answers to the following questions:
1) What are the available capacities of the current offer of sustainable agro-tourism in BiH?
2) What should the observed capacities in agro-tourism adjust in order to improve their business?
3) On what basis should the future agro-tourism offer in BiH be developed?
LITERATURE REVIEW
An intensive review of the available literature identified theoretical gaps, so an overview of existing analytical methods and possible evaluation attributes is given.
Sustainable agro-tourism
Agro-tourism represents a diverse offer of carrying out agricultural activities, most often on small- and medium-sized farms (Giaccio et al., 2018). Agro-tourism is not such a new phenomenon in the global tourist offer, as this category has been practiced since the beginning of the XX century (Gil Arroyo et al., 2013). Agro-tourism has taken advantage of the diversity of agricultural activities carried out on the farm by adapting them to the requirements of tourists. Agro-tourism is the integration of agriculture and tourism. It is representative, but not the only form of rural tourism, that is, tourism that occurs within the rural areas (Puška et al., 2020a). Agro-tourism is a form of multifunctionality in the agriculture, which presupposes the preservation of rural landscapes and biodiversity, whereby has an effect on the strengthening of employment and provides sustainability to rural territories (Palmi and Lezzi, 2020). The idea of agro-multifunctionality deeply involves rural development and agroecology, using thus agriculture as a generator of rural economy and local community development (Lopez i Gelats et al., 2015). Farmers use this multifunctionality in order to make full integration of farm revenues and to boost tourist awareness of the role of agriculture in preserving the available environment, natural resources, cultural heritage, traditions and customs, and local identity within the rural territories (Giaccio et al., 2018; Puška et al., 2020a). In any case, agro-tourism is a multilayered and highly differentiated issue that is usually impacted by the characteristics of certain rural territory and used the mechanism that links the offered tourism products with available local resources (Mastronardi et al., 2015).
Likewise, agro-tourism provides different recreational activities and tourist services, both on and off the farms, either during the season or throughout the entire year (Roman et al., 2020). It uses the available natural resources of the farms and rural areas, and through social interaction transforms them into a unique tourist offer, creating certain economic benefits. Although the original definition of sustainability is quite broad, it primarily implies three aspects: socio-cultural, environmental, and economic sustainability (Valdivia and Barbieri, 2014). In recent decades, with aim to grow and develop independently, agro-tourism has given priority to sustainability, rounding off all three dimensions of sustainability of farms and rural communities into a single plane (Tseng et al., 2019; Adamov et al., 2020). Therefore, the basic preconditions of sustainable development of agro-tourism are the attractiveness of rural areas through synergetic action and optimal use of the available natural, social, and economic factors (Ammirato and Felicetti, 2014; Roman et al., 2020).
Essentially, the agro-tourism service is focused on three key characteristics, the active stay of tourists on the farm, their contact with agriculture, and the level of previous experience of tourists with carrying out the activities on the farm (Phillip et al., 2010). Tourists stay on the farm for relaxation, enjoyment, educational effect, and active participation in the work process (Puška et al., 2020a). Through social contact with the farmer, tourists deepen their knowledge, and through active participation in daily work, a sort of occupational therapy, they directly influence the economic strengthening of the given farm. Agro-tourism is among the rare features of non-agricultural activities that initiates the progress of agriculture (Roman et al., 2020).
Tourism development should be based on the principles of sustainability (Prevolšek et al., 2020). Sustainable tourism implies the establishment of a relationship between tourism, environmental protection, and economic interests (Županović and Krivokapić, 2020). Agritourism needs to be implemented by respecting the pillars of sustainability. They are economic, social, and environmental factors. When applying agritourism, it is necessary to take advantage of the ecological conditions that prevail in rural areas. Moreover, the population of these areas should be included as much as possible in its implementation. Agritourism has the potential for sustainability, but this needs to be further emphasized in this type of tourism. By applying the principle of sustainability, agritourism is used to promote sustainable development, local culture and customs and not only for the economic affects that will be obtained from the application of this type of tourism (Puška et al., 2020a). The development of sustainable agritourism in a certain area should not be viewed individually but within the subsystem of overall sustainable development of the country (Županović and Vulević, 2019). Sustainability should therefore be applied in all types of tourism and not only in agritourism in order to achieve certain tourism developments in a country.
METHODOLOGY
Initial methodological assumptions
The evaluation of the current agro-tourism offer in BiH would be carried out with the help of expert assessment. In this way, the knowledge and skills of available human capital would be best used to assess agro-tourism capacities in BiH. The assessment would provide a basis for deriving recommendations for improving the existing agro-tourism offer for all interested parties. The methodological framework for evaluating the sustainability of agro-tourism presupposed the application of an innovative and extended assessment of a fuzzy logic model. Precisely, an integrated new hybrid approach bases on the two fuzzy methods: PIPRECIA method (PIvot Pairwise RElative Criteria Importance Assessment) and MARCOS method (Measurement of Alternatives and Ranking according to COmpromise Solution) were proposed and applied. In this process the calculus for the fuzzy PIPRECIA and fuzzy MARCOS methods were integrated and performed via the Microsoft Excel spreadsheet program. Thus, this methodology extends and develops an integrated planning approach of using the fuzzy logic based on applying the hybrid PIPRECIA and MARCOS methods as in (Puška et al., 2021a) for improving the sustainable agro-touristic offer in Bosnia and Herzegovina. Thus, this methodology extends and develops an integrated planning approach of using the fuzzy logic based on applying the hybrid PIPRECIA and MARCOS methods as in (Puška et al., 2021a) for improving the sustainable agro-touristic offer in Bosnia and Herzegovina. By the use of a fuzzy approach and linguistic values, the assessment would be closer to the human way of thinking.
From the methodological approach perspective, the research and its nearing to human thinking was relied to the use of fuzzy logic, specifically the fuzzy PIPRECIA and fuzzy MARCOS methods. By integrating these methods, the assessment of the existing agro-tourism offer on randomly selected accommodation capacities was performed. The methodological framework of the assessment was applied over the four phases (Table 1).
TABLE 1 | Methodological framework.
[image: Table 1]The initial phase of the research includes the definition of the subject and goal of the research (presented in the introductory notes of this article). Research in relation to this article was conducted during the period August–September 2020. As the aim of the study was to evaluate the agro-tourism offer of BiH, which requires an expert assessment, three participants with different expertise were selected in the expert group (two experts with background in rural development and one in tourism). All experts possess a long-term experience verified through participation in various rural tourism development projects. It was planned to include more experts in the research, but due to the pandemic caused by the COVID-19 virus, three experts were included who were able to visit these destinations. Together with the experts, a selection of criteria for assessing the sustainability of agro-tourism facilities was made (Table 2), and according to the aspects of sustainability, the criteria were grouped around the economic, environmental, and social impacts. Subsequently, in order to even out the selected criteria by importance, they were assigned the same number of sub-criteria (six sub-criteria each).
TABLE 2 | Decision criteria.
[image: Table 2]Afterward alternatives, that is, farms focused on agro-tourism, were expertly selected, which were evaluated by the use of selected criteria (six farms were selected), and based on which an assessment of the current state of sustainability of agro-tourism offer in BiH was given. It should be noted that the non-existence of a single register of agro-tourism capacities in BiH conditioned the formation of a primary set, which was based on the register of agro-tourism facilities found on the websites alterural.ba and bhselo.ba, which are tools for the promotion of villages and tourism in BiH. The primary set consisted of 27 rural households that also provide tourist services. The facilities were at first listed alphabetically, and a sample of six facilities was subsequently selected using a random number generator. These facilities are: agro-tourism Matuško (A1), rural household Čardaklije (A2), rural household Ibrišimović (A3), rural household Kovačević (A4), rural tourism Ziličina (A5), and rural household Šadrvan (A6) (Figure 1).
[image: Figure 1]FIGURE 1 | Area of the reviewed agritourism facilities in BiH. Source: authors’ own processing based on Tešanj (2022).
Upon definition of the criteria and alternatives, an adequate questionnaire was developed as well, which consisted of two parts, and were given to the experts to fill them in. The first part of the questionnaire was in the function of determining the weight of the main criteria of the model. As the fuzzy PIPRECIA method is used for this purpose, the experts evaluated the primary and sub-criteria, according to the first–last criterion method. The weight of the expertise lies in the subjective decision whether the (sub) criteria are better or worse than the first or last criterion. The second part of the questionnaire was in the function of evaluating alternatives with defined sub-criteria. As six sub-criteria for each of the primary criteria were included in the research, the evaluation of alternatives was based on the sum of 18 sub-criteria. The expert assigned a certain linguistic value to each alternative, according to an individual sub-criterion. Experts looked at alternatives based on sustainability criteria and gave each one of them certain ratings from very bad (VB) to very good (VG), depending on how they applied sustainability in their business. Through the second phase of the research, the weight of individual criteria and sub-criteria was determined. Upon the evaluation of the criteria, their value was determined by the fuzzy scale. Then, as the research included three experts, the mean values for each criterion were calculated to give each expert equal importance in decision-making. This was followed by the application of the fuzzy PIPRECIA method, in which the weights of the main and auxiliary criteria were calculated. The final weights were obtained by the product of the weights of the main and auxiliary criteria.
The third phase of the research assumed the ranking of agro-tourist facilities/capacities. The phase was initiated by forming of an initial decision matrix based on expert responses. Experts rated each facility with a linguistic value, ranging from very bad (VB) to very good (VG), by the use of seven degrees scale. Upon collection of the linguistic values, they were transformed into the corresponding fuzzy numbers, determined by the membership function of the fuzzy number (Table 3). Afterward, the mean values of fuzzy numbers were calculated, which harmonized the views of experts for individual agro-tourism capacities. This is how the initial decision matrix was formed, which was subsequently expanded, normalized, and weighted. The process of weighting of the normalized decision matrix is carried out by multiplying the normalized values with the appropriate weights for individual sub-criteria. This activity is followed by the steps of the fuzzy MARCOS method, that is, ranking of alternatives.
TABLE 3 | Fuzzy number membership function.
[image: Table 3]As like in some previous research (Puška et al., 2021), the fourth phase involves the sensitivity analysis je provedena evaluacijom rezultata I poređenjem sa rezultatima dobivenim drugim metodama te provođenjem 19 scenarija.
Fuzzy logic and operations on fuzzy numbers
Classical logic is applicable only in working with accurate and complete information. If we have inaccurate or incomplete information, fuzzy logic is used, in which it is first necessary to determine the membership function [image: image] (Stojić et al., 2018). The membership function shows how much an individual element fulfills the condition of belonging to set A (Klement and Mesiar, 2018). In classical logic, the membership function [image: image] can take only two values, one and zero, while in fuzzy logic it can take any value in the interval from zero to one (Chatterjee et al., 2019). Therefore, if the statement has “more truth” it will to a greater extent meet the conditions of belonging to set A, that is, 0≤ [image: image] ≤1 will be valid for each element from set A. The application of fuzzy logic in practice is often called fuzzification. The commonly used form of triangular fuzzy numbers is visible in next figure (Figure 1 and Figure 2).
[image: Figure 2]FIGURE 2 | Triangular fuzzy numbers. Source: based on the study by (Božanić et al., 2016).
Mentioned numbers take the form T (m1, m2, m3) (Zhang et al., 2013). First and third values (m1 or m3) reflect the left or right distribution of the confidence interval of fuzzy number T, while second value (m2) points the spot where the fuzzy number membership function reaches the maximum, that is, equals to 1 (Božanić et al., 2016; Chatterjee et al., 2019).
Over two fuzzy sets [image: image] and [image: image], it is possible to perform basic mathematical operations (Vesković et al., 2020):
Addition:
[image: image]
Subtraction:
[image: image]
Multiplication:
[image: image]
Division:
[image: image]
Fuzzy PIPRECIA method
The PIPRECIA methodological framework is established by (Stanujkić et al., 2017). Its advantage over similar methods is possibility of criteria assessment without prior sorting by significance (Stević et al., 2018). The method shows certain advantages in the case of group decision-making (Đalić et al., 2020). The application of the fuzzy PIPRECIA method involves the following steps (Nedeljković et al., 2021a):
Step 1: forming a set of criteria for comparison and nominating a decision-making team. The criteria are not classified.
Step 2: each expert estimates the criteria individually, first by evaluating the other criteria with the first one, determining their importance in relation to the first criterion. When comparing, it is necessary to ensure that the defined value scales do not have a value of two. If the decision maker estimates that the value of other criteria is greater than the value of the criterion, used for direct comparison, they are assigned a value in the range between 1 and 2, or if a value is less than the value of criterion, they are assigned a value in the range between 0 and 1 (Expression 5).
[image: image]
In which [image: image] indicates the assessment of the criteria by the rth expert.
Obtaining the matrix [image: image] requires the calculation of the average matrix [image: image], by using a geometric mean. Experts assess the criteria based on previously determined scales (Stević et al., 2018).
Step 3: determining the coefficient [image: image]
[image: image]
Step 4: defining the fuzzy weight [image: image]
[image: image]
Step 5: defining the criterion’s relative weight [image: image]
[image: image]
Next steps require application of the inverse methodological framework to the fuzzy PIPRECIA method, when comparing the criteria with the last criterion, while calculating the values of their weights. Therefore, step 6. assumes comparing the criteria with the last criterion.
[image: image]
Generating a matrix [image: image] requires calculating the average matrix [image: image], with the use of geometric mean.
Step 7: defining the coefficient [image: image]
[image: image]
Step 8: defining the fuzzy weight [image: image]
[image: image]
Step 9: defining the relative weight of the criterion [image: image]
[image: image]
Determining the final weight of the criteria (step 10) requires the defuzzification of the fuzzy values [image: image] and [image: image].
[image: image]
Fuzzy MARCOS method
The MARCOS method was established by Stević et al. (Stević et al., 2020). This method uses compromise ranking in relation to the ideal (AI) and anti-ideal solution (AAI) (Nedeljković et al., 2021b). Based on that, the utility function is used to rank alternatives (Puška et al., 2020b). The best alternative is the closest AI, that is, simultaneously the furthest from the AAI (Stević and Brković, 2020). A fuzzy version of the MARCOS methodological framework was established by Stanković et al. (Stanković et al., 2020). The application of the MARCOS method is described through the next steps (Puška et al., 2021):
Step 1: creation of the initial fuzzy decision matrix (IFDM).
Step 2: extending the IFDM by adding anti-ideal (AAI) and ideal solutions (AI). AAI is mathematically expressed as:
[image: image]
AI is expressed by the following expression:
[image: image]
Symbol B reflects to the advantage of criterion that requires maximization. In the contrary, symbol C reflects to the cost of the criterion that requires minimization. Through step 3, the IFDM is normalized, and depending on the criterion, one of the following expressions is used:
[image: image]
[image: image]
In this expression, the first, second, and third fuzzy numbers are represented by l, m, and u, respectively.
Step 4: weights the normalized decision matrix, which is expressed by the next formula:
[image: image]
Through step 5, the determination of the Si matrix is performed, which considers the summing of all alternative’s values, covering both AAI and AI. It is represented by the following formula:
[image: image]
Step 6: assumes determining of the degree of usefulness Ki in relation to AAI and AI, applying the next formula:
[image: image]
[image: image]
In the following step 7: the fuzzy matrix [image: image] is calculated by the following expression:
[image: image]
Then the value of the fuzzy number [image: image] is determined with the expression:
[image: image]
Through step 8, the fuzzy numbers go through defuzzification by the following expression:
[image: image]
Step 9 defined the utility function f(Ki), by aggregating the several utility functions in line to AAI and AI.
1) Utility function related to anti-ideal solution (AAI)
[image: image]
2) Utility function related to ideal solution (AI)
[image: image]
Step 10: determines the final utility function:
[image: image]
During step 10. the ranking of alternatives is performed. The best alternative takes the highest value. In contrary to that, the worst alternative obtains the lowest value.
RESEARCH RESULTS
According to the previously defined methodological framework, first the weight of the criteria and sub-criteria is determined by the fuzzy PIPRECIA method, followed by the ranking of selected agro-tourism facilities. The example of the main criteria will further explain in more detail, the use of this method. Initially, each of the experts, that is, decision makers (DM), evaluates the main criteria by mutually comparing them with the first criterion (Table 5). In order to obtain aggregate scores for each DM, a geometric mean (GM) was used, according to which the same importance was given to each of the experts. Then, the main criteria are evaluated by the inverse fuzzy PIPRECIA method, where the criteria are compared with the last criterion (Table 4).
TABLE 4 | Assessment of the key criteria using the fuzzy PIPRECIA method.
[image: Table 4]Upon calculating the average grades by the experts, using the geometric mean, the other phases of the PIPRECIA method are performed. The final values of the weights of the key criteria are calculated by applying Expression 13 i.e.
Results which show that the expert assessment assigned the highest value to the economic criterion (w = 0.355), then follows the ecological criterion (w = 0.337), and the lowest importance to the social criterion (w = 0.314) were obtained. As there is no significant difference between the observed weights, it cannot be said that some of the criteria are substantially more important than other criteria.
The next step is to calculate the weight of the sub-criteria. Based on the expert assessment, Table 5 is formed, and the steps of the PIPRECIA method are performed.
TABLE 5 | Evaluation of sub-criteria by fuzzy PIPRECIA method.
[image: Table 5]The results show that in the code economic criteria the greatest importance, according to experts, was given to sub-criterion C12 - quality of services (w = 0.166), while the least importance was given to sub-criterion C14 - traffic connection (w = 0.149). In the group of environmental criteria, the greatest importance is assigned to sub-criteria C23—the quality of natural resources and C24 - cleanliness and tidiness (w = 0.162), while the least important is given to the criterion C21 - geographical characteristics (w = 0.153) (Table 6). In the group of social criteria, the experts gave the greatest importance to the criterion C35 - accessibility of tourist attractions (0.161), while the least importance belongs to the criterion C32 - learning about traditions and customs (w = 0.152). Weights are used to rank alternatives using the MARCOS method.
TABLE 6 | Weight values of sub-criteria.
[image: Table 6]The next step is to evaluate the value of the alternatives based on the observed sub-criteria via the linguistic value (Table 7). The linguistic values are then transformed into fuzzy numbers using the affiliation function (Table 3). Then the obtained values for alternatives are averaged according to the pre-defined (sub) criteria, that is, IFDM is established (the first step of the implementation of the fuzzy MARCOS method). After that, the steps of the fuzzy MARCOS method are performed, that is, formation of the initial decision matrix, normalization of this uterus, expansion with AI and AII, and aggravation of normalized fuzzy numbers.
TABLE 7 | Initial (starting) decision matrix.
[image: Table 7]This is followed by the calculation of utility functions, then followed by defuzzification of the maximum values of the fuzzy numbers and calculation of the values for dfcrisp (dfcrisp = 2.22). The final utility function is then calculated (Table 8).
TABLE 8 | Defuzzification and final results.
[image: Table 8]The calculated values for the final utility function allow the ranking of the observed alternatives. The obtained results show that, according to the expert assessment, the best ranked alternative is A6—rural household “Šadrvan,” while the worst ranked alternative is A3—rural household “Kovačević.” In order to determine the advantages and disadvantages of the observed alternatives, which would be used for providing a competitive advantage, a sensitivity analysis is conducted.
Sensitivity analysis
The first step of sensitivity analysis is to evaluate the results with other MCDA (multiple-criteria decision analysis) methods. The second step is described by the values presented in Table 9, which differentiates good and bad characteristics of the observed agro-tourism capacities.
TABLE 9 | Sensitivity analysis scenarios.
[image: Table 9]As in some previous research based on the same methodological framework (Puška et al., 2021), the realization of the first step of the sensitivity analysis included six fuzzy methods and that: WASPAS (weighted aggregated sum product assessment), fuzzy SAW (simple additive weighting technique), fuzzy MABAC (multi-attributive border approximation area comparison), fuzzy ARAS (additive ratio assessment) and fuzzy TOPSIS (technique for order performance by similarity to ideal solution). (Puška et al., 2021). The results show that there is no difference in application of the different fuzzy methods considered, and the ranking is maintained the same for all methods applied, which comes in line and confirm the results of the fuzzy MARCOS method application (Figure 3).
[image: Figure 3]FIGURE 3 | Ranking of the alternatives using different fuzzy methods. Source: according to authors calculations.
The realization of the second step of sensitivity analysis uključuje 19 scenarija. Najprije je određenom kriteriju data važnost veća šest puta (privih 18 scenarija) te je svim kriterija data ista važnost (19-ti scenario) (Table 9). Rangiranje alternativa sa ovim scenarijima se vrši koristeći metodu fuzzy MARCOS.
The results show that there are different rank orders of alternatives (Figure 4). In the tested circumstances, the alternative A6 shows the best values of indicators in 14 scenarios, and retains the first place in the ranking. The mentioned alternative showed the highest sensitivity in the implementation of scenarios 8 and 18, when it was ranked as third. On the other hand, alternative A6 cannot affect sub-criterion C22—availability of natural resources, but can take certain actions to make the best use of certain advantages that would make natural resources available to visitors of this agro-tourism facility. Primarily, it is necessary to work on improving the environmental conditions and maintaining the tidiness of the farm environment. These activities must be carried out in coordination with the local self-government, given that the improvement of the agricultural environment (alternative A6) is directly related to the complete space and available natural resources of the local rural community. There is a need to invest in the development of available offer in alternative A6, as well as strengthening its connections to the local community, which was a negative side of the alternative stemming from scenario 18. Also, improving the quality and attractiveness of the rendered services would increase the participation of tourists in everyday work on the farm, and an alternative would secure the first place in the rankings in all scenarios.
[image: Figure 4]FIGURE 4 | Ranking of alternatives upon conducting sensitivity analysisSource: according to authors calculations.
Alternative A5 was ranked as the first in four scenarios, showing the best characteristics related to the landscape, attractiveness of services offered to the tourists, the participation of tourists in agricultural activities and the impact on local community development. The biggest disadvantage of the A5 alternative is related to the presence (lack) of local events. In order to strengthen its offer and the attractiveness, the A5 alternative should benchmark the offer of the A6 alternative, adopting all its advantages. In the group of observed alternatives, alternative A4 showed the highest sensitivity to changes in the weight of the sub-criteria. It showed the best results in scenario 8, primarily the best availability of natural resources, but generally showed that tourists do not participate sufficiently in agricultural activities, which is most obvious in scenario 16. It should be noted that alternative A3 showed the worst results in the largest number of the developed scenarios. According to the expert assessment and based on the conducted analyzes, the observed agro-tourism capacities ought to gain the mutual insight in the current offer of individual alternatives, in order to influence the sustainable improvement of their offer and business results by selecting and copying the best solutions.
DISCUSSION OF THE RESEARCH RESULTS
Sustainability criteria were used during the evaluation of the offer of agro-tourism in BiH, with three main criteria being applied, which were later individually broken down into six sub-criteria. In this way, the quality of sustainability of the agro-tourism offer in BiH was regarded. Based on the expert assessments, two sub-criteria in the observed agro-tourism facilities stand out, namely, C15 (accommodation capacities) and C25 (landscape), which must be regarded as crucial when promoting available tourist services. This is supported by the fact that BiH has a great natural wealth, which can be used by more aggressive tourism promotion (Puška et al., 2019). On the other hand, a significant negative deviation in the assessment was shown in sub-criterion C36 (impact on community development), which is explained by the underdevelopment of the agro-tourism offer in BiH, as opposed to some other countries, such as Italy (Palmi and Lezzi, 2020) or Poland (Roman et al., 2020), in which this type of tourism is quite widespread.
From the perspective of further development of this type of tourism in BiH, there is a need for significant public support. First, through subsidies and donations, farmers should be helped to make better use of available resources, and to diversify their activities toward the tourist services, since with the expansion of the farm’s portfolio of activities the sustainability and competitiveness of rural areas strengthens as well (Puška et al., 2020a). Therefore, the diversification of agricultural activities should be strongly linked to the principles of sustainability that would simultaneously have effect on the economic growth of a country (in this case BiH) and reducing poverty of the local population (Ciolac et al., 2019), while considering proactive approach to preserving available natural resources of BiH. With the increase of the local agro-tourism offer, the growth of the impact on the development of local rural communities can be expected. With the currently available agro-tourism facilities, this impact is quite weak, resulting in criterion being rated lower.
Upon the analysis of grades of all sub-criteria of some of the basic criteria for all agro-tourism facilities, it is suggestive that the best grades are assigned to environmental criteria, followed by economic criteria, that is the worst were assigned to social criteria. For this reason, it is necessary to strengthen the social criteria in all agro-tourism facilities, which would lead, with the existing level of environmental criteria, to a more complex and noticeable step forward in the rural development (Prayukvong et al., 2015), and consequently would improve the economic criteria, which would further have effect on the quality and intensity of development of rural areas in BiH.
Within the group of social criteria, those aimed at organizing events in rural communities and active participation of tourists in the implementation of agricultural activities during their stay on the farm, should particularly be strengthened (this would make their stay more attractive and dynamic) (Barbieri, 2013). The aforementioned point reflects the direct support of agro-tourism in preserving the local identity, traditions, and customs of a given rural area (Puška et al., 2020a).
The basis for the development of agro-tourism in BiH should be contained in the available environmental characteristics of the facilities in offer. Therefore, it is necessary to direct the promotional activities toward highlighting the available natural resources of BiH, and subsequently toward the development of social capital, which is active in agro-tourism.
The results of the research resulted from the integration of two fuzzy methods, which have not been used synergistically in previous research (the fuzzy MARCOS method has not been used hybridly with the fuzzy PIPRECIA method before). Subsequent sensitivity analysis proved that this innovative methodology does not deviate from the previously used fuzzy methods in terms of the results. With the change of the weights of the sub-criteria, results were obtained, which show that the best characteristics are possessed by the A5 and A6 facilities, and that they should serve as an example to other facilities, in their efforts to advance their offer. Also, the performed sensitivity analysis marked those characteristics of individual facilities, which need to be further improved or used more intensively in order to attract new tourists.
The development of the available agro-tourism offer in BiH requires additional investments, primarily in the construction of infrastructure (mainly traffic infrastructure). An integrative approach to the improvement of the agro-tourism offer simultaneously requires additional investments in marketing activities (above all, more informative and meaningful acquaintance of tourists with the potentials and possibilities of this type of tourism). The presence of natural resources in BiH has been proven, which should have a more noticeable function in attracting additional tourists. All this requires a symbiotic response from the local rural communities that would support an increase in available accommodation capacity.
CONCLUSION
Each country strives to improve the available rural areas by consistently applying the concept of sustainability. In conditions of agricultural instability, with the aim of business sustainability and income stabilization, in order to survive, farmers usually resort to diversification of their activities, introducing in some cases the possibility of visits of the tourists to the agroturističkim objektima. The article presents one of the ways of expert assessment of the state of an activity (specifically agro-tourism), with the application of fuzzy logic, which could later be used to improve this activity. For this purpose, a hybrid methodological framework has been developed, which included the application of the fuzzy PIPRECIA (determination of weights of main and sub-criteria) and fuzzy MARCOS methods (ranking of selected agro-tourism capacities). The research included six out of the 27 available agro-tourism facilities. An expert assessment based on sustainability criteria ranked the observed facilities. The best results were exhibited by the rural household “Šadrvan,”and the worst by the rural household “Kovačević.” The obtained evaluation results were confirmed through the application of other MCDA methods, as well as through the sensitivity analysis (proof of the relevance of the sustainability assessment using the fuzzy MARCOS method).
According to the expert assessment and the sensitivity analysis, the necessary portfolio of information was obtained, which may be used in the function of improving the sustainability of agro-tourism in BiH. Each of the observed tourist capacities should be aware of its advantages and disadvantages that it needs to correct in order to strengthen its competitiveness and business results. Of course, facilities that were not included in the research can use the obtained results in order to achieve above-average business results. They could simply compare their own to other people’s tourist offer, and in relation to the indicators of ranked agricultural objects, determine their place on the market and available maneuver space for potential improvements. BiH has good economic and environmental factors, but social factors need to be improved. In order to implement sustainability in the operation of agritourism facilities, greater involvement of the local population is needed in order to connect this offer with local producers and tourists, and then offer these products. Tourists should be more involved and organize visits to orchards or vegetable gardens where they would participate and get acquainted with agricultural activities in the area.
In line with the high level of flexibility of the used methodological framework, future research can be focused on assessing the sustainability of another sub-segment of the economy, by making necessary modifications to the model, that is, adjusting the selected evaluation criteria to the specifics of the research activity and research goals.
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Many studies have established the correlation between crop residual burning (CRB) and air pollutants such as particulate matter (PM) pollutants. However, few studies have compared CRB’s correlations with all major air pollutants, including PM with aerodynamic diameters less than 10[image: image] ([image: image]) and 2.5 [image: image] ([image: image]), sulfur dioxide ([image: image]), nitrogen dioxide ([image: image]), ozone ([image: image] and carbon monoxide ([image: image]), during open-field CRB seasons. This study monitored daily CRB spots from 2015 to 2016 in China, together with daily concentrations of [image: image], [image: image], [image: image], [image: image], [image: image], and 8 h average [image: image] provided by the China National Environmental Monitoring Center. Temporal changes in air pollutant concentration at the provincial level and spatial contributions of CRB to air pollution at the monitoring-site level were analyzed. The results indicated that the decrease in CRB from 2015 to 2016 probably led to a decrease in the mean air pollutant concentration and maxima; it also probably led to more outliers at the provincial level in the CRB seasons, especially in Heilongjiang, Jilin, and Liaoning. Spatial contributions suggest that the Heilongjiang, Jilin, and Liaoning provinces experienced a regional increase in the concentrations of almost all major air pollutants during the CRB seasons. In Heilongjiang, Jilin, and Liaoning, 67.88%, 72.12%, 80.00%, 77.58%, and 69.09% of the monitoring sites recorded higher concentrations of [image: image], [image: image], [image: image], [image: image] , and [image: image], respectively, in the winter CRB season of 2015 compared to other periods. In contrast, in other provinces with fewer and more widely distributed CRB spots, only the monitoring sites close to or on CRB spots experienced increases.
Keywords: crop residue burning, MODIS, major air pollutant, China, spatiotemporal changes
1 INTRODUCTION
Owing to rapid economic development over the past three decades (Chen and Xie, 2014), China has experienced severe and persistent air pollution (Li et al., 2020). Air pollution is associated with severe health risks and has attracted considerable attention from the public and government (Shen et al., 2020). Both gaseous pollutant and particulate matter (PM) levels in the urban areas of China have significantly increased in the recent past (Ma et al., 2019; Wu et al., 2019). PM, including [image: image] and [image: image] (aerodynamic diameter of the particle equal to or less than 2.5 and 10 μm, respectively), and super-dispersed particles and gaseous pollutants, such as sulfur dioxide ([image: image]), nitrogen dioxide ([image: image]), carbon monoxide ([image: image]), and ozone ([image: image]), increase the risk of cardiovascular and respiratory diseases and, subsequently, mortality (Peng et al., 2009; Xu et al., 2016; Hwang et al., 2017; Filonchyk et al., 2018; Shen et al., 2020). In recent years, the Chinese central and local governments have introduced many laws and regulations to decrease primary emissions and improve urban air quality (Chen et al., 2013; Yin et al., 2017a; Tilt, 2019). Among them, the Five-year Air Pollution Prevention and Control Action Plan (known as the “Ten air pollution prevention and control measures”) released in 2013 by the China State Council is the most popular setting target, specifically for the reduction of air pollution before the end of 2017 in most polluted cities across China (Wang et al., 2014).
Owing to these efforts, air quality in many urban centers in China has begun to show marked and sustained improvement (Silver et al., 2018; Li et al., 2019; Tilt, 2019; Zhai et al., 2019). A large body of literature has confirmed that annual average concentrations of [image: image] and some gaseous pollutants have significantly decreased, especially since 2013 (Lv et al., 2016; Geng et al., 2019; Ma et al., 2019; Shen et al., 2020). He et al. (2017) found that the annual average concentrations decreased by 5.3%, 4.9%, 11.4%, 12.0%, and 21.5% for [image: image], [image: image], [image: image], [image: image] , and [image: image], respectively, but increased by 7.4% for [image: image] in 2015 in major Chinese cities. Li et al. (2017) analyzed the spatial and temporal variations of [image: image], [image: image], [image: image], [image: image], [image: image] and [image: image] in 187 Chinese cities from January 2014 to November 2016 and found that [image: image], [image: image], [image: image], [image: image] and [image: image] concentrations had decreased. Furthermore, an unprecedented decrease in the concentrations of five major pollutants, except [image: image] in Beijing (Maji et al., 2020), has also been detected by researchers.
As a significant air pollutant, crop residue burning (CRB) in open fields is among the most important contributors to short-term and severe air pollution in China (Li et al., 2010; Tao et al., 2013; Ni et al., 2017); China accounts for 17.9% of the global crop straw production (Yin et al., 2017b). The country has suffered from intensive open CRB on a large scale for a long time (Chen et al., 2017). According to estimates, China produced 630 million tons of crop residue from 1995 to 2005; on average, one-third of it remained unused, most of which was burned in fields (Liu et al., 2008; Wang et al., 2013; Qiu et al., 2014; Hou et al., 2019). Studies have reported that despite the Chinese government’s proposed regulations and laws to prohibit CRB, the total amount of CRB in China has continuously increased from 2001 to 2018 (Cao et al., 2006; Yan et al., 2006; Huang et al., 2012a; Zhuang et al., 2018b; Yin et al., 2021). Thus, it is essential to determine the impact of CRB on air pollution.
Many studies have demonstrated that periods of significant CRB or biomass burning lead to an immediate increase in [image: image] and [image: image] concentrations (Li et al., 2010; Tao et al., 2013; Zhang et al., 2016; Yin et al., 2017b; Ni et al., 2017). For example, Li et al. (2010) found that agricultural biomass burning in northern China significantly contributed to the haze between June 12 and 20 in Beijing. Yin et al. (2017b) analyzed the correlations between CRB spots and concentrations of [image: image], and found that in summer, China’s middle-east region experienced r values greater than 0.5. In autumn–winter, crop residue burning can induce an evident [image: image] increase in China’s northeast region. Yin et al. (2017b) identified the impact of CRB on [image: image] concentrations in China. Similarly, Saxena et al. (2021) attempted to determine the impact of CRB on PM10, PM2.5, NO2, and SO2 air quality in New Delhi.
These studies have confirmed the high correlation between CRB and certain air pollutants and suggested that during periods of CRB, concentrations of a few air pollutants increase. However, few studies have fully examined changes in all major air pollutants, including PM10, PM2.5, [image: image], [image: image], [image: image] and [image: image], during periods of substantial CRB, even after all these air pollutants have been proven to adversely affect human health and climate change (Tao et al., 2013).
However, a few scholars have used emission factors to calculate the emission inventory for CRB. In these studies, all major air pollutants were calculated and estimated (Yang et al., 2008; Granier et al., 2011). For example, Yang et al. (2008) used emission factors proposed by a few studies to estimate the amount of crop residues in Suqian, China, and the total amount of emissions from CRB during summer and autumn harvests. Specifically, the emissions included total suspended particulates (TSP), [image: image], [image: image], nitrous oxides ([image: image]), ammonia gas ([image: image]), methane ([image: image]), ethyl cellulose ([image: image]), oxidation catalyst ([image: image]), volatile organic compounds ([image: image]), [image: image], and carbon dioxide ([image: image]) in Suqian, China. Similarly, Sahu et al. (2021) estimated seasonal emissions of PM2.5, PM10, biochemical (BC), OC, CO, NOx, SO2, VOC, CH4, and CO2 from CRB in India.
These studies, based on emission factors, can provide general information regarding the spatial distribution of pollutant loads or emissions produced by CRB on a large scale. However, because pollutants were calculated using a coefficient method at the annual level, it is difficult to track specific and accurate variabilities of air pollutants during periods of intensive CRB (Yu et al., 2019). Within this context, it is necessary to determine the correlation or impact of CRB on the changes in all important air pollutants. Although many studies have focused on the impact of CRB on PM air pollutants or the emission inventories of CRB for many pollutants, few studies have used national site monitoring to clarify the influence of seasonal CRB in China on all major air pollutants. The impact of seasonal CRB in China on the spatial and temporal changes in all major air pollutants is still unclear. To fill the gaps in the literature, the present study aimed to estimate how all major air pollutant concentrations change during CRB seasons and their differences in different regions with varying amounts of CRB.
As there was an obvious change in CRB spots in China from 2015 to 2016 (Yu et al., 2019), the present study used the 2015 and 2016 data and extracted the daily spatial distribution of CRB in mainland China from the Moderate Resolution Imaging Spectroradiometer (MODIS) images to obtain the hourly concentrations of six major pollutants, [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] , from national air quality monitoring stations. For temporal changes, the monthly changes in air pollutant concentrations and the number of CRB spots were compared between 2015 and 2016 at the provincial level. The differences in air pollutant concentrations during the same period with intensive CRB in both 2015 and 2016 were compared using box-plot analysis. For spatial changes, differences in air pollutant concentrations at the monitoring-site level were quantified from the non-CRB to CRB seasons.
2 MATERIALS AND METHODS
2.1 Data
2.1.1 MODIS fire product
We selected the MODIS Thermal Anomalies/Fire Daily L3 Global Product (MOD14A1) from 2015 to 2016 to detect fires (accessed at https://modis.gsfc.nasa.gov/data/dataprod/mod14.php). We downloaded 18 images covering all of China every day from January 2015 to December 2016 and then extracted the daily fire burning spots (Huang et al., 2012a; Yin et al., 2017b). The values were 7, 8, or 9 if there were fire spots, according to the product. Thereafter, the daily fire spots provided by MOD14A1 were overlaid with the spatial scale of agricultural land provided by the land-use datasets to identify the fire spots as CRB spots. It is assumed that the fire points located on agricultural lands are CRB spots.
2.1.2 Air quality monitoring data
Air quality monitoring data were obtained from the China National Environmental Monitoring Center (CNEMC) (accessed at http://www.cnemc.cn/), which has published hourly air quality data for the six criteria pollutants at individual monitoring sites since January 2013 (Wang et al., 2014). Data from 1 January 2015 to 31 December 2016 were used in the present study. Daily concentrations of six criteria air pollutants, including [image: image] ([image: image]), [image: image]([image: image]), [image: image] ([image: image]), [image: image] ([image: image]), and [image: image]([image: image]), were calculated based on hourly concentrations for sites, and the daily maximum 8 h average[image: image] ([image: image]) concentrations were calculated based on the average hourly ozone concentrations for sites (Shen et al., 2020). The average provincial concentrations of air pollutants were calculated by averaging the concentrations at all sites in each province.
The monitoring sites, located in eastern and central China, had high economic development and a dense population, which included a mix of urban and background sites (Wang et al., 2013). The spatial distribution of monitoring sites along with the elevation and provincial boundaries is presented in Figure 1.
[image: Figure 1]FIGURE 1 | Spatial distribution of air quality stations in China and the study area and elevation.
2.1.3 Land-use data and precipitation data
Land-use data were used to detect the spatial distribution of CRB. We downloaded the 2015 land-use dataset from the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (accessed at http://www.resdc.cn). The land-use dataset was produced based on Landsat 8 images, including 25 primary land-use categories (http://www.resdc.cn/data.aspx?DATAID=184) with a resolution of 1 km × 1 km. In the present study, classes 11 and 12, which represent agricultural land, were used to overlay the fire spots and extract the CRB spots.
The daily precipitation data at each meteorological station from January 2015 to December 2016 were sourced from the China Meteorological Administration (http://www.cma.gov.cn/). Daily precipitation at meteorological stations was interpolated to present daily precipitation to a 1 km spatial resolution using an inverse distance weighting technique in ArcGIS software. The spatial precipitation resolution was the same as that of the MODIS fire production used in the present study. On the day when an air quality monitoring site was located in a place with precipitation greater than zero, the air quality monitoring site should be eliminated when analyzing the influence of CRB on air quality changes.
2.2 Methods
2.2.1 Temporal impact of CRB on air pollutants
There are several sources of air pollution. To clarify the temporal impact of CRB on air pollutants, we assumed that the other sources were generally unchanged in two adjacent months. Therefore, the months with abnormally high pollutant concentrations ([image: image]) compared with adjacent months at the provincial level were identified using the following equation:
[image: image]
where [image: image] is a binary variable with a value of zero or 1. A value of 1 indicates that the concentration of the mth pollutant experienced an abnormally high value in the jth month for the ith province. [image: image] is the monthly average concentration of the mth pollutant in the jth month for the ith province, and [image: image] denotes the higher concentration of the mth pollutant in the ith province in both the (j-1)-th and (j+1)-th months.
Thereafter, [image: image] was analyzed along with the daily change in CRB spots, with the aim of determining whether months with intensive CRB would suffer severe concentrations of air pollution. Variations in air pollutants in periods with intensive CRB spots were compared using a box-plot analysis, where the maximum, minimum, median, mean, and outliers of pollutant concentrations in the periods were presented. Practically, the periods with intensive CRB spots for each province were selected in 2015 and 2016, and the daily mean concentrations ([image: image],[image: image], [image: image], [image: image], and [image: image]) and 8 h concentrations ([image: image]) at monitoring sites in the periods with no precipitation were the statistics used for each province.
2.2.2 Spatial impact of CRB on air pollutants
The temporal analysis presented the overall influence of CRB on air pollution at the provincial level. To present the spatial impact of CRB on air quality, the rate of air pollutant change in periods with intensive CRB spots, denoted as RPR, was calculated for each monitoring site (see Eq. 2). Before calculating the RPR, the period with intensive CRB spots (Pd) is defined. CRB is usually concentrated in one or two seasons, which is consistent with the sowing or harvest season (Huang et al., 2012b; Chen et al., 2017). Therefore, it is necessary to focus on periods with intensive CRB to quantify the influence of CRB on air pollutants (Chen and Xie, 2014; Yu et al., 2019). In the present study, we selected Pds at the provincial level because the agricultural form was similar in one province. We assumed that the Pds in 2015 and 2016 were the same, which facilitated the following comparative analysis. There is no consensus on Pd selection because the studies have been performed at different spatial and temporal scales. To identify the Pd in the present study, we ruled that one province should have one or two Pds, which was determined by its CRB seasonal features. The Pd for a specific province should be a continuous period and contain the maximum daily CRB spots in the CRB season. Meanwhile, during Pd, the number of CRB spots should show an increasing trend in the beginning, then reach a peak, and finally, experience a decline. This can be considered one Pd for a specific province.
After identifying Pd, the RPR was calculated as the ratio of the average air pollutant concentrations in Pd at a site to the average air pollutant concentration in the periods before and after Pd at the site:
[image: image]
where [image: image] is the average daily concentration of the mth air pollutant at a specific monitoring site during the selected Pd and [image: image]is the average daily concentration at the monitoring site during the period 20 days before Pd and 20 days after Pd.
To avoid the influence of precipitation on air quality, monitoring sites located in places with precipitation greater than zero were eliminated when calculating [image: image] and [image: image]. According to Eq. 2, an [image: image] larger than 1 indicates that the concentrations of the mth air pollutant were higher in the CRB seasons than in other periods, suggesting a higher impact of CRB on the mth air pollutant at the site.
The spatial distribution of the CRB was also extracted for Pd. We applied the methodology described by Yu et al. (2019), who calculated the intensity of the CRB spots (ICP) at each spatial grid during the Pd. The spatial patterns of RPR and ICP, which reflect the changes in air pollutants during the CRB seasons and the density of CRB, respectively, were compared and analyzed to determine the spatial impact of CRB on air pollution.
3 RESULTS
3.1 CRB counts and concentration of air pollutants at the provincial level
Quantitative statistics of cumulative CRB spots in 2015 and 2016 for provinces and their ratio to the total national number of CRB spots are presented in Figure 2. In 2015, there were 54,071 CRB spots in China, which decreased to 39,140 in 2016. Approximately 55% and 50% of the retrieved CRB spots were located in Heilongjiang, Liaoning, and Jilin in 2015 and 2016, respectively. In contrast, only approximately 1.40% of the retrieved CRB spots were located in the northwestern provinces of Gansu, Ningxia, Qinghai, and Tibet in 2015 and 2016, respectively. In summary, a significant decrease in CRB occurred between 2015 and 2016, and there was a considerable difference in CRB at the provincial level. The differences in quantitative CRB at the provincial level are probably due to the varying local climates and topological limitations on agricultural production in provinces. Therefore, it is sensible to analyze the amount of CRB and its influence on air pollution at the provincial level.
[image: Figure 2]FIGURE 2 | Spatial distribution of cumulative CRB spots in China (2015 and 2016) at the provincial level.
To simplify the analysis process, we selected provinces with high CRB to conduct the following analysis. Specifically, eight provinces with the largest number of CRB spots were selected: Heilongjiang, Jilin, Liaoning, Inner Mongolia, Henan, Shandong, Hebei, and Anhui. The total number of CRB spots in these eight provinces was 43,300 and 29,223, contributing approximately 80% and 75% of the total national CRB, in 2015 and 2016, respectively.
3.2 Temporal changes in air pollutants under CRB
3.2.1 Changes in monthly air pollutants
The monthly average concentrations of the six major air pollutants and the daily number of CRB spots at the provincial level in 2015 and 2016 were analyzed; Figure 3 presents the changes in air pollutant concentrations. The unit of each air pollutant in all figures and tables is consistent with the original data provided by the CNEMC. To make it readable in Figure 3, we multiplied the coefficient of 10 by the CO concentrations in Figure 3.
[image: Figure 3]FIGURE 3 | Temporal change in monthly average concentrations of six major air pollutants and the daily number of CRB spots from 2015 to 2016, (A,B) in Heilongjiang, (C,D) in Jilin, (E,F) in Liaoning, (G,H) in Inner Mongolia, (I,J) in Henan, (K,L) in Shandong, (M,N) in Hebei, and (O,P) in Anhui.
In general, the concentrations of most pollutants were higher in winter and lower in summer, including [image: image], [image: image], [image: image], [image: image], and [image: image] (Figure 3). The lower concentrations in winter are probably associated with unfavorable meteorological conditions (low boundary layer height, temperature, wind speed, etc.) and human activities (coal combustion, biomass burning, residential heating, etc.) (Sun et al., 2019; Shen et al., 2020). The concentrations of [image: image] exhibited an opposite trend, being lower in winter, which is attributed to lower vertical mixing due to lower planetary boundary heights, slowest chemical loss due to low temperature, and solar radiation in winter (Wen et al., 2018). These trends are consistent with the conclusions of previous studies (Wang et al., 2014; Shen et al., 2020). The concentrations of pollutants experienced distinct and unique seasonal features. Under their individual features, abnormal changes were detected according to McDonald’s analysis.
In Heilongjiang, Jilin, and Liaoning, CRB was concentrated in spring (March and April) and autumn (October) (Figure 3), which is consistent with the results of previous studies (Zha et al., 2013; Wang et al., 2015). In months with concentrated CRB, the provinces experienced abnormally high levels of air pollution due to [image: image] pollutants. For example, in 2015 in Heilongjiang (Figure 3A), the Mc of [image: image] and [image: image] was detected during the spring CRB season, and the Mc of [image: image] and [image: image] was detected in the autumn CRB season. Similarly, the Mc of [image: image] and [image: image] was detected in the autumn CRB season in 2015 in Jilin, the spring CRB season in 2016 in Jilin, the autumn CRB season in 2015 in Liaoning, and the spring CRB season in 2016 in Inner Mongolia. In provinces with many CRB spots, abnormally high concentrations of one or two major air pollutants (usually [image: image] pollutants) were found during the CRB seasons.
Henan, Shandong, Hebei, and Anhui had limited CRB, which was usually concentrated during summer. This is probably because a small amount of CRB cannot create a regional or provincial impact on air pollution, and weather conditions in summer do not promote air pollution for most pollutants except [image: image] (Bao et al., 2015; Yin et al., 2017a). Therefore, only the Mc of [image: image] was detected in Shandong and Hebei.
The Mc analysis showed that in northeast China, a significant amount of CRB occurred (contributing to more than 50% of the total CRB in China, based on the data listed in Figure 3) during spring and summer, and it was vulnerable to abnormally high concentrations of one or two major air pollutants. However, for other provinces in China, CRB usually occurs during summer at a lower frequency. Although this does not usually lead to a provincial increase in major air pollutants, attention should be paid to [image: image] control during the CRB seasons in these provinces.
3.2.2 Changes in air pollutants in 2015 and 2016
In addition to the monthly analysis, the changes in air pollutants in 2015 and 2016 were compared because there was a considerable drop from 54,071 CRB spots in 2015 to 39,140 in 2016 on the national scale. Table 1 presents the selected Pds in the provinces in 2015 and 2016. The box-plot analysis showed the ranges, means, medians, and outliers of all air pollutant concentrations in the selected Pds in 2015 and 2016.
TABLE 1 | Selected Pds and daily mean CRB spots in 2015 and 2016.
[image: Table 1]Heilongjiang, Jilin, and Liaoning had the highest number of CRB spots, which decreased from 29,831 CRB spots in 2015 to 19,743 in 2016. HLJ-Pd1, HLJ-Pd2, JL-Pd2, LN-Pd1, and LN-Pd2 experienced a decrease in the mean concentrations of almost all the major air pollutants from 2015 to 2016 in the same Pds. For example, in HLJ-Pd1, the mean concentrations of [image: image] decreased from 39.22 to 31.37[image: image] from 2015 to 2016, which also decreased from 77.93 to 73.52 [image: image] in HLJ-Pd2 from 2015 to 2016 (see Figure 4A). The mean concentrations of other major air pollutants also decreased to different extents from 2015 to 2016 (see Figures 4B–F).
[image: Figure 4]FIGURE 4 | Boxplots of six air pollutants in Pds at the provincial level in 2015 and 2016 for (A) [image: image], (B) [image: image], (C) [image: image], (D) [image: image], (E) [image: image] and (F) [image: image].
In addition to the decrease in the mean concentrations of air pollutants from 2015 to 2016, our findings also showed that the maximum air pollutant concentrations in the Pds decreased from 2015 to 2016. For example, in JL-Pd2, the mean concentrations of [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] decreased from 107.61 to 57.72 [image: image], 135.61 to 86.62 [image: image], 31.87 to 28.06 [image: image], 41.78 to 39.32[image: image], 73.08 to 58.31 [image: image], and 1.16 to 1.01 [image: image], respectively. The maximum concentrations for [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] decreased to 251.59[image: image], 251.00 [image: image], 17.55 [image: image], 23.93 [image: image], 37.28[image: image], and 1.21[image: image], respectively.
The results for northeast China suggest that a substantial decrease in CRB in a short time would lead to an obvious decrease in the mean concentrations and a decrease in the maximum concentrations of air pollutants. Even if CRB was lower in other provinces, changes in the concentrations of air pollutants and CRB spots were also detected. For IM-Pd, the daily mean number of CRB spots increased from 50.26 spots in 2015 to 68.78 in 2016. Changes in the mean concentrations of Pd from 2015 to 2016 were not significant. However, the maximum concentrations of [image: image], [image: image], and [image: image] were higher in 2016 than in 2015. The maximum concentration of [image: image] was 94.52 [image: image] in 2016 and decreased to 91.45 [image: image] in 2015. Outliers of [image: image] concentrations also occurred in IM-Pd in 2016, even though the mean concentrations of [image: image] in IM-Pd in 2015 and 2016 did not change significantly (40.96 [image: image] in 2015 and 39.05 [image: image] in 2016). Similar results were observed for [image: image] and [image: image]. Therefore, when CRB was similar in Pds, the effects on the mean concentrations may be negligible, whereas larger CRB spots promote maximum concentrations and lead to outliers.
For Hebei, Shandong, Henan, and Anhui, the daily mean CRB spots were lower compared to Heilongjiang, Jilin, Liaoning, and Inner Mongolia; however, a decreasing trend in CRB was also observed in the latter four provinces from 2015 to 2016. Along with the decrease in CRB in 2015, the mean concentrations of [image: image], [image: image], [image: image], [image: image], and [image: image] generally decreased. Specifically, in Henan, the daily mean CRB was 89.11 spots in HN-Pd 2015, which decreased to 5.78 in HN-Pd 2016. Consequently, the mean concentrations of [image: image], [image: image], [image: image], and [image: image] decreased from 70.15 to 50.40[image: image], 145.22 to 96.78 [image: image], 30.85 to 23.92 [image: image], and 33.11 to 31.63[image: image], respectively. Therefore, in these four provinces, even if CRB was low, it still increased the mean air pollutant concentrations during the CRB seasons, especially for [image: image] pollutants, [image: image], [image: image] , and [image: image]. However, no influence of CRB on [image: image] was observed.
In summary, according to the box-plot analysis of air pollutant concentrations during the CRB seasons, CRB decreased from 2015 to 2016, and most air pollutants decreased in the provinces. In most cases, the mean concentrations of air pollutants were higher in Pds with greater CRB. Furthermore, both the maximum concentration and the number of outliers increased during the period with greater CRB. Therefore, it is beneficial for residents to pay greater attention to controlling extremely high air pollutants during CRB seasons, rather than just controlling mean concentrations.
3.3 Spatial contributions of CRB to six major air pollutants in Pds
Additionally, the spatial contributions of CRB to the changes in air pollutants were calculated and presented. The [image: image] of each pollutant is presented at the monitoring-site level (Figure 5). The RPR is the increase in the ratio of one air pollutant concentration in the CRB season compared to the air pollutant concentrations before and after the CRB season. The RPR was calculated at the air quality monitoring-site level for the six major air pollutants, with a value larger than 1, indicating that CRB contributed to the increase in air pollutants in the CRB seasons (or Pd).
[image: Figure 5]FIGURE 5 | Spatial distribution of RPR for monitoring sites in different Pds: (A) HLJ-Pd1, JL-Pd1, LN-Pd1, IM-Pd, HB-Pd, SD-Pd, HN-Pd, and AH-Pd in 2015, (B) HLJ-Pd2, JL-Pd2, and LN-Pd2 in 2015, (C) HLJ-Pd1, JL-Pd1, LN-Pd1, IM-Pd, HB-Pd, SD-Pd, HN-Pd, and AH-Pd in 2016, and (D) HLJ-Pd2, JL-Pd2, and LN-Pd2 in 2016.
Heilongjiang, Jilin, and Liaoning had high RPR for almost all pollutants. Specifically, the RPR for Pd2 was the highest in 2015. In Heilongjiang, Jilin, and Liaoning, 67.88%, 72.12%, 48.48%, 80.00%, 77.58%, and 69.09% of the monitoring sites experienced an RPR greater than 1 during this period for [image: image], [image: image], [image: image], [image: image], [image: image] , and [image: image], respectively. In 2016, because of the decrease in the number of CRB spots, the number of sites with an RPR larger than 1 decreased to 61.35%, 77.30%, 37.42%, 72.39%, 42.33%, and 58.90% for the six major air pollutants, respectively. The spatial contributions of CRB to [image: image], [image: image], and [image: image] were higher than those of the other pollutants (60–80% of monitoring sites with an RPR larger than 1 for these three air pollutants) in Heilongjiang, Jilin, and Liaoning. Spatially, the sites with a larger RPR in Heilongjiang, Jilin, and Liaoning were spread out in the region rather than being concentrated in a few hotspots.
For IM-Pd, in 2016, the sites close (see the marked area in Inner Mongolia in Figure 5C) to CRB experienced a higher RPR, especially for [image: image] pollutants, [image: image], and [image: image]. For Hebei, Shandong, Henan, and Anhui, because their Pds were all in summer (June and July), the RPR of these four provinces was analyzed together. In 2015, CRB spread in the provinces and places (see the marked places in Figure 5A), with intensive CRB spots being vulnerable to RPR greater than 1. In 2016, when the number of CRB spots decreased, sites close to the CRB did not experience a higher RPR. In contrast, in the southern part of Anhui (see the marked place in Anhui in Figure 5C), where there was no CRB spot, the sites still experienced a higher RPR. The higher RPR in this region might have been caused by social or economic factors other than CRB.
In general, the results of the spatial analysis were consistent with those of the box-plot analysis. A severe influence of CRB on air pollution has been detected in Heilongjiang, Jilin, and Liaoning. Therefore, substantial CRB leads to a large-scale impact on air pollution. When the CRB spots were limited, such as in Hebei, Shandong, Henan, and Anhui, the impact of air pollution occurred at places in or close to CRB spots and did not lead to an obvious impact on places further away from CRB.
4 DISCUSSION
Given the immensity of crop residue in China and its adverse impact on air quality, regulations have been established to control emissions from open CRB since 1999 (Sun et al., 2016; Huang et al., 2019; Yang et al., 2020). However, despite these regulations, changes in practice have not been widely adopted by farmers (Yang et al., 2020) because of difficulties in the sustainable use of crop residues (Huang et al., 2019). In this context, understanding the changes in air pollution during periods of intensive or substantial CRB remains a significant public issue.
Although many studies have calculated the annual emissions of CRB in China for various air pollutants using emission factors from different aspects, short-term changes in air pollutants during the CRB seasons remain a concern for the public and government. Previous studies have confirmed a decrease in air quality during seasons with intensive CRB for [image: image] pollutants on different scales (Chen et al., 2013; You et al., 2015; Shen et al., 2017; Zhuang et al., 2018a; Luo et al., 2020; Maji et al., 2020; Shen et al., 2020). The results of our study are consistent with those of previous studies regarding [image: image] pollutants; seasons with intensive CRB led to higher PM pollutants.
Many studies have suggested that PM air quality had improved from 2015 to 2016 because of the introduction of relevant laws and regulations, such as the Five-year Air Pollution Prevention and Control Action Plan in China. Silver et al. (2018) found that in China, from 2015 to 2017, [image: image] and [image: image] concentrations decreased at 53% and 59% of ground-based monitoring stations, respectively. Similar conclusions were reported in other studies (Li et al., 2019; Zhai et al., 2019). According to the daily concentrations of air pollutants presented in our study, PM pollution had reduced from 2015 to 2016, which is consistent with previous studies (Song et al., 2017; Li et al., 2019).
There are multiple anthropogenic sources of air pollution, including industrial processes and fossil fuel combustion (Song et al., 2017), motor vehicles (Liao et al., 2015), and waste burning. However, these sources usually show annual rather than seasonal trends. As an important source of air pollution, seasonal changes in CRB may lead to seasonal changes in air pollution. The results showed a drop in CRB spots from 2015 to 2016, which could be a contributor to air quality improvement in China (Yamaji et al., 2010; Chen et al., 2015; Wen et al., 2018). Wen et al. (2018) analyzed the spatiotemporal variations of daily [image: image] concentrations in Jilin Province at the city level. It was found that the densest burning points were mainly distributed in Changchun city and Siping city, with the 2-year average [image: image] concentration being the highest. The authors suggested that straw burning was an important source of [image: image] in the plain and meadow areas of Jilin Province. This conclusion is consistent with our results. As the ICP represents in Figure 5, Changchun city and Siping city experienced higher RPR (see the read points in the circle of Figure 5B) values along with larger ICPs. Similarly, Chen et al. (2015) confirmed the contribution of CRB to air quality improvement in northeastern China. The air quality in China improved from 2015 to 2016, and the contribution of the drop in CRB has been confirmed by our study and other studies. For other pollutants, Yamaji et al. (2010) used a regional chemical transport model to investigate changes in [image: image], [image: image], black carbon, and organic carbon concentrations during the Mount Tai Experiment in 2016. This study identified that high [image: image], carbon monoxide, black carbon, and organic carbon concentrations occurred during periods of substantial CRB, which was consistent with our study. Our research focused on temporal and spatial aspects to reveal the changes in all air pollutants during the CRB seasons. It was found that at the provincial level, intensive CRB would lead to an obvious increase in PM pollutant concentrations, especially in northeast China during the CRB season, and the increase in the air pollutant concentration in space was consistent with the spatial distribution of CRB. The present study investigated the changes in six major pollutants, rather than [image: image] pollutants, in the CRB seasons and changes in the associated health risks. The results suggest that large-scale and substantial CRB increased the mean and maximum concentrations during the periods for almost all major air pollutants, including [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image]. This finding raises concerns about CRB control in the sowing and harvest seasons in rural areas, especially with dense populations, as CRB would lead to a seasonal increase in mean concentrations and maximum concentrations of multiple air pollutants. Spatially, the influence of CRB on air pollution occurs at a regional scale when CRB is relatively widespread. In contrast, the spatial impact of air pollution was evident at or near a location with CRB.
Our study detected the severe impact of CRB on PM pollutants in northeast China, and to fully understand this impact, two associated health risk standards of air pollution were used to discuss the impact degree of CRB on air quality. These two standards are grade II standards of the Chinese Ambient Air Quality (CAAQS) issued by the Chinese Ministry of Ecology and Environment (2012) (revised in 2018) and the standard released by the World Health Organization (2016) (https://www.who.int/airpollution/publications/aqg2005/en/). The ratio of monitoring sites exceeding health risk limitations in periods with intensive CRB was calculated for the provinces in northeast China for PM pollutants (see Table 2).
TABLE 2 | Ratio of stations exceeding health risk limitations in different periods in 2015.
[image: Table 2]The results showed that the ratio of sites exceeding health risk limitations was higher for Pd than for 20 days before Pd or for the entire year. These results confirm our conclusions. The results of this study are useful for the Chinese government to formulate regulations on air quality promotion during CRB seasons from a holistic perspective. Recently, scholars have focused on air pollutant characteristics and health risks at national, regional, and provincial scales (Chen et al., 2013; Shen et al., 2017; Luo et al., 2020; Maji et al., 2020; Shen et al., 2020). However, most of these studies have been conducted at the annual change level. In this study, the associated health risks of air pollutants during a specific period with intensive CRB were discussed. As high health risks and increases in air pollutant concentration have been confirmed during CRB seasons, it is necessary to emphasize CRB management during specific periods, such as sowing and harvesting seasons.
5 CONCLUSION
This study reveals changes in air quality during periods of substantial CRB. The results suggest a spatially varying impact of CRB in China. Severely poor air quality was found in northeast China, where CRB was concentrated. Using remote sensing images, higher concentrations of PM pollutants were detected during seasons with substantial CRB. Meanwhile, an increase in pollutant concentration occurred on a larger scale in northeast China compared to other provinces. The results also confirm a decrease in air pollutant concentration from 2015 to 2016, when CRB decreased. These results may contribute to CRB control in China by identifying hotspots.
However, this study has a few limitations. It used a statistical method to identify the spatial and temporal changes in air pollutant concentrations during CRB seasons. The mechanism by which CRB emits air pollutants and how these pollutants are processed in the atmosphere have not been discussed. The statistical results indicate a seasonal trend in CRB and a correlation between CRB spots and concentrations of air pollutants. This facilitates the overall control of CRB and air pollution to determine key seasons and air pollutant types in regions. In future studies, spatial statistics can be combined with simulation models, such as the Community Multiscale Air Quality Modeling System (CMAQ) and Weather Research and Forecasting (WRF) model coupled with Chemistry (WRF-Chem), to fully reflect the changes in air quality.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
All authors contributed to the study conception and design. TW: methodology, investigation, formal analysis, and writing the original draft; KM: data curation, software, visualization, and writing the original draft; PF: conceptualization and writing—editing; and WH: funding acquisition and writing—review and editing. All contributed to the manuscript and agree to its submission. All authors read and approved the final manuscript.
FUNDING
This work was provided by the National Natural Science Foundation of China under grant nos. 42171056, U2240222, and 41877001.
ACKNOWLEDGMENTS
The authors would like to thank the Data Central, Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, for providing the land-use datasets.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Bao, J. Z., Yang, X. P., Zhao, Z. Y., Wang, Z. K., Yu, C. H., and Li, X. D. (2015). The spatial-temporal characteristics of air pollution in China from 2001-2014. Int. J. Environ. Res. Public Health 12 (12), 15875–15887. doi:10.3390/ijerph121215029
 Cao, G. L., Zhang, X. Y., and Zheng, F. C. (2006). Inventory of black carbon and organic carbon emissions from China. Atmos. Environ. X. 40 (34), 6516–6527. doi:10.1016/j.atmosenv.2006.05.070
 Chen, Y., and Xie, S. D. (2014). Characteristics and formation mechanism of a heavy air pollution episode caused by biomass burning in Chengdu, Southwest China. Sci. Total Environ. 473, 507–517. doi:10.1016/j.scitotenv.2013.12.069
 Chen, R. J., Wang, X., Meng, X., Hua, J., Zhou, Z. J., Chen, B. H., et al. (2013). Communicating air pollution-related health risks to the public: An application of the Air Quality Health Index in Shanghai, China. Environ. Int. 51, 168–173. doi:10.1016/j.envint.2012.11.008
 Chen, W. W., Tong, D., Zhang, S. C., Dan, M., Zhang, X. L., and Zhao, H. M. (2015). Temporal variability of atmospheric particulate matter and chemical composition during a growing season at an agricultural site in northeastern China. J. Environ. Sci. 38, 133–141. doi:10.1016/j.jes.2015.05.023
 Chen, J. M., Li, C. L., Ristovski, Z., Milic, A., Gu, Y. T., Islam, M. S., et al. (2017). A review of biomass burning: Emissions and impacts on air quality, health and climate in China. Sci. Total Environ. 579, 1000–1034. doi:10.1016/j.scitotenv.2016.11.025
 Chinese Ministry of Ecology and Environment (2012). Ambient air quality standards (GB3095-2012). Beijing: China Environmental Press. 
 Filonchyk, M., Yan, H. W., and Li, X. J. (2018). Temporal and spatial variation of particulate matter and its correlation with other criteria of air pollutants in Lanzhou, China, in spring-summer periods. Atmos. Pollut. Res. 9 (6), 1100–1110. doi:10.1016/j.apr.2018.04.011
 Geng, G. N., Xiao, Q. Y., Zheng, Y. X., Tong, D., Zhang, Y. X., Zhang, X. Y., et al. (2019). Impact of China's air pollution prevention and control action plan on PM2.5 chemical composition over eastern China. Sci. China Earth Sci. 62 (12), 1872–1884. doi:10.1007/s11430-018-9353-x
 Granier, C., Bessagnet, B., Bond, T., D'Angiola, A., van der Gon, H. D., Frost, G. J., et al. (2011). Evolution of anthropogenic and biomass burning emissions of air pollutants at global and regional scales during the 1980-2010 period. Clim. Change 109 (1-2), 163–190. doi:10.1007/s10584-011-0154-1
 He, J. J., Gong, S. L., Yu, Y., Yu, L. J., Wu, L., Mao, H. J., et al. (2017). Air pollution characteristics and their relation to meteorological conditions during 2014-2015 in major Chinese cities. Environ. Pollut. 223, 484–496. doi:10.1016/j.envpol.2017.01.050
 Hou, L. L., Chen, X. G., Kuhn, L. N., and Huang, J. K. (2019). The effectiveness of regulations and technologies on sustainable use of crop residue in Northeast China. Energy Econ. 81, 519–527. doi:10.1016/j.eneco.2019.04.015
 Huang, X., Li, M. M., Li, J. F., and Song, Y. (2012a). A high-resolution emission inventory of crop burning in fields in China based on MODIS thermal anomalies/fire products. Atmos. Environ. X. 50, 9–15. doi:10.1016/j.atmosenv.2012.01.017
 Huang, X., Song, Y., Li, M. M., Li, J. F., and Zhu, T. (2012b). Harvest season, high polluted season in East China. Environ. Res. Lett. 7 (4), 044033. doi:10.1088/1748-9326/7/4/044033
 Huang, X. L., Cheng, L. L., Chien, H. P., Jiang, H., Yang, X. M., and Yin, C. B. (2019). Sustainability of returning wheat straw to field in Hebei, Shandong and jiangsu provinces: A contingent valuation method. J. Clean. Prod. 213, 1290–1298. doi:10.1016/j.jclepro.2018.12.242
 Hwang, S. H., Lee, J. Y., Yi, S. M., and Kim, H. (2017). Associations of particulate matter and its components with emergency room visits for cardiovascular and respiratory diseases. PLoS One 12 (8), e0183224. doi:10.1371/journal.pone.0183224
 Li, W. J., Shao, L. Y., and Buseck, P. R. (2010). Haze types in Beijing and the influence of agricultural biomass burning. Atmos. Chem. Phys. 10 (17), 8119–8130. doi:10.5194/acp-10-8119-2010
 Li, R., Cui, L. L., Li, J. L., Zhao, A., Fu, H. B., Wu, Y., et al. (2017). Spatial and temporal variation of particulate matter and gaseous pollutants in China during 2014-2016. Atmos. Environ. X. 161, 235–246. doi:10.1016/j.atmosenv.2017.05.008
 Li, R., Wang, Z. Z., Cui, L. L., Fu, H. B., Zhang, L. W., Kong, L. D., et al. (2019). Air pollution characteristics in China during 2015-2016: Spatiotemporal variations and key meteorological factors. Sci. Total Environ. 648, 902–915. doi:10.1016/j.scitotenv.2018.08.181
 Li, C. L., Liu, M., Hu, Y. M., Zhou, R., Huang, N., Wu, W., et al. (2020). Spatial distribution characteristics of gaseous pollutants and particulate matter inside a city in the heating season of Northeast China. Sustain. Cities Soc. 61, 102302. doi:10.1016/j.scs.2020.102302
 Liao, X., Tu, H., Maddock, J. E., Fan, S., Lan, G., Wu, Y., et al. (2015). Residents’ perception of air quality, pollution sources, and air pollution control in Nanchang, China. Atmos. Pollut. Res. 6 (5), 835–841. doi:10.5094/APR.2015.092
 Liu, H., Jiang, G. M., Zhuang, H. Y., and Wang, K. J. (2008). Distribution, utilization structure and potential of biomass resources in rural China: With special references of crop residues. Renew. Sustain. Energy Rev. 12 (5), 1402–1418. doi:10.1016/j.rser.2007.01.011
 Luo, H. P., Guan, Q. Y., Lin, J. K., Wang, Q. Z., Yang, L. Q., Tan, Z., et al. (2020). Air pollution characteristics and human health risks in key cities of northwest China. J. Environ. Manage. 269, 110791. doi:10.1016/j.jenvman.2020.110791
 Lv, B. L., Zhang, B., and Bai, Y. Q. (2016). A systematic analysis of PM2.5 in Beijing and its sources from 2000 to 2012. Atmos. Environ. X. 124, 98–108. doi:10.1016/j.atmosenv.2015.09.031
 Ma, X. Y., Jia, H. L., Sha, T., An, J. L., and Tian, R. (2019). Spatial and seasonal characteristics of particulate matter and gaseous pollution in China: Implications for control policy. Environ. Pollut. 248, 421–428. doi:10.1016/j.envpol.2019.02.038
 Maji, K. J., Li, V. O. K., and Lam, J. C. K. (2020). Effects of China's current Air Pollution Prevention and Control Action Plan on air pollution patterns, health risks and mortalities in Beijing 2014-2018. Chemosphere 260. 127572. doi:10.1016/j.chemosphere.2020.127572
 Ni, H. Y., Tian, J., Wang, X. L., Wang, Q. Y., Han, Y. M., Cao, J. J., et al. (2017). PM2.5 emissions and source profiles from open burning of crop residues. Atmos. Environ. X. 169, 229–237. doi:10.1016/j.atmosenv.2017.08.063
 Peng, R. D., Bell, M. L., Geyh, A. S., McDermott, A., Zeger, S. L., Samet, J. M., et al. (2009). Emergency admissions for cardiovascular and respiratory diseases and the chemical composition of fine particle air pollution. Environ. Health Perspect. 117 (6), 957–963. doi:10.1289/ehp.0800185
 Qiu, H. G., Sun, L. X., Xu, X. L., Cai, Y. Q., and Bai, J. F. (2014). Potentials of crop residues for commercial energy production in China: A geographic and economic analysis. Biomass Bioenergy 64, 110–123. doi:10.1016/j.biombioe.2014.03.055
 Sahu, S. K., Mangaraj, P., Beig, G., Samal, A., Pradhan, C., Dash, S., et al. (2021). Quantifying the high resolution seasonal emission of air pollutants from crop residue burning in India. Environ. Pollut. 286, 117165. doi:10.1016/j.envpol.2021.117165
 Saxena, P., Sonwani, S., Srivastava, A., Jain, M., Srivastava, A., Bharti, A., et al. (2021). Impact of crop residue burning in Haryana on the air quality of Delhi, India. Heliyon 7 (5), e06973. doi:10.1016/j.heliyon.2021.e06973
 Shen, F. Z., Ge, X. L., Hu, J. L., Nie, D. Y., Tian, L., and Chen, M. D. (2017). Air pollution characteristics and health risks in Henan Province, China. Environ. Res. 156, 625–634. doi:10.1016/j.envres.2017.04.026
 Shen, F. Z., Zhang, L., Jiang, L., Tang, M. Q., Gai, X. Y., Chen, M. D., et al. (2020). Temporal variations of six ambient criteria air pollutants from 2015 to 2018, their spatial distributions, health risks and relationships with socioeconomic factors during 2018 in China. Environ. Int. 137, 105556. doi:10.1016/j.envint.2020.105556
 Silver, B., Reddington, C. L., Arnold, S. R., and Spracklen, D. V. (2018). Substantial changes in air pollution across China during 2015-2017. Environ. Res. Lett. 13 (11), 114012. doi:10.1088/1748-9326/aae718
 Song, C., Wu, L., Xie, Y., He, J., Chen, X., Wang, T., et al. (2017). Air pollution in China: Status and spatiotemporal variations. Environ. Pollut. 227, 334–347. doi:10.1016/j.envpol.2017.04.075
 Sun, J. F., Peng, H. Y., Chen, J. M., Wang, X. M., Wei, M., Li, W. J., et al. (2016). An estimation of CO2 emission via agricultural crop residue open field burning in China from 1996 to 2013. J. Clean. Prod. 112, 2625–2631. doi:10.1016/j.jclepro.2015.09.112
 Sun, X., Luo, X. S., Xu, J. B., Zhao, Z., Chen, Y., Wu, L. C., et al. (2019). Spatio-temporal variations and factors of a provincial PM2.5 pollution in eastern China during 2013-2017 by geostatistics. Sci. Rep. 9, 3613. doi:10.1038/s41598-019-40426-8
 Tao, J., Zhang, L. M., Engling, G., Zhang, R. J., Yang, Y. H., Cao, J. J., et al. (2013). Chemical composition of PM2.5 in an urban environment in Chengdu, China: Importance of springtime dust storms and biomass burning. Atmos. Res. 122, 270–283. doi:10.1016/j.atmosres.2012.11.004
 Tilt, B. (2019). China's air pollution crisis: Science and policy perspectives. Environ. Sci. Policy 92, 275–280. doi:10.1016/j.envsci.2018.11.020
 Wang, X. Y., Yang, L., Steinberger, Y., Liu, Z. X., Liao, S. H., and Xie, G. H. (2013). Field crop residue estimate and availability for biofuel production in China. Renew. Sustain. Energy Rev. 27, 864–875. doi:10.1016/j.rser.2013.07.005
 Wang, Y. G., Ying, Q., Hu, J. L., and Zhang, H. L. (2014). Spatial and temporal variations of six criteria air pollutants in 31 provincial capital cities in China during 2013-2014. Environ. Int. 73, 413–422. doi:10.1016/j.envint.2014.08.016
 Wang, L. L., Xin, J. Y., Li, X. R., and Wang, Y. S. (2015). The variability of biomass burning and its influence on regional aerosol properties during the wheat harvest season in North China. Atmos. Res. 157, 153–163. doi:10.1016/j.atmosres.2015.01.009
 Wen, X., Zhang, P. Y., and Liu, D. Q. (2018). Spatiotemporal variations and influencing factors analysis of PM2.5 concentrations in Jilin province, northeast China. Chin. Geogr. Sci. 28 (5), 810–822. doi:10.1007/s11769-018-0992-0
 World Health Organization (2016). “WHO air quality guidelines for paticulate matter, ozone, nitrogen dioxide and sulfur dioxide:global update 2005,” in Summary of risk assessment (Switzerland: WHO Press). 
 Wu, R. S., Song, X. M., Chen, D. H., Zhong, L. J., Huang, X. L., Bai, Y. C., et al. (2019). Health benefit of air quality improvement in Guangzhou, China: Results from a long time-series analysis (2006-2016). Environ. Int. 126, 552–559. doi:10.1016/j.envint.2019.02.064
 Xu, Q., Li, X., Wang, S., Wang, C., Huang, F. F., Gao, Q., et al. (2016). Fine particulate air pollution and hospital emergency room visits for respiratory disease in urban areas in beijing, China, in 2013. PLoS One 11 (4), e0153099. doi:10.1371/journal.pone.0153099
 Yamaji, K., Li, J., Uno, I., Kanaya, Y., Irie, H., Takigawa, M., et al. (2010). Impact of open crop residual burning on air quality over Central Eastern China during the Mount Tai Experiment 2006 (MTX2006). Atmos. Chem. Phys. 10 (15), 7353–7368. doi:10.5194/acp-10-7353-2010
 Yan, X. Y., Ohara, T., and Akimoto, H. (2006). Bottom-up estimate of biomass burning in mainland China. Atmos. Environ. X. 40 (27), 5262–5273. doi:10.1016/j.atmosenv.2006.04.040
 Yang, S. J., He, H. P., Lu, S. L., Chen, D., and Zhu, J. X. (2008). Quantification of crop residue burning in the field and its influence on ambient air quality in Suqian, China. Atmos. Environ. X. 42 (9), 1961–1969. doi:10.1016/j.atmosenv.2007.12.007
 Yang, G. Y., Zhao, H. M., Tong, D. Q., Xiu, A. J., Zhang, X. L., and Gao, C. (2020). Impacts of post-harvest open biomass burning and burning ban policy on severe haze in the Northeastern China. Sci. Total Environ. 716, 136517. doi:10.1016/j.scitotenv.2020.136517
 Yin, D. Y., Zhao, S. P., and Qu, J. J. (2017a). Spatial and seasonal variations of gaseous and particulate matter pollutants in 31 provincial capital cities, China. Air Qual. Atmos. Health 10 (3), 359–370. doi:10.1007/s11869-016-0432-1
 Yin, S., Wang, X. F., Xiao, Y., Tani, H., Zhong, G. S., and Sun, Z. Y. (2017b). Study on spatial distribution of crop residue burning and PM2.5 change in China. Environ. Pollut. 220, 204–221. doi:10.1016/j.envpol.2016.09.040
 Yin, S., Guo, M., Wang, X. F., Yamamoto, H., and Ou, W. (2021). Spatiotemporal variation and distribution characteristics of crop residue burning in China from 2001 to 2018. Environ. Pollut. 268, 115849. doi:10.1016/j.envpol.2020.115849
 You, W., Zang, Z. L., Zhang, L. F., Li, Z. J., Chen, D., and Zhang, G. (2015). Estimating ground-level PM10 concentration in northwestern China using geographically weighted regression based on satellite AOD combined with CALIPSO and MODIS fire count. Remote Sens. Environ. 168, 276–285. doi:10.1016/j.rse.2015.07.020
 Yu, M. M., Yuan, X. L., He, Q. Q., Yu, Y. H., Cao, K., Zhang, W. T., et al. (2019). Temporal-spatial analysis of crop residue burning in China and its impact on aerosol pollution. Environ. Pollut. 245, 616–626. doi:10.1016/j.envpol.2018.11.001
 Zha, S. P., Zhang, S. Q., Cheng, T. T., Chen, J. M., Huang, G. H., Li, X., et al. (2013). Agricultural fires and their potential impacts on regional air quality over China. Aerosol Air Qual. Res. 13 (3), 992–1001. doi:10.4209/aaqr.2012.10.0277
 Zhai, S. X., Jacob, D. J., Wang, X., Shen, L., Li, K., Zhang, Y. Z., et al. (2019). Fine particulate matter (PM2.5) trends in China, 2013-2018: separating contributions from anthropogenic emissions and meteorology. Atmos. Chem. Phys. 19 (16), 11031–11041. doi:10.5194/acp-19-11031-2019
 Zhang, L. B., Liu, Y. Q., and Hao, L. (2016). Contributions of open crop straw burning emissions to PM2.5 concentrations in China. Environ. Res. Lett. 11 (1), 014014. doi:10.1088/1748-9326/11/1/014014
 Zhuang, Y., Chen, D. L., Li, R. Y., Chen, Z. Y., Cai, J., He, B., et al. (2018a). Understanding the influence of crop residue burning on PM2.5 and PM10 concentrations in China from 2013 to 2017 using MODIS data. Int. J. Environ. Res. Public Health 15 (7), 1504. doi:10.3390/ijerph15071504
 Zhuang, Y., Li, R. Y., Yang, H., Chen, D. L., Chen, Z. Y., Gao, B. B., et al. (2018b). Understanding temporal and spatial distribution of crop residue burning in China from 2003 to 2017 using MODIS data. Remote Sens. (Basel). 10 (3), 390. doi:10.3390/rs10030390
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Wang, Meng, Fu and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 18 October 2022
doi: 10.3389/fenvs.2022.985952


[image: image2]
Spatiotemporal prediction and optimization of environmental suitability in citrus-producing areas
Zhenyu Wu1, Shizhao Zou1, Yong Yang1, Xue Yang1, Qingzhong Han2, Chang Chen1*, Mingxia Wang1 and Wenfeng Tan1
1State Environmental Protection Key Laboratory of Soil Health and Green Remediation, College of Resources and Environment, Huazhong Agricultural University, Wuhan, China
2Agricultural Science and Technology Service Center of Zigui County, Yichang, Hubei, China
Edited by:
Qingsong He, Huazhong University of Science and Technology, China
Reviewed by:
Xufeng Fei, Zhejiang Academy of Agricultural Sciences, China
Linchuan Fang, Northwest A&F University, China
* Correspondence: Chang Chen, changchen@mail.hzau.edu.cn
Specialty section: This article was submitted to Land Use Dynamics, a section of the journal Frontiers in Environmental Science
Received: 04 July 2022
Accepted: 21 September 2022
Published: 18 October 2022
Citation: Wu Z, Zou S, Yang Y, Yang X, Han Q, Chen C, Wang M and Tan W (2022) Spatiotemporal prediction and optimization of environmental suitability in citrus-producing areas. Front. Environ. Sci. 10:985952. doi: 10.3389/fenvs.2022.985952

The increasing need for citrus has driven the rapid expansion of citrus planting areas. However, not all areas are suitable for growing citrus. It is necessary to understand the future changing trend of environmental suitability in citrus-producing areas. Here, based on the soil nutrient data of citrus cultivation from 2006 to 2018, the spatiotemporal kriging method was used to predict the spatiotemporal distribution of soil nutrients in Zigui County, Hubei Province. Then, geographical and meteorological conditions were combined to evaluate the suitability for citrus cultivation at temporal and spatial levels, and the results were verified by the yield and quality data of citrus. The results showed that from 2018 to 2027, the overall suitability of the citrus-producing area displayed a gradually rising trend, with the “suitable” producing area increasing from 4.5% to 20.16%. The validation results indicated that the mean relative errors of spatiotemporal predictors were less than 30% except for the effective iron. Correlation analysis revealed that the proportion of “moderately suitable” and “suitable” orchards had significant positive correlations with annual yield. The low suitability of Maoping town was mainly attributed to its soil acidification and available P content, and that of Shazhenxi town was ascribed to its low soil contents of available P and N. The optimal fertilization scheme was constructed by an artificial neural network to optimize the fertilization status of some citrus producing areas. This study has created a dynamic assessment of the environmental suitability of citrus production areas to support improvements in citrus production.
Keywords: citrus, spatiotemporal kriging, environmental suitability, artificial neural network, regulation optimization
INTRODUCTION
Citrus is one of the most important fruit industries in the world and was planted in approximately 140 countries or regions with a planting area of more than 6.8 million ha and an annual yield of approximately 120 million tons in 2019. However, a specific environment and nutrition are required for citrus cultivation. A suitable planting environment can improve the flavor quality of citrus and reduce the use of pesticides and chemical fertilizers. As a perennial plant, citrus has a very long life cycle. Once planted, the planting environment will have a great impact on the quality of citrus throughout its whole life cycle. Therefore, the choice of an appropriate location for citrus planting is significant. In recent years, with the aim of pursuing greater economic benefits, planting citrus has become increasingly intensified, leading to an unsustainable expansion of citrus production areas (David et al., 2002). Many essential nutrients are required for the normal growth, development and fruiting of citrus trees. The selection and breeding of new varieties and cultivation optimization are the main approaches to promote yield and quality; moreover, fertilization is an even more critical factor that determines yield and quality (Ramana et al., 1981). Due to the different effects of different nutrients on the growth and quality of citrus, both excessive and inadequate application of certain nutrients will cause imbalanced soil nutrition for citrus fruit (Srivastava et al., 2002). Typical examples include a large excess of nitrogen (average 712 kg N ha−1), phosphorus (average 364 kg P2O5 ha−1), and potassium fertilizers (average 565 kg K2O ha−1) applied annually (Li et al., 2020). This unbalanced fertilization aggravated soil Mg depletion in 89% of citrus orchards (Yuheng et al., 2022). In addition, magnesium deficiency induces lignification, enlargement and cracking of citrus leaves (Xin et al., 2021).
The quality and yield of citrus are jointly affected by various factors, such as terrain, thickness of the effective soil layer, temperature, precipitation, and soil fertility (Francis, 1963). Hence, some researchers have introduced the concept of environmental suitability into citrus cultivation, which can facilitate better utilization of agricultural resources in citrus-producing areas (Marzieh and Abbas, 2018). Previous studies have demonstrated that altitude, precipitation, extreme weather, and soil fertility are all key factors determining land sustainability for citrus production. Among the geomorphological parameters, aspect has a relatively weak influence on citrus yield (Hasan et al., 2015). The location selection of citrus orchard and the average temperature in the winter season were determined to be the most crucial sub-criteria for citrus cultivation, followed by elevation, the average temperature in the flowering period, land use capability, daily average sunshine time, annual average precipitation, proximity to irrigation ponds and dam lakes, and others. (Emre and Mehmet, 2020). Edward compared the evaluation results of experts and farmers on the suitability of citrus planting and found that there were great differences in the judgment between experts and farmers, and these differences were mainly related to the consideration of soil surface properties. Hence, understanding and monitoring the dynamics of surface soil are the basis for decision making in land utilization (Edward et al., 2019). In previous studies, GIS and multicriteria decision analysis constituted vital methods used to determine the optimal cultivation areas for citrus. These research frameworks usually used land utilization/land cover ratio, meteorological data, landform and irrigation areas as the key evaluation indices (Orhan, 2021), and this approach requires the support of large spatial data and is therefore difficult to implement. To address this need, the spatiotemporal kriging method, which has been widely used to determine the spatial distribution of rainfall, PM2.5 and heavy metals, can be used. However, there has been no report about the application of the spatiotemporal kriging method to environmental suitability (Dangui et al., 2017) evaluations of citrus production, and this method could be used to predict the spatiotemporal changes in the environmental suitability of citrus-producing areas and facilitate the formulation of more reasonable management measures for citrus orchards.
Therefore, this study predicted the pH and nutrients in citrus orchards with the spatiotemporal kriging method by combining the geographical characteristics and climate conditions of the study area. The results were then validated based on the field data of yield and fruit quality. Furthermore, the reasons behind areas having lower suitability for fruit production were analyzed, and some strategies for improving suitability were proposed. Finally, some approaches for optimizing citrus orchards were suggested from the perspective of fertilization. The findings are expected to help promote soil fertility and improve management to enhance citrus orchard yield and fruit quality.
MATERIALS AND METHODS
Overview of the study area
The study area is Zigui County (110°18′–111°0′E; 30°38′–31°11′N) located at the head of the Three Gorges Reservoir area, Hubei Province, China. Zigui County consists of twelve towns, including Maoping, Quyuan, Guizhou, Shuitianba, Xietan, Shazhenxi, Lianghekou, Meijiahe, Moping, Guojiaba, Yanglinqiao, and Jiuwanxi, with a total area of 2,427 km2 (Figure 1). Forestland, arable land and grassland are the dominant land utilization patterns. By the end of 2020, the citrus-producing area in Zigui County reached more than 23,200 ha, which accounted for nearly 69% of the total arable land, and the annual yield of citrus fruit was 609,500 tons.
[image: Figure 1]FIGURE 1 | Geographical location and soil type of Zigui country in the Three Gorges Reservoir area.
Soil physical and chemical properties, particularly nutrients, vary greatly depending on the properties of the soil parent material (Oyatokun et al., 2017). To ensure a scientific and reasonable prediction, the distribution map of soil types in Zigui County was first obtained. Then, more advanced spatial processing was conducted according to the soil types of the sampling sites, and the boundaries of the citrus-producing areas were determined based on the distribution of the soil sampling sites. The evaluation area of citrus environmental suitability was 33,629 ha.
Data collection
The soil samples (7,709 samples) were derived from the sampling sites used to test soil for formulated fertilization (2006–2018) at the Agricultural Science and Technology Service Center of Zigui County. The spatial distribution of sampling points is shown in Figure 2. The physical and chemical properties of the sampling points are determined by the inspectors of Zigui County agricultural and rural bureau every year. The soil pH was determined at a soil/water ratio of 1:2.5. The sodium bromate digestion method was used to determine the soil organic matter (SOM) content. The available P was extracted with 0.5 M NaHCO3 (pH 8.5) and analyzed using molybdenum blue calorimetry. The content of NH4+-N in each treatment was analyzed by the phenol hypochlorite method. The content of NO3−-N was analyzed using the UV spectroscopy method (Liu et al., 2020), and the sum of NH4+-N and NO3−-N content was taken as the content of available N. Ammonium acetate (1 mol L−1 NH4OAc pH 7.0) was used to extract available K, which was measured using a flame photometer (SherwoodM410). Available manganese (Mn), copper (Cu), and zinc (Zn) in the soil were determined by inductively coupled plasma–mass spectrometry. Spectrophotometric determination of available iron (Fe) in the soil was conducted with potassium thiocyanate in the presence of Emulgent OP.
[image: Figure 2]FIGURE 2 | The spatial distribution of the soil samples in Zigui County.
The citrus yield data were derived from the 2021 report of the Zigui government, and the determination and grading of citrus fruit quality were conducted according to the national standard GB/T 21488-2008 (Li et al., 2015). For quality determination, fruit samples were collected from orchards with different suitability levels, and the topographic data were derived from the Geospatial Data Cloud (2020) ASTER GDEM 30M http://www.gscloud.cn/sources/accessdata/310?pid=302.cn/[Accessed 16 May 2020].
Previous research has demonstrated that an excessively high or low altitude has significant impacts on illumination intensity and temperature, thereby affecting the growth and development of citrus (Jenkins et al., 2015). Hence, by combining relevant research findings and the local situation, an altitude of 600 m was set as the threshold of suitability for citrus cultivation. Accordingly, the areas above 600 m in altitude were set as unsuitable areas for citrus cultivation, and the influence factor map of altitude was obtained through digital elevation model analysis (Supplementary Figure S1). The slope of cultivated land has significant impacts on agricultural production as well. If the slope is too large, then it is likely to cause soil erosion. The Law of People’s Republic of China on Water and Soil Conservation stipulates that a slope >25° is the slope limit for land reclamation where the cultivation of crops is prohibited. If an area with this slope has been reclaimed as cultivated land, then it must be gradually returned from farmland to forest and grassland. Accordingly, the areas with a slope exceeding 25° were regarded as unsuitable for citrus cultivation, and the influence factor map of the slope was obtained (Supplementary Figure S2) (Xu et al., 2012). The precipitation and temperature data were obtained from the meteorological station of Zigui County and the WheatA Meteorological Data System. It has been reported that the precipitation amount suitable for citrus growth and development is 1,000–1,500 mm (Traboulsi, 2013). The annual mean precipitation of Zigui County is 1,000–1,400 mm, and the annual mean temperature is approximately 15°C; thus, both precipitation and temperature are within the suitable range for the growth of citrus (Rafael et al., 2019).
Spatiotemporal prediction and accuracy verification method
The spatiotemporal kriging method was adopted to determine the soil pH and nutrients, aiming to predict the attribute values of undetermined space-time points by utilizing the determined values of some adjacent space-time points (Yong et al., 2015) (Bei and Yong, 2017) (Yong et al., 2018). First, the spatiotemporal variables were defined as Z(x) = { Z (s, t)|s∈S, t∈T }, where S represents the spatial domain, S∈R2, T represents the time domain, T∈R, s represents the specific spatial coordinates, t represents the time value, and R represents the set of real numbers. The purpose of spatiotemporal kriging is to use the attribute values of several measured spatiotemporal points to predict the target attribute values of unmeasured spatiotemporal points (S0, t0):
[image: image]
where Z0 is the unknown point, Zi (i = 1...,n) indicates several known points, and λi is the weight coefficient. Therefore, under Eigen’s hypothesis, the spatiotemporal variogram was defined to calculate the spatiotemporal semivariance of the test.
[image: image]
where [image: image]and [image: image] are space and time interval variables, respectively, and [image: image] is the number of point pairs in the sample that meet the defined space and time interval. When the theoretical spatiotemporal variogram is determined, the spatiotemporal kriging method is similar to common kriging interpolation. In this study, based on the model of space-time combination determined by the Bilonick formula (Richard, 1988), the spatiotemporal comprehensive variation structure model is defined as:
[image: image]
where [image: image] is a theoretical spatiotemporal variation value, [image: image] and [image: image] are spatial and temporal variation models, respectively, and [image: image] represents pure geometric variation in space-time, which does not include banded variation with space or time. These three theoretical variograms follow the form of spatial variograms, such as hemispherical model, exponential model, Gaussian model, linear model, etc.
Precision validation was performed with the cross test method. Mean relative error (MRE) was used to evaluate the precision of the predicted values, with a lower MRE value indicating higher precision. The MRE was calculated with Eq. 4 as follows:
[image: image]
where Z[image: image] is the actual value of the sample and [image: image] is the predicted value.
Evaluation of environmental suitability
In this study, the environmental suitability for citrus-producing areas refers to the suitability of the planting environment of citrus orchards for citrus growth. Annual mean precipitation, annual mean temperature, altitude, slope, SOM, available N, available P, available K, pH, available Fe, available Mn, available Cu and available Zn were taken as factors affecting the environmental suitability for growing citrus in the study area. Three thematic indicators, including climate, geography and soil fertility, were used in assessing environmental suitability.
The analytical hierarchy process (AHP) method was used to calculate the weight of each prediction indicators (Satiprasad et al., 2016). The relative importance of each indicator is determined by a number of local citrus planting experts. By combining the membership function, the status of the evaluation indices and their relationship with the suitability of citrus cultivation were assessed. The evaluation indices were nondimensionalized, and the subordinating degree function was set at 0–1, with a higher value indicating a higher suitability (Eddie et al., 2002). According to the relationship of different nutrients with citrus growth, the S-shape function was adopted for four soil fertility indices, organic matter, available N, available P, and available K, and the trapezoid function was adopted for other indices, as shown in Supplementary Table S1. The degree of membership was calculated with Eqs 5, 6.
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The threshold value of the membership function was determined through data and results related to long-term planting, production, and practice and previous research. In this study, the threshold value of the membership function was set according to the classification indices of soil nutrients in citrus orchards in Hubei Province (Supplementary Table S2) and the Three Gorges Reservoir Region.
Layer rasterization was performed to assign suitable areas with a value of one and problematic areas with a value of 0 for citrus cultivation in terms of terrain, precipitation, and temperature. The values of all rasters were first summed and then multiplied by the assigned value (0 or 1) of each influencing factor to evaluate cultivation suitability.
Regulation of soil fertility
An artificial neural network is a nonlinear complex network composed of many simple neurons; effective in pattern recognition, program decision and knowledge management with incomplete information; and particularly suitable for solving nonlinear problems (Yusuf et al., 2008). Here, soil pH and various nutrients were taken as the input variables of the neural network, and the fertilization status was taken as the output variable for the fitting of the neural network. Then, the optimal fertilization regime was obtained by using the well-trained neural network with the optimal fertilizer parameters as the input.
RESULTS AND DISCUSSION
Spatiotemporal prediction and precision validation of the evaluation indices
With the change in years, most of the evaluation indices tend to improve, but some of them remain stable or even deteriorate.
As shown in Supplementary Figures S3, S4, S10, S11, the pH, available N, available Cu and available Zn were relatively stable in the citrus-producing area from 2018 to 2027. In the orchards of Shuitianba and Maoping towns, 1,101.78 ha and 3,064.88 ha of the soils showed relatively severe acidification (pH < 5.5), accounting for 26.83% and 36.06% of the orchard area, respectively. The soils in most orchards of the other towns had pH values >6.5, which is relatively alkaline for the growth of citrus. In addition, the area of orchard soils with “deficient” available N was 33176.25 ha, accounting for 79.53% of the main producing area. Available Cu is highly stable but was always “deficient” in some orchards in Shuitianba, Guizhou, and Guojiaba, while it was “excessive” in almost 50% of the orchard soil in Maoping. Moreover, available Zn was “extremely deficient” in the soils of some orchards in Shuitianba, Guizhou and Guojiaba and was at an “appropriate” level in most orchards in the other towns.
According to Supplementay Figures S5, S7, S8, available P in the orchards of Shuitianba, Guizhou, Guojiaba and Lianghekou towns was at an “appropriate” level during the 10 years, while it was “deficient” in the orchards of the other towns and gradually improved to an “appropriate” level in some orchards with time. The organic matter content in the whole main producing area gradually increased each year, and the area with “appropriate” organic matter increased from 59.08% in 2018 to 80.91% in 2027, which was consistent with the goal of local citrus planting policies. In addition, available Mn in the soil of the whole main producing area increased gradually as well and was generally at the “appropriate” or “abundant” level.
As shown in Supplementay Figures S6, S9, available K was “deficient” in the soil of most orchards, particularly in the orchards in Maoping town. The level of available K showed an increasing tendency in the orchards in Shuitianba town, while there was a decreasing trend in available K in Guojiaba town. The level of available Fe exhibited an apparent declining trend, decreasing from an “abundant” status to a “deficient” and “appropriate” status in Shazhenxi town and to a “deficient” status in most of the orchards in Shuitianba and Xietan town. Moreover, the available Fe level was maintained at a “deficient” status for 10 years in the orchards in Guojiaba and Jiuwanxi towns.
By taking the data of 2017 as an example, the precision of the predicted results was validated based on the MRE with 70% of the sampling sites as the training set and the remaining 30% of the sampling sites as the testing set. The results are presented in Supplementay Table S3. It can be intuitively seen that the prediction results have high precision and reliability.
Spatiotemporal prediction of the environmental suitability of citrus cultivation
According to expert scoring, the weights of the influencing factors on environmental suitability were calculated by the AHP, and the results are shown in Supplementay Table S4. Furthermore, the weights of the influencing factors on environmental suitability under different conditions were calculated based on the membership function of each factor. The weight of each influencing factor was slightly adjusted, as shown in Supplementay Table S5.
As shown in Figure 3, from 2018 to 2027, the overall environmental suitability of the citrus-producing area shows a gradually rising trend, with the “suitable” land area increasing from 4.5% to 20.16% and the “slightly suitable” and “moderately suitable” areas increasing from 37.15% to 9.92%–43.86% and 18.83%, respectively. The reason for the increase may have been that the local government provides excellent support to the citrus industry. For instance, the government has delivered a series of lectures to enhance the awareness of farmers on the science related to planting local orchards, and it often holds appraisal conferences to increase the enthusiasm of farmer households for citrus planting. In addition, the local government also attempts to provide solutions to the problems that occur in different orchards. For example, to address high soil acidity and low nutrient contents in some soils, biochar plus calcium silicate was proposed in combination with increasing applications of organic fertilizer and green manure to improve the soil environment (Hafeez et al., 2012). Together, these measures can promote N fixation and organic matter content, improving the fertility of orchard soil and enhancing the suitability for citrus cultivation. With these efforts, gradual increases in citrus cultivation suitability has occurred in the orchards in Zigui County. The spatial distribution of the different levels of suitability also showed apparent differences. The “unsuitable” land was mainly concentrated in the junction area between Guizhou and Guojiaba towns and Maoping and Shazhenxi towns.
[image: Figure 3]FIGURE 3 | Prediction results of environmental suitability for citrus cultivation in Zigui County.
Correlations of environmental suitability with citrus yield and quality
Correlation analysis revealed that the proportions of “moderately suitable” and “suitable” orchards had significant positive correlations with annual yield (p < 0.05) (Figure 4). Among the different towns, Shuitianba town had “moderately suitable” and “suitable” orchards, accounting for 23.19% and 11.56% of its orchards, respectively, and their annual yield was 30.62 t/ha; in contrast, Quyuan town exhibited the lowest suitability for citrus cultivation, with “moderately suitable” and “suitable” orchards accounting for 6.33% and 5.7% of its orchards, respectively, and their annual yield was as low as 21.26 t/ha.
[image: Figure 4]FIGURE 4 | Correlations of environmental suitability with citrus yield in Zigui County.
Table 1 shows that high-grade fruit accounts for nearly 89% of the fruit from the citrus orchards with the highest suitability. From the “slightly unsuitable” orchards, second-grade and off-grade fruit appeared, and these orchards had decreasing suitability for citrus cultivation. Off-grade fruit accounted for a maximum of 33.3% in the orchards with the lowest suitability.
TABLE 1 | Correlations of environmental suitability with citrus quality in Zigui County.
[image: Table 1]Analysis of areas with low suitability for citrus cultivation
In 2027, “slightly unsuitable” and “slightly suitable” orchards will still account for 30.06% and 35.29% of the orchards in Maoping town, respectively, which may be mainly attributed to the soil acidification and available P content.
As seen from Supplementary Figure S5, in the orchards in Maoping town, approximately 35.52% of the orchards show soil acidification, and 27.02% of orchards are “deficient” in available P. Soil acidification in citrus orchards can cause frequent occurrence of root rotting and death as well as decreases in the resistance of the citrus trees, which will result in increases in disease and pest damage and smaller and sour fruit (Raquel et al., 2015). A deficiency in available P can lead to the maldevelopment of fruit trees and red–purple leaves and thereby lower yield (Bouma, 1956). Moreover, soil acidification can reduce the activity of P. Therefore, the environmental suitability for citrus cultivation in this area may be promoted by the application of biochar plus calcium silicate to increase the soil pH (Zwieten et al., 2010) and at the same time by an increase in the application ratio of phosphorus fertilizer.
In 2027, “slightly suitable” orchards will still account for 56.74% of the total in Shazhenxi town, and some orchards will even be “slightly unsuitable” or “unsuitable”, accounting for 8.17% and 2.34% of the total planting area, respectively. An analysis of soil pH and nutrients demonstrated that the low suitability levels could be mainly ascribed to the low contents of available P and N.
In Shazhenxi town, approximately 76.54% of citrus orchards were “deficient” in available N, and the orchards with “appropriate” available N accounted for only 22.7% of the total planting area. In addition, the soil in 77.19% of orchards was “deficient” in available P. A deficiency in available N can cause retarded growth of citrus trees, small canopies, poor flower bud differentiation, and low fruit setting rates, leading to serious yield reduction (Ling et al., 2019). The low N and P contents in this area were mainly due to the poor soil and water conservation measures for the sloping citrus orchards, which resulted in the loss of large quantities of N and P due to frequent water and soil loss (Zhiguo et al., 2017). Therefore, the conservation capacity of water and nutrients in this area should be enhanced through activities such as planting green manure, applying decomposed organic fertilizer (Peina et al., 2020), and integrating water and fertilizer to improve the fertility of the soil (Belén et al., 2016).
As shown in Figure 3, the joint area of Guojiaba and Guizhou towns is characterized by its “unsuitable” and “slightly unsuitable” status. The low suitability of this area can be mainly attributed to the high soil pH and low contents of organic matter and available N. Approximately 63.65% of citrus orchards had relatively alkaline soils, and 10.55% and 77.78% of the soil were “extremely deficient” and “deficient” in available N, respectively. High soil pH can reduce tree vigor and lead to the yellowing of citrus leaves (Syvertsen et al., 1993). Moreover, low organic matter content and a minimal application of organic fertilizer will result in poor soil physical and chemical properties in citrus orchards and, accordingly, poor soil structure, permeability and leakage (Jiawen et al., 2019). Hence, in this area, acid compound fertilizer should be applied, and at the same time, the application of organic fertilizer should be increased to enhance soil fertility.
Numerous studies and practices have demonstrated that fertilization is a critical factor in citrus orchard management and the basis for the high yields of orchards (Jae et al., 2014). Previous field experiments have shown that compared with a conventional fertilization pattern, an optimized fertilization management pattern could improve the yield by 18.9% and 15.5%, the Vc content by 0.69% and 7.66%, and decrease the titratable acid by 1.2% and 13.75% of citrus fruit in two consecutive years, respectively, resulting in a higher solid acid ratio and stronger flavor of the citrus fruit.
Optimization of the fertilization regime
The optimized fertilization regimes for the different towns were obtained based on the relationship between fertilizer application and soil nutrients with an artificial neural network (2019–2020). The results are presented in Figure 5. Excessive amounts of N and K fertilizers are applied in Guizhou town, and therefore, the application amount should be reduced to some extent. In addition, the application of N, P, and K fertilizer is inadequate in the orchards in Xietan, Meijiahe, and Jiuwanxi towns. The fertilization regimes should be optimized to provide more N, P, and K. In Guojiaba town, inadequate application of N fertilizer is prevalent in the orchards. However, the application of K fertilizer is excessive in some orchards. Excessive fertilization will inhibit the yield and quality of citrus fruit and greatly increase the cost of production. Hence, an optimized fertilization regime should be formulated to achieve high-quality, high-yield, and high-efficiency citrus production.
[image: Figure 5]FIGURE 5 | Optimized fertilization regimes for different towns. Note: + indicates increases; - indicates decreases.
CONCLUSION
From 2018 to 2027, the overall suitability of the citrus producing area shows a gradually rising trend, with the “suitable” land area increasing from 4.5% to 20.16% and the “slightly suitable” and “moderately suitable” areas increasing from 37.15% to 9.92%–43.86% and 18.83%, respectively. This trend is due to the strong support of the local government for the citrus industry and the increased scientifically based management and maintenance of the citrus orchards by local farmers.
By 2027, there will still substantial room to improve the suitability of citrus orchards in Zigui County. Only by improving the suitability of citrus-producing areas can the yield and quality of citrus be improved. The environmental suitability for citrus cultivation in Maoping town may be promoted by applying biochar plus calcium silicate to increase the soil pH and the application ratio of phosphorus fertilizer. The conservation capacity of water and nutrients in Shazhenxi town should be enhanced through activities such as planting green manure, applying composite decomposed organic fertilizer, and integrating water and fertilizer to improve the fertility of the soil. In the joint area of Guojiaba and Guizhou towns, acid compound fertilizer should be applied. Moreover, the application of organic fertilizer should be increased to enhance soil fertility.
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The international community has reached a consensus on promoting the sustainable development of global cities. As an important and irreversible space resource in a city, the development and utilization of urban underground space should follow the principle of sustainability and emphasize scientific and forward-looking planning. At present, most cities have formulated urban underground space master plans. However, due to the lack of an effective evaluation method, the plan quality is uneven, which directly affects the sustainability of underground space development and utilization. This paper proposes a set of sustainability evaluation framework of underground space planning based on relevant planning standards and plan quality evaluation protocol, and makes a comparative analysis of the 40 urban underground space master plans formulated in China from 2004 to 2020. The research found that the planning documents generally reflected the problem of emphasizing design strategies and engineering technology while neglecting implementation and humanistic care; administrative region, population density, land price and other variables closely related to the scarcity of urban space resources are the main factors affecting the quality of urban underground space planning. The conclusions of this paper can aid planners and researchers to identify the problems and influencing factors of underground space planning related to sustainability, and summarize the methods to improve the quality of underground space planning.
Keywords: sustainability, underground space planning, plan evaluation, plan quality, text analysis
1 INTRODUCTION
As the global urbanization rate reached 50% (United Nations, 2013), populations increasingly became concentrated in urban areas. However, urban diseases and problems, such as lack of resources, environmental degradation, and disorderly spatial expansion, caused by population accumulation have posed great challenges to global sustainable development. The development and utilization of urban underground space can alleviate the above problems, improve the efficiency of urban operation (Broere, 2016; Peng et al., 2021). Therefore, improving the efficiency of urban underground space is an important guarantee for urban sustainable development, and urban underground space planning is the basis for guiding the efficient utilization of underground space. High-quality and sustainable planning will promote the sustainable development of urban underground space and affect the sustainability of the whole city.
Civil air defense engineering was the earliest main form of underground space construction in China. With the rapid growth of the economy and the urban population, the development and utilization of underground space in some cities in China has entered a stage of rapid development. By May 2020, 42 of China’s four municipalities and 49 large cities have issued local underground space management measures (Zhang et al., 2017; Liu et al., 2022). Accordingly, underground space planning has been gradually developed. Since the Ministry of Construction issued the Regulations on the Development and Utilization of Urban Underground Space in 1997, which made it clear that underground space planning is an important part of urban planning, a large number of cities in China have compiled guidelines on underground space planning. The Standard for Urban Underground Space Planning (GB/T 51358–2019) (SUUSP) issued by the Ministry of Housing and Urban–Rural Development in 2019 further standardized the formulation of underground space planning on the national level. There is an urgent need to establish a set of sustainability evaluation system for underground space planning that is suitable for the characteristics of China’s planning system, so as to provide scientific reference for the preparation of underground space planning and improve the plan quality. In Section 2, on the basis of the existing urban plan evaluation methods and the technical standards and typical cases, this study constructed a sustainability evaluation system for designated urban underground space planning documents, (Supplementary Table S1). We requested several influencing planning departments in China, including China Academy of Urban Planning and Design, Shanghai Tongji Urban Planning and Design Institute, and Urban Planning and Design Institute of Shenzhen, etc., to provide former representative underground space master plans. After screening and de duplication, we selected 40 complete planning documents, and evaluated and analyzed these 40 cases as samples. The construction of the evaluation system is conducive to the standardization of urban underground space planning in China and can provide an effective method to explore the path of combining planning with the principle of sustainability, which helps to guide the formulation of better planning. In Section 3, based on the study of evaluating method, we designed a convenient procedure adjusting to our evaluation system. In Section 4, by evaluating the underground space planning of 40 case cities and comparing the evaluation results of each case, we identified the advantages and disadvantages of China’s underground space planning to help improve the level of underground space planning and promote the sustainable development and utilization of underground space. In Section 5, we also collected socio-economic data, such as economic region division, administrative area, population density, land price, and metro mileage, for 40 cases to analyze the influencing factors of the quality of planning documents and the significance of each influencing factor through regression analysis. We also explored the relationships between the quality of planning documents and local socio-economic factors. This work provides a reference for further research on the differences in underground space planning levels across China and can improve the quality of planning formulation by transforming the influencing factors. Through this study, we hope to improve the quality of urban underground space planning and enhance the sustainability of urban development.
2 SUSTAINABILITY EVALUATION FRAMEWORK OF URBAN UNDERGROUND SPACE PLANNING
Urban plan evaluation has the functions of perfecting planning schemes, ensuring planning implementation, promoting the realization of urban development goals, and balancing and mediating the interests of all social parties (Song et al., 2010). According to Talen (2001), Baer (1997), Berke et al. (2006), Lin and Shen (2009), Song et al. (2015) and other scholars who have provided definitions of the concept, urban plan evaluation can be divided into two parts: planning documents evaluation and planning implementation evaluation. This study mainly discusses the evaluation of planning documents. To scientifically evaluate the plan quality of urban underground spaces, this paper builds a quality evaluation framework of urban underground space planning that is suitable for the planning characteristics of China; it draws on the experiences of foreign researchers and the compilation standards and typical cases of underground space planning in China.
Since the 1990s, a large number of studies on the quality evaluation of planning documents have emerged in the United States. Berke and French (1994), Burby et al. (1997), and other scholars argued that the core of planning documents includes three aspects: goals, fact base, and policies. Baer (1997) offered a comprehensive comment on the theory of planning quality assessment and provided the overall guidelines for these evaluations (He et al., 2011). Based on the theoretical basis of Baer (1997) and Berke et al. (2006), Berke and Godschalk (2009), several studies (Berke, et al., 2012; Horney et al., 2017; Lyles et al., 2014) complemented the principles of plan evaluation as following: goals, fact base, policies, participation, coordination, implementation, and monitoring (Feinberg & Ryan, 2022).1) an internal effectiveness evaluation—evaluating the integrity and logic of the planning content, including information base and problem identification, planning vision and goals, and policies or strategies; 2) an external effectiveness evaluation—the evaluation of the consistency and coordination between “vertical-level” and “parallel-level” plans, including planning coordination, institutional coordination and public participation (Song et al., 2017; He et al., 2019). With reference to the Urban Underground Space Planning Standard and relevant research, we established a sustainability evaluation framework of designated underground space plan (Figure 1; Supplementary Table S2). We have to emphasize that this framework was designed for evaluation of designated underground space planning in China. While for regulatory detailed planning or construction detailed planning of underground space in key areas, which focuses on a smaller level, another evaluation criteria is needed. The specific evaluation indicators are as follows.
[image: Figure 1]FIGURE 1 | Sustainability evaluation framework of underground space plan.
2.1 Information base
It is the prerequisite for the formulation of sustainable underground space planning to comprehend accurate information of all aspects about the planning area. The planning document shall include the following basic information that has important limitations and reference functions for planning. First, it must include location identification; that is, the extent of the planning area and the vertical development depth shall be clearly defined. The scope of the planning area is the basic requirement of the planning. The planning depth should be defined according to the characteristics of the underground space planning. Second, the development status of the underground space is also needed. Compared with studies on the evaluation of various plan quality, the description of the core issues of the planning object is the necessary basic information; this is reflected in the description of the development status of the underground space in underground space planning. Third, engineering geological conditions not only determine the feasibility of the planning, but also have an important impact on the sustainability of the planning scheme. The development of underground space in areas with unfavorable engineering geology will increase construction and operation costs and energy consumption, resulting in negative externalities. The SUUSP requires that natural elements, such as landform, engineering geology, and hydrogeological conditions, must be evaluated. Fourth, the ecological environment, underground space resources, socio-economic conditions, human activities, and other basic elements together constitute the sustainable development system of urban underground space (Kong, 2006). There are complex interactions among the elements of underground space, so it is necessary to understand their relationship to realize the sustainable development of the system. Therefore, underground space planning should investigate the ecological environment, construction, and social and economic conditions of the planning area and explain them in the document. Fifth, the planning document must include a description of the construction situation. Sixth, the development value, including introduction to and analysis of social and economic situations and development interests in the planning area, must be outlined to demonstrate that the planning complies with local development requirements. Finally, a capacity evaluation must be provided. The planning must specify the realistic conditions that can support the planning, including the planning basis, a current plan evaluation, and financial capacity.
2.2 Vision and goals
The development vision plays an important role in guiding the future construction of the city, reflecting breadth of values affected by the plan (Berke et al., 2012), and expressing future desired conditions grounded in community values (Horney et al., 2017). Therefore the following two layers must be stated in the planning document: 1) planning vision and 2) planning goals and indicators. First, as a part of urban planning, the development vision of underground space planning should adapt to the overall vision of the city to promote urban development and to reflect the relevant requirements of sustainability. Second, the underground space planning should establish specific construction goals and indicators on the economic, transportation, land use, and other elements involved, and should echo the requirements of sustainability.
2.3 Strategies
Strategies are a guide to decision making to assure plan goals are achieved (Woodruff and Regan, 2019). The preparation of scientific and effective planning strategies and measures is the guarantee for the realization of sustainable objectives. The planning document should consider the following strategic measures conducive to the implementation of the plan.
2.3.1 Demand prediction
The demand prediction for the development and utilization of underground space is the core question to be answered in the formulation of underground space planning (He et al., 2011). Accurately predicting the demand for underground space in the planning area can avoid over-development of underground space and balance the relationship between the environment and urban development. The SUUSP requires that in the overall planning stage, the urban underground space should “analyze and predict the scope, overall scale, zoning structure, leading functions, etc., of urban underground space utilization, and clarify the leading policy of urban underground space utilization.” In order to make the development of underground space more sustainable, it is very important to consider the quantitative indicators of underground space in the analysis process of demand prediction. Common quantitative indicators include the urban underground space volume, density, volume per person and premises floor area, etc (Bobylev, 2016).
2.3.2 Rationality of the planning layout
Due to the non-renewable nature of underground space resources and the irreversibility of underground space development, the planning and layout of underground space should be justified in terms of plain, vertical, and development scale (Wang and Liu, 2014).
2.3.3 System planning integrity
As a complete system, underground space includes subsystems, such as traffic facilities, municipal facilities, and civil air defense facilities. All subsystems need to be properly planned to realize the normal operation and sustainable development of the underground space system. This indicator item contains six coding items, covering eight categories of underground space facilities in the SUUSP.
2.3.4 Planning control and guidance
One underground resource can provide competing or coexisting functions (Volchko et al., 2020), so underground space planning should play its role in balancing them. The planning document shall provide control and guidance on key issues of underground space development. The SUUSP refers to the guiding principles of functional integration, space humanization, and three-dimensional transportation for underground space.
2.3.5 Comprehensive disaster prevention
Natural disasters, such as storms, tornados, and frost, rarely affect underground space. The probability of damage by fire in underground space is lower than above the ground (Sun and Xu, 2014). In addition, the underground space has good seismic and air defense performance. The planning document should consider the comprehensive disaster prevention measures of underground space.
2.3.6 Environmental safety
During the preparation of underground space planning, attention should be paid not only to the development and utilization of underground space, but also to the improvement of the quality of human settlements and people’s use of underground space facilities (Wang, 2008).
2.3.7 Capability of reaction to changes
Similar to other urban spaces, urban underground space is an uncertain dynamic system that changes with time. It is in the process of continuous evolution and development (Kong, 2006). Therefore, the adaptability of underground space to possible future changes should be considered in the planning, including the update of technology, the possibility of function transformation under different scenarios, such as peacetime and wartime, and future space expansion.
2.3.8 Economic benefits
The construction of underground space must be economic and reasonable, and its social benefits can only meet the requirements of sustainability when they can make up for the construction expenditure.
2.4 Planning implementation
Planning implementation is critical to the realization of sustainability. It can translate plan strategies into action, track progress toward goals (Woodruff and Regan, 2019), and clarify the attribution of responsibility.
2.4.1 Planning implementation strategies
To ensure the implementation of the plan, it is necessary to further decompose the objectives and strategies into specific action plans, including a project list, construction sequence, division of responsibilities, and so on. The current Urban Underground Space Planning Standard lacks this requirement.
2.4.2 Implementation monitoring
The plan document shall formulate quantitative indicators to monitor the implementation of planning (Berke et al., 2012) to master the construction and operation and make timely adjustments.
2.4.3 Planning update
Planning update is a vital means to adapt to future changes, including recognition of and approaches to overcome uncertainty (Woodruff and Regan, 2019). Corresponding to the characteristics of the dynamic evolution of underground space, underground space planning also needs to be revised with changes in various conditions. The planning document should specify the conditions for planning revision to ensure the sustainability after the external conditions change.
2.5 Planning coordination
Urban planning is a complete system. In the planning system of China, underground space planning implements the requirements of urban master planning, serves as a guidance for detailed planning of underground space, and also coordinates with other special planning such as rail transit, public service facility and park facility (Zhao et al., 2016). The planning document should reflect how the underground space planning cooperates with other planning: 1) vertical planning undertaking, including accounting for the requirements of planning at higher levels and providing guidance to projects at lower levels; and 2) parallel planning coordination, which refers to the responses to other special plans at the same level.
2.6 Institutional coordination and public participation
Cooperating with other institutions and widely absorbing public opinions is an important means to improve the fairness and effectiveness of the planning. A platform to facilitate the communication among engineering geologists, civil engineers, architects, urban planners, urban designers and other stakeholders in spatial planning processes needs to be created (Volchko et al., 2020). It is a two-way communication process between the planning department and all sectors of the society. Its purpose is to ensure that the planning results are fully recognized by the public (Shao, 2014). The planning document should reflect: 1) coordination with other agencies, including other government departments and civil society; and 2) public participation; that is, the planning document should attract public participation through opinion solicitation and publicity to enhance public support for the plan.
3 EVALUATION METHOD
3.1 Development of evaluation criteria
As explained in Section 2, plan quality evaluation is generally evaluated according to an evaluation protocol. The main evaluation principles have been agreed and widely used in plan quality evaluation research and practice, especially in the United States. The content is basically fixed, while the indicators in the framework can be added or deleted according to the specific conditions.
We refer to the national adaptive plan evaluation system and the comprehensive disaster prevention plan evaluation system of the United States, and compare the underground space planning documents of Shenzhen, Suzhou, and other representative cities to adjust to China’s circumstances. We also add some indicators and coding items related to the development and construction of underground space, such as “above-ground and underground space compliance,” “underground temperature and humidity control,” and others.
Each coding item was divided into two categories according to its characteristic: “binary coding” or “degree coding” (He et al., 2019). An item coded as the former must be checked to determine whether there is corresponding content in the planning document. If there is no corresponding content, code 0; if there is corresponding content, code 1. For the degree coding category, we checked the depth of the description or discussion of the coding item in the document. If it is not mentioned, code 0; if the description or discussion is vague or lacking, code 1; if there is a detailed description or discussion, code 2.
Example:
1. Coding item 1.5.1 underground buried objects.
Zhuhai: 4.1.1 (3) ① Determine the natural ecological protection area, first-class water source protection area, ecological wetland protection area, ecological agriculture protection area, local unfavorable geological area, underground cultural relics burial area, national, provincial and municipal cultural relics protection units, and some urban special land as underground space prohibited construction areas.
5.2.1 (1) ⑥ Underground cultural relics burial areas include: sand dune site of Dong’ao Bay, Yapo Bay site of Qi’ao, Zhongshan port site, Chisha Bay site of Hengqin, ancient sand dune site of Caotang Bay, Xiahuan site of Nanxin Tang, Dahushui wellhead site, Gaolan Xieqianzui site, Baojing Bay site, underwater Tang dynasty ceramics site of Hebao island;
Score: Underground buried objects are considered and the specific area is defined; This encoding item is encoded as 2.
2. Coding item 3.5.3 earthquake resistance.
Shenzhen: Article 24 of Chapter VI: “Shenzhen should focus on the geological factors that may cause potential safety hazards, such as fracture zones, foundation Baering capacity, karst, groundwater, seawater intrusion, and earthquake liquefaction, and the city should take countermeasures in advance during the development and utilization of underground space.”
Score: The geological risk factors that should be paid attention to and take corresponding measures are mentioned, but there is no clear response strategy; This encoding item is encoded as 1.
Suzhou: 15.3 “Earthquake prevention”: “Generally speaking, under the earthquake action of design intensity, the underground structure should not be damaged or slightly damaged. Under the earthquake action of beyond design intensity, the structure may be damaged, but the main function will not be lost, or there will be no serious damage endangering the lives of people inside. The seismic structure design of underground space should be carried out according to the urban fortification intensity. The fortification intensity of important underground works, such as subway, lifeline works, important underground buildings, and underground roads, should be equal to that of underground buildings. Other underground works can be designed by reducing the basic fortification degree by one degree. The construction site of underground space shall avoid unfavorable engineering geological sites, such as fault fracture zones, steep bank slopes, and unstable hillsides. When the underground space structure supports the original soft clay, liquefied soil, or other uneven soil layers, it is advisable to take measures to strengthen the integrity and rigidity of the foundation. The structural members of underground space shall have sufficient strength, good deformation capacity and energy consumption capacity, strong corrosion resistance and durability. The structural system of underground space should have a reasonable and simple seismic action transmission path. Each unit is relatively independent and cannot affect another structural unit due to the damage of one structural unit.”
Score: There are clear anti-earthquake measures and design guidelines; This encoding item is encoded as 2.
3.2 Design evaluation procedure
In order to improve the reliability of planning document evaluation quality, the double coding technique is mostly used in research (Song et al., 2017; He et al., 2019). In this technique, at least two researchers are required to score the coding items of the planning document. In the first round, the two researchers should conduct a pre-evaluation test to ensure the consistency of understanding and scoring of the coding items of the evaluation framework. The second round, in the formal scoring phase, two researchers encode all items of each planning document, then the team computed an intercoder reliability score that indicates the percentage of items that were coded for the same value by both coders (Song et al., 2017). According to experience, when the coder reliability exceeds 70%, the result is considered credible (Berke and Godschalk, 2009). The double coding technique can better eliminate errors caused by the subjective knowledge and personal experience of the raters, and make the evaluation results more reliable.
The evaluation process of planning document in this paper is adjusted and improved on the basis of double coding technology. In order to ensure the credibility of the evaluation results, the planning document evaluation procedure in this paper is adjusted and improved on the basis of double coding technique. For 40 urban underground space master plans, four research assistants were invited to participate in the evaluation. In the first round, the two researchers should conduct a pre-assessment test to ensure the consistency of understanding and scoring of the coding items of the evaluation framework. First, all of assistants coded for all items in a test planning document. The coding items with large differences in the evaluation results were analyzed, discussed and corrected to ensure the consistency of the assistants’ understanding of the coding items. The new test document was selected for evaluation again, and the process is repeated until the coding consistency of the four assistants can pass the coder reliability test (using SPSS software, Kendall synergy coefficient >0.7). During the pre-evaluation test, we selected the Recent Construction Plan for the Development and Utilization of Urban Underground-Space in Zhuhai (2013–2020) for a credibility test. The result showed that the Kendall coefficient was 0.615, which did not meet the requirements. After discussing the differently scored coding items, the Urban Underground-Space Development and Utilization Master Plan of Nanjing (2017) was selected for evaluation. The result showed that the Kendall coefficient was 0.792, thus meeting the requirement. Therefore, it could be considered that the coders had reached a consensus on the evaluation standard.
After passing the reliability test, according to the optimal combination of coder reliability between two assistants, the assistants were divided into two groups, two assistants in each group. Then, each assistant was responsible for evaluating 10 underground space planning documents and scoring the first-round of evaluation. After the evaluation, the partners in the group exchanged the underground space planning document and revised the scoring results of the first-round. For the disputed coding items, the final results are given after negotiation. This method absorbs the advantages of the double coding technique, which can effectively eliminate the influence of the coders’ subjective knowledge and personal experience. At the same time, it avoids the coders’ repeated evaluation of the same document and improves the credibility of the results. Selecting a test planning document for a credibility test is helpful to improve the efficiency of the evaluation procedure.
4 EVALUATION RESULTS ANALYSIS
4.1 General situation
Under this evaluation system, there are 24 coding items in the “information base” dimension, with a total score of 40; nine coding items in the “vision and goals” dimension, with a total score of 18; 34 coding items in the “strategies” dimension, with a total score of 67; 10 coding items in the “planning implementation” dimension, with a total score of 19; four coding items in the “planning coordination” dimension, with a total score of seven; and six coding items in the “institutional coordination and public participation” dimension, with a total score of 11. Considering that the number of coding items in each dimension varies greatly, and the scale of the two coding methods of “binary coding” and “degree coding” are different. In order to facilitate the comparison and analysis of the scores among various dimensions, and to clarify the strengths and weaknesses of China’s underground space planning, we standardized the scores of various dimensions and indicators. The standardization steps are as follows.
The coding items of “binary coding” was standardized to a 0–2 scale. On this basis, add the scores of coding items under each indicator item to obtain the total score of the indicator item. Calculate the standardized mean score of each indicator item using the total score:
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Then add the standardized mean score of each indicator item under the same dimension to obtain the total score of the dimension. Similarly, the mean standardized score of each dimension can be calculated as follows:
[image: image]
The total score and the score of each dimension after standardization are showed in Supplementary Table S3.
In terms of geographical distribution, 30 case cities are located in eastern China, while 10 case cities are located in the central and western regions (Lanzhou, Xi’an, Wuhan, Wuhu, Bengbu, Changsha, Xiangtan, Nanning, Guangyuan, and Guang’an). Statistics show that there is a big gap between the quality of underground space planning documents in the central and western regions and the eastern region, with a difference of 0.43 in the mean total score. In all six dimensions, the mean score of the vision and goals dimension of the central and western regions was slightly higher than that of the eastern region, and the mean score of the other five dimensions was lower than that of the eastern region (Figure 2).
[image: Figure 2]FIGURE 2 | Comparison of eastern region with central and western regions.
By further analyzing the scores of cities located in different urban agglomerations, it was found that, as the two most important urban agglomerations in China, the Yangtze River Delta urban agglomeration and the Guangdong Hong Kong Macao Great Bay area had significantly higher scores, while cities in the Shandong Peninsula urban agglomeration, Middle Yangtze River urban agglomeration, and West Bank of the Taiwan Strait urban agglomeration had lower scores (Figure 3).
[image: Figure 3]FIGURE 3 | Scores divided by urban agglomerations.
In terms of planning time, 40 cases were divided into three stages: 2010 and before (n = 13), 2011–2015 (n = 15), and 2016–2020 (n = 12). The distribution was relatively uniform. We observed how the quality of the underground space planning document changed with time.
From the mean of the total scores, the scores of the latter two stages were slightly lower than those of the first stage. With reference to each dimension, we found that the scores for strategies, institutional coordination, and public participation have been increasing, and the scores for planning coordination and information base have also improved a little; however, the scores for vision and goals and planning implementation have been decreasing. Therefore, the quality of the planning document did not improve with time, but changed differently on each dimension (Figure 4).
[image: Figure 4]FIGURE 4 | Comparison of formulation time.
4.2 Information base
The mean score for the information base was 0.97. The main reason for the low score might be that some cities did not include the relevant indicators in the planning document, or they only presented them in the annex (e.g., Bengbu, Ningbo, Shaoxing, Nanning, Shenzhen). The frequency distribution histogram also showed that there were many low-scoring cases (below 1 point) in this dimension, and the score differences between them were great (Figure 5).
[image: Figure 5]FIGURE 5 | Score distribution of the dimension “information base”.
Taking the Shenzhen Underground-Space Resources Utilization plan (2020–2035) formulated in 2021 as an example, the document reached the mean level in the other five dimensions, but there was little description of the basic setting of the planning area. The fact-base dimension was only 0.25, far lower than that of Dongguan (1.70) and Shanghai (1.00) in the same period; this ultimately affected the overall score of the planning document.
By analyzing the scores of each indicator under this dimension, we observed that there were large gaps between items, and five of the seven indicators were lower than the mean score for this dimension (Figure 6). The score of indicator 1.3, “engineering geological conditions,” was significantly lower than the other six indicators. The engineering geological conditions have an important impact on the sustainability of the planning scheme and should be described in detail.
[image: Figure 6]FIGURE 6 | Scores of indicator items under the six dimensions.
4.3 Vision and goals
The mean score of vision and goals was 1.40, which was the highest among the six dimensions, and the score distribution was relatively uniform, with few low scores. However, over time, the mean score on this dimension decreased after 2010. The decline might be mainly due to the more comprehensive planning objectives in the early documents that involved various fields, such as the economy, resources, transportation, and urban renewal. For example, the Plan for the Development and Utilization of Underground-Space of Xiamen City, prepared in 2007, posited goals on seven aspects, including land use and space capacity. The plans after 2010 were more targeted. They mainly put forward specific goals for the most urgent problems of underground space, rather than involving all aspects. For example, the Special Plan for the Development, Utilization and Protection of Underground-Space in Shanghai, prepared in 2020, only emphasized the four important concepts of strictly protecting underground space resources, building an efficient three-dimensional city, tapping the potential of space resources, and ensuring urban safety.
In general, the scores of the three indicators of this dimension are relatively close (Figure 6). In terms of specific development goals, such as the economy, function, and transportation involved in indicator 2.2 “planning objectives and indicators,” the scores of items 2.2.1 “economic objectives” and 2.2.5 “environmental protection objectives” were low. More attention should be paid to the economic and environmental indicators in the formulation of development goals.
4.4 Strategies
The mean score of strategies was 1.26. This dimension mainly involves the core issues of underground space planning, such as demand forecasting, spatial layout, system planning, facilities planning, and disaster prevention. These indicators were highlighted in each document, and the scores slightly improved over time (Figure 4), indicating that the design method and technology of underground space planning have made some progress.
Since there are 34 coding items in this dimension, an overall analysis would be vague, so the score was analyzed using the specific indicators (Figure 6). The overall score of each item was good, and five of the eight items were at or above mean. The mean score of item 3.3 “system planning integrity” was the highest, reaching 1.88. Each case has a relatively full explanation of the layout of underground space facilities. The mean score of item 3.6 “environmental safety” was the lowest, only 0.29, which was far lower than the others and reduced the overall score of this dimension to a considerable extent. This indicator involves factors that are directly related to the user experience and control the underground space, such as lighting and ventilation, air quality, and temperature and humidity. The low score of this item suggested that there are still considerable deficiencies in the consideration of underground space design. The huge score difference between items 3.3 and 3.6 reflected that China’s underground space planning focused on engineering technology and facility layout, while neglecting user experience and space quality. In addition, the mean score of item 3.8 “economic benefit” was only 0.88. This item involves cost calculation, investment and financing, and ownership management. It plays an important reference role in the implementation of the project and should be given more attention.
4.5 Planning implementation
The mean score of planning implementation was 0.90. This score was low and it decreased significantly over time (Figure 7). This dimension involves the implementation, adjustment, and feedback of the plan, and it plays a key role in realizing the sustainability goal of underground space planning.
[image: Figure 7]FIGURE 7 | Scores of indicator items under the dimension “planning implementation,” by time period.
By observing the scores of each indicator on this dimension at different time stages, we found that the mean scores of all three items for the cases after 2010 were lower than those before 2010, especially the score for item 4.2 “implementation monitoring,” which dropped from 1.00 to 0.64, a large decline. If the guidance on planning implementation in the document is unclear, it may easily lead to difficulties in inspecting the planning implementation progress, distributing responsibilities, and a lack of a basis for planning adjustment.
By analyzing the scores of the indicators, we saw that there were large gaps (Figure 6). This reflected the problem that planning implementation focused more on implementation strategies while neglecting implementation monitoring and planning updates. As an irreversible process, underground space development should respond to possible changes in the future before implementation to update the planning over time. This is of great significance to the sustainability of underground space planning and should be prioritized.
China’s first urban underground space planning standard, the SUUSP was issued in 2019 and focused on resource assessment, demand analysis, spatial layout, special planning, and other topics. However, the lack of requirements for the implementation, coordination, and participation in the plan may lead to insufficient attention being paid to these dimensions going forward.
4.6 Planning coordination
The mean score for planning coordination was 1.02, which was moderate, but the scores of the two indicators on these dimensions were different (Figure 6).
The mean score of item 5.1 “vertical planning undertaking” was 1.30, while the mean for item 5.2 “parallel planning coordination” was only 0.74. It can be seen that China’s underground space planning is relatively mature in connecting superior and subordinate planning, but there are still major deficiencies in coordinating other special plans at the same level. As a result, conflicts may arise in land use, affecting the implementation of the planning and the realization of the urban development goals.
4.7 Institutional coordination and public participation
The mean score of institutional coordination and public participation was 0.39. This dimension had the lowest score and a wide gap with other dimensions. Institutional coordination and public participation are serious deficiencies in the underground space planning system of China. Although the mean score increased from 0.31 before 2010 to 0.44 in 2016–2020, with the largest increment among the six dimensions, the absolute value of the dimension is still far from its counterparts, which needs to be improved.
In addition, the scores of items under this dimension were extremely uneven (Figure 6). According to the statistical results, the score of indicator 6.1 “coordination with other institutions” was 0.62, while the mean for indicator 6.2 “public participation” was only 0.18. For item 6.1, the mean score for item 6.1.1 “coordination within local government” was 1.58, while the means for 6.1.2 “coordination with local independent groups and non-governmental organizations” and 6.1.3 “coordination with institutions outside the administrative region” were only 0.23 and 0.05, respectively. This dimension had a serious problem of overemphasizing institutional coordination and neglecting public participation. In terms of institutional coordination, there were also problems of emphasizing local inter-governmental coordination, and neglecting regional institutional coordination and coordination with non-governmental organizations.
4.8 Extreme value document analysis
To study the characteristics of extreme value samples, we selected the Comprehensive utilization planning of underground space in Dongguan, with the highest score, and the Plan for Comprehensive Utilization of Underground Space in Wuhan, with the lowest score, for comparative interpretation. The formulated time of the two planning documents was near, and the social and economic indicators, such as city level, population, and per capita GDP of the corresponding cities, were close, which was suitable for comparative analysis.
Dongguan’s document scored well, receiving more than 1 point for all six dimensions; four of the dimensions scored more than 1.5, especially in the two dimensions of information base (0.78 higher than the mean) and institutional coordination and public participation (1.11 higher than the mean). In addition, Dongguan’s document was outstanding on some items that appeared weak overall. For example, in the information base dimension, indicator 1.2 “underground space development status” received 2.00 (1.20 higher than the mean for the 40 cases), indicator 1.3 “engineering geological conditions” received 1.25 (0.74 higher than the sample mean), indicator 3.6 “environmental safety” received 1.00 (0.71 higher than the mean), and indicator 3.8 “economic benefit” received 1.67 (0.79 higher than mean). The lack of weak indicator items was the key to the high score of Dongguan’s document.
The scores for Wuhan’s document had large gaps with the means on all dimensions, especially in vision and goals, planning implementation, and planning coordination. Specifically, Wuhan’s document reached or exceeded the mean level in terms of items related to the core issues of spatial planning, such as indicator 1.3 “engineering geological conditions,” indicator 1.4 “ecological environment,” indicator 3.2 “rationality of planning layout,” and indicator 3.3 “integrity of system planning.” This means that, as the plan for a developed megacity, Wuhan’s document met the requirements for engineering technology. The main reason for its low score was that the document seriously lacked consideration of “soft indicators,” such as planning conditions, system, and coordination.
Through a comprehensive review of the overall documents, we found that, except for the institutional coordination and public participation dimension, which was still in its infancy, the planning implementation dimension had the lowest score in both the mean and extreme cases, indicating that China’s underground space planning documents generally attaches importance to the vision and goals, but the attention to the implementation of planning is generally insufficient.
4.9 Summary
By comprehensively analyzing the evaluation scores of 40 urban underground space master plan documents selected in this study, the following conclusions can be drawn:
1) The overall score was not high, and the gaps between cases in the sample were large. The standardized mean score of the 40 cases was only 5.94, less than half of the theoretical full score, indicating that there is still room for improvement in the quality of underground space planning documents in China. At the same time, the score range was large, reaching 5.26, indicating that the quality of documents was uneven.
2) There were great regional differences. The mean scores of cities in the eastern region were higher than those in the central and western regions, especially for cities in the Yangtze River Delta urban agglomeration and the Guangdong Hong Kong Macao Great Bay area. This indicates that the level of regional economic development had a meaningful impact on the quality of documents.
3) There was a tendency to focus on the goals and strategies and ignore implementation. By analyzing the six dimensions, we found that the “vision and goals” and “strategies” categories had the highest scores, and the scores of each coding item were good, while the “planning implementation” and “institutional coordination and public participation” items had the lowest scores. This suggests serious deficiencies in the preparation of China’s current underground space planning document. Moreover, it demonstrates that China’s underground space planning is relatively mature in terms of traditional planning, such as goal formulation, spatial arrangement, design strategies, and other factors, but it still lacks consideration of planning implementation and social participation.
4) The document also emphasized engineering technology and ignored humanistic care. In terms of the various “strategies,” the score for item 3.2 “system planning integrity,” involving underground space system planning, was as high as 1.88, while the score on item 3.6 “environmental safety,” involving user experience and environmental comfort, was only 0.29. The dimension “institutional coordination and public participation,” which involves public participation and ensures planning fairness, scored the lowest. This indicates that the design method and technology of underground space planning in China were mature, but the human touches of underground space design and the fairness of planning were not considered enough. The study of extreme value documents also reflected this problem.
5 ANALYSIS OF FACTORS INFLUENCING THE PLAN QUALITY OF UNDERGROUND SPACE MASTER PLANS
5.1 Relationship between plan quality of underground space master plans and socio-economic factors
As a form of comprehensive planning, underground space planning and the quality of relevant documents may be affected by the objective needs of underground space development in the planned area and by subjective factors, such as the experience and qualifications of the planning department. On the basis of evaluating the underground space plans of 40 cases, this study further analyzed the relationships between the plan quality and socio-economic factors to find the main variables that affect the quality of planning documents.
In different regions of the city, the degree of scarcity of space resources, traffic conditions, and the level of economic development are different. These variables determine the development needs of urban underground space and are the fundamental motivation to promote underground space planning and construction (Zhang, 2020). Previous studies confirmed that the spatial distribution and characteristics of socio-economic factors have an important impact on the development potential of underground space, mainly including population, economy, transportation, location, and other factors. Xu et al. (2008), Wang (2008), and Liu et al. (2014) argued that location and economic factors are important indicators determining the development stage of underground space; Chen et al. (2007) and He et al. (2012) demonstrated that there is a strong correlation between urban population, urban economy, housing prices, and underground space development demand. Finally, Song (2008) and Sun et al. (2018) supplemented this work by exploring the impact of traffic factors on underground space development demand in addition to population and location factors.
Based on the above research and the analysis of plan quality presented here, we posited the following assumptions about the influencing factors.
5.1.1 Administrative area
Urban land resources with small administrative areas are relatively scarce, and local governments may pay more attention to the sustainability of underground space. The area of an administrative region is negatively correlated with the plan quality.
5.1.2 Population density
High population density means a city needs high-intensity development to accommodate its citizens, and it is therefore more necessary to develop sustainable underground space. Population density is positively correlated with the plan quality.
5.1.3 Economic regions
Compared with cities in western and central China, cities in eastern China pay more attention to the sustainable development of underground space. The plan quality of urban underground space master plans in eastern China is higher.
5.1.4 Land prices
The land price index related to urban economic development can reflect the economic value of land and the value of developing underground space. Land price is positively correlated with the plan quality of urban underground space planning.
5.1.5 Length of the local metro line
The length of the metro line represents the scale of underground space; that is, it indicates that the underground space planning may be more mature. The length of the metro line is positively correlated with the plan quality.
Taking the evaluation scores as dependent variables, this study selected five socio-economic factors as independent variables, including administrative area, population density, economic region division, land price, and length of the local metro line, to analyze the relationship between the objective demand of urban underground space development and the quality of planning documents. At the same time, it studied the relationship between the planning department and the plan quality.
5.2 Interpretation of regression model
5.2.1 Regression analysis of endogenous variables (objective influencing factors)
After collecting socio-economic indicators from 40 cases (Supplementary Table S4), this study used SPSS software to conduct a multivariate regression analysis to test the impacts of five socio-economic factors on the plan quality scores. All five variables were included in the analysis. The results are shown in Table 1. The F-value is 9.839, and the p-value is 0.005; this means that the independent variables have a significant impact on the dependent variable. The R2 value is 0.786, suggesting that the independent variables explain 78.6% of the variation in the dependent variable. The model therefore has strong explanatory ability.
TABLE 1 | Construction results of regression model.
[image: Table 1]According to the standardized regression coefficient and the significance of each variable, the two independent variables of economic region (east/middle west; b = 0.011, t = 0.076, p > 0.10) and metro line length (b = −0.020, t = 3.824, p > 0.10) have no significant impacts on the plan quality. Administrative area (b = −0.406, t = −2.772, p < 0.05) has a significant negative impact on the plan quality, while population density (b = 0.292, t = 1.919, p < 0.10) has a significant positive impact on the plan quality. Land price (b = 0.752, t = 3.824, p < 0.01) has a very significant positive impact on the plan quality.
5.2.2 Explanation and analysis of exogenous variables (planning departments)
As shown in Figure 8, the statistical analysis of the mean plan quality of urban underground space planning and the planning departments showed that there was a significant correlation: The documents formulated by domestic well-known design institutes had the highest mean score, followed by local planning institutes, foreign firms, joint compilation units, universities, local governments, and others.
[image: Figure 8]FIGURE 8 | Mean scores for plan quality and the local planning departments.
5.3 Results and discussion

1) The impact of land price on plan quality score showed the most significant positive correlation. Due to the high costs of developing underground space, it is relatively uneconomical to develop underground space in areas with low land prices. The higher the land price, the higher the economic value of the unit land, and the greater the benefits of developing underground space. The five cities with the lowest and highest land prices were selected to analyze their scores in each dimension. It was found that the top five cities (Shenzhen, Shanghai, Zhuhai, Dongguan, and Qingdao) received higher scores on five dimensions than the mean, especially for the dimensions of information base, planning coordination, institutional coordination, and public participation. The higher score of institutional coordination and public participation indicates that the market factor of high land prices makes cities more active, and underground space planning can take more account of the participation of social forces. The mean scores on the six dimensions for the bottom five cities (Guang’an, Linyi, Zaozhuang, Lanzhou, and Zibo) are lower than the mean, especially on vision and goals and planning coordination (Table 2).
2) The influence of the administrative area on the plan quality scores showed a significant negative correlation. The administrative area refers to the total amount of land resources under the jurisdiction of the local government. A smaller administrative area indicates that there are fewer land resources available for urban development and construction. The scarcity of land resources may lead local governments to pay more attention to the sustainable development and utilization of underground space. It was found that the five cities with the smallest administrative areas (Xiamen, Zhuhai, Zhongshan, Shenzhen, and Dongguan) scored higher than mean on five dimensions, except for the vision and goal dimension, which was slightly lower than mean. These cities also took a large lead in planning coordination, institutional coordination, and public participation. This suggests that these cities consider the external influencing factors of underground space more profoundly. The mean scores of the five cities with the largest administrative regions (Guangyuan, Beijing, Linyi, Lishui, and Nanning) received higher scores on vision and goals and lower scores for planning coordination. This indicates that cities with larger administrative areas have a large amount of available land resources and can put forward broader and more comprehensive underground space development goals. However, the concept of smart development is insufficient, and the coordination among different plans is weak.
3) The influence of population density on plan quality showed a significant positive correlation. In cities with high population density, the population is more concentrated and the urban development intensity is higher, which creates greater demand for the expansion of the city’s underground space. Making such changes can ease urban functions, accommodate more activities, and ease the tension created by urban development and sprawl. The five cities with the highest population density (Zhongshan, Xiamen, Dongguan, Suzhou, and Shenzhen) scored higher than the mean for all six dimensions, indicating that these cities had fully considered all dimensions of underground space planning. The overall scores of the bottom five cities for population density (Guang’an, Guangyuan, Lanzhou, Ningde, and Jinhua) are close to the mean level; the scores on vision and goals are very high, but the scores on information base and planning implementation are low.
TABLE 2 | Scores of top and bottom cities for each influencing factor.
[image: Table 2]Through the comprehensive analysis of the above three most significant influencing factors we found that land price directly reflects the development value of urban land, the size of the administrative area reflects the total amount of urban land resources, and population density reflects the development intensity required by the city. The above factors comprehensively show that the value of land resources is the core factor affecting the quality of underground space planning documents and the main driving force for urban underground space development.
4) The qualifications of planning and design departments had an important impact on the quality of urban underground space master plans. Well-known planning and design companies in China have a long history, abundant human resources, a nationwide market share, and technical accumulation in the field of underground space planning.
Comparing cities with high scarcity of urban space resources (Shenzhen, Shanghai, Zhuhai, Dongguan,Qingdao, Zhongshan, Suzhou) with their planning departments (Supplementary Table S1), we found that there might be a connection: cities with high scarcity of urban space resources generally chose well-known design companies. Therefore, to improve the quality of urban underground space planning, the local government should be more inclined to select well-known local design institutes to aid in this development. At the same time, these pioneer institutes are also obligated to take the lead in formulating technical guidelines and standards for the preparation of underground space planning, and to share relevant preparation experiences and technology with other planning departments.
6 CONCLUSION AND DISCUSSION
The large-scale development and utilization of urban underground space in China began with the civil air defense construction. The formulation of underground space planning was also led by the civil air defense departments. With the improvement of the understanding and utilization of underground space, this has gradually become an important urban space resource. Now, the comprehensive planning and management departments are responsible for and lead the formulation of underground space planning. After 20 years of development, this form of urban planning has distinctive characteristics: it has relatively mature engineering technology, but the differences in the quality of the planning documents are still large, the development between regions is uneven, and there are problems of emphasizing design strategies and engineering technology while neglecting implementation and humanistic care, especially in social participation. Therefore, it is suggested that while maintaining the level of the engineering technology, efforts should be made to improve the weak items, pay more attention to planning implementation and social participation, and improve relevant legislation and regulations. The administrative area, population density, and land price are the main factors affecting the quality of urban underground space planning, and these variables are closely related to the scarcity of urban space resources, which is the main driving force for the development of urban underground space and the core influencing factor for its sustainability. The selection of planning departments also has an important impact on the quality of underground space planning. We suggest introducing policies to promote high-level, large-scale planning departments to provide personnel and technical support to underdeveloped areas.
Due to the limitations of sample size and data collection, there are still some limitations to this study. Since most of the cases are in eastern China, there might be a deviation in the reflection of the differences between the eastern region and the western and central regions. In addition, the lack of partial information on the development area of underground space, the number of motor vehicles, and the planning departments might also lead to an incomplete analysis of the influencing factors. In the future, more in-depth research can be carried out on the basis of optimizing samples and obtaining more comprehensive data in combination with international practices.
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The three rights separation reform (TRSR) has laid a concrete foundation institutionally to guide the well-ordered transfer of farmland and promoting the development of urbanization. With the new economics of labour migration (hereinafter referred to as the NELM) theory as the analytic basis, this empirical research investigates the potential ramifications of off-farm employment on land efficiency with household-based survey data from four provinces in China after TRSR. Unlike existing studies, we delve into how the effects are manifested differently among the types of off-farm employment by adopting an ordinary least squares (OLS) model and a two-stage least squares (2SLS) estimator. It provides evidence that migration positively affect land efficiency significantly, whereas a negative impact of local off-farm employment on land efficiency is observed, which distinct this study from previous findings. From the perspective of policy-making, land administrators should realize that off-farm employment differentiation is an important factor affecting land efficiency, and therefore needs to be fully considered in policy-making. Meanwhile, the establishment of local labor markets and favorable policies that stimulate productive technologies are needed.
Keywords: local off-farm employment, migration, land reform, land efficiency, China
1 INTRODUCTION
Accelerated urbanization and industrialization in countries around the world have triggered substantial changes in rural economy and structure (Rigg et al., 2016). Large numbers of rural laborers seek higher-return jobs and engage in off-farm employment while either transfer their farmland to others or simply abandon it, creating potential hazard to food security in China (Wang and Zhang, 2017). As such, the CPC Central Committee (the Communist Party of China) launched TRSR, the Three Rights Separation Reform, (separation of ownership, contracting and management right of agricultural land) in 2014. This policy divides the contracting rights of farmland into management rights and contracting rights, which profoundly changes the landscape of land transfer.
Although whether off-farm employment can result in land efficiency increase has been a hot topic for decades, TRSR has significantly changed the situation. Before TRSR, the “contracting rights” and “management rights” of farmland were considered as one and same i.e., “contracting management rights”, which was not “transferable”. After TRSR, the contracting rights are endowed with the rights of possession, disposal, inheritance, and withdrawing, which allow farmers to keep the contract right over the allocated land and only pass on the management right should the land be leased to other household, pledged to financial institutions or invested in rural cooperatives in exchange of shares (Wang and Zhang, 2017) (Figure 1) and in a way, create favorable conditions for the rural labor to take part in off-farm employment (Deininger et al., 2014). Based on the framework of New Institutional Economics, TRSR is expected to bring change to the categorization of off-farm employment, promote urbanization and boost the outflow of rural labor (He and Luo, 2015). It is also observed that the strengthened management rights reduce transaction cost, stimulate the migration of rural labor to urban regions and the land transfer from households of low to high productivity (Kang, 2014). Short-term off-farm engagement and withdrawal from agricultural production are distinctive processes that cater to different institutional settings. Yet, surveys on the correlation between different types of off-farm engagement and land efficiency under the background of TRSR are scarce.
[image: Figure 1]FIGURE 1 | The three rights separation reform (Zhou et al., 2020).
Among the handful of literature that investigates how off-farm employment affects agricultural productivity, some observed a negative correlation between the two. Damon (2010) found that off-farm employment negatively affects labor and land productivity in El Salvador. A study carried out in Hubei province, China, by Li and Fan (2010) also confirmed that off-farm employment significantly lessens land efficiency. By adopting a computable general equilibrium model that considers faultiness of the market and the survey data from a distant village in the Chinese province of Jiangxi, Shi et al. (2007) found that the (small) positive income effect is much weaker than the negative lost-labor effect of off-farm employment on agricultural income. Zhong et al. (2016) found that the negative marginal effect of off-farm employment on cash crops seems to be stronger compared with that of grain production, whereas cash crops are more dependent on labor input.
On the contrary, some studies argue otherwise that off-farm employment is conducive to improving agricultural productivity. Taylor et al. (2003) estimated a simultaneous-equation model with the data from 787 rural families from 31 villages of Liaoning and Hebei provinces and found that the positive income effect resulted from migrant remittances almost evens out the obstructive lost-labor effect caused by migration on crop yield. Taylor and Feldman (2010) analyzed the agricultural production of Mexican immigrant households and found that labor migration contributes to land efficiency. When rural labor moves out of agriculture, agricultural yield is expected to rise and the labor required per unit of land to fall because of the advances in fertilizers, machinery, and production techniques (Chiodi, Jaimovich, & Montes-Rojas, 2012), which further promote land efficiency (Chang, 2012). Following a three stage least squares (3-SLS) method, Kapri and Ghimire concluded that remittances offset the negative impact of migration (Kul Kapri, Shankar Ghimire, 2020).
There are also several studies stating that off-farm employment has a complicated impact on the efficiency of agricultural production. Wang et al. (2014) observed that labor migration exerts a frail influence on agricultural productivity in China and Gambia. By adopting the Driscoll and Kraay standard errors fixed effects model, Zhao et al. (2021) found a U-shaped relationship between off-farm employment and the change in agricultural land use efficiency in China. On the contrary, based on a panel data of 1961 counties in China, Yang et al. (2020) found an inverted-U correlation between off-farm employment and grain production.
Although existing studies attach more importance to the underlying mechanisms with a handful of valuable results, findings on how off-farm employment affects agricultural production remain inconsistent. This is possibly because that the different kinds of off-farm employment are overlooked in their estimation. This paper thus adds up to the current research field in the following respects. First, it investigates the correlation between land efficiency and off-farm employment under the background of the Three Rights Separation Reform, given that TRSR substantially affects the types of off-farm employment, the agricultural operating system and tenure security, all of which impact land efficiency (Wang, 2019). However, econometric research testifying the effects brought along by TRSR has received little attention. Based on data collected from four provinces during the year 2016–2018, this paper investigates the linkages between land efficiency and off-farm employment by analyzing the effect of tenure security brought about by TRSR. Second, by analyzing the heterogeneous effects incurred due to different types of off-farm employment, this study confirms that off-farm employment has a differential influence on land efficiency among households with migrant workers and local workers, which differs from existing literature which overlooked the diverse roles and mechanisms of different kinds of off-farm employment. Third, this paper probes deeper into the prospective influence of rural migration on land efficiency, supported by proof collected from an hands-on research in China, a developing country going through major shift with its slew of off-farm workers. The rigorous and meticulous examination on the correlation between land efficiency and off-farm employment lends lucid reference for the policy-makers concerned in China and the rest of the developing world.
The following sections of the paper is rendered in the manner below. Section 2 sets out the theoretical framework and introduces the hypotheses for analysis. Section 3 presents the data collected and the empirical strategies adopted in the empirical analysis. In Section 4, we present the research results of the study, discuss and compare the empirical observations, and Section 5 provides the conclusions of this paper.
2 THEORETICAL FRAMEWORK
The New Economics of Labor Migration (NELM) opens up new perspectives in terms of the envisage and modeling on the connection between agricultural activity and off-farm employment. The first formal model of the NELM was presented by Stark and Bloom (1985) and Stark (1991b). By highlighting the convolution of migration as an economic fact and offers a more subtle research angle, the NELM assess the negative effects of family labour loss and the positive influences of remittances on family production (Taylor et al., 2003). In specific, the negative effect is generated by the lost-labor effect, which is regarded as the reduction of human resources. Normally, migrants have been viewed as capable and significant agricultural laborers (Sharma et al., 2016). Their leaving may result in neglecting production and affecting labor quality (changing from grown male members to female, underaged and senior members). Whereas the positive influences come from the income-effect of the remittances. Remittances sent back by migrants recompense for labor input decline and pool funds for enhancement in production, farmland reclamation and the hiring of agricultural laborer (De Haas, 2006; McCarthy et al., 2006; Hull, 2007). In general, both positive and negative impacts can be generated from off-farm employment, but the logic of the correlation differs across the types of off-farm employment. With the help of the NELM theory, this study presents an econometric approach testifying two hypotheses:
2.1 H1. Migration exerts a positive impact on land efficiency.
Based on how the rural labor force participate in non-agricultural industries, we divide the kinds of off-farm employment into two categories: migration and local off-farm employment. The rural family members who left their homes in the rural area to work in urban areas for more than 6 months a year are defined as migration, while local off-farm employment denotes rural family members who have not left the rural area but do work locally for over a half of a year.
Migration is speculated to affect land efficiency positively in two aspects (Figure 2). On the one hand, rural-urban migration becomes a major incentive to create new agricultural operating systems. Families that send out migrants have to find a way to transfer their farmland to others and retain the contracting rights at the same time. They found a way that could provide a solution: rural families transfer their land to other operators (e.g., family farms, large and specialized family entities, and agribusinesses and farmers’ professional cooperatives), turn their contracting rights into stock rights and receive dividends based on their shares. For the agricultural operators, they have stronger tenure security in this operating system, and usually hire agents or managers to engage in agricultural activities on large-scale farmland. This approach positively affects land efficiency in three ways. First, the “lost-labor” effect can be replaced by the hired managers and laborers (Taylor et al., 2003). By adopting the new agricultural operating system, the migrants leave their farmland to the professional operators instead of their left-behind family members. The labor loss can be recompensed for by recruited agribusinesses, managers and workers, as well as the utilization of technologies for higher-productivity (Li et al., 2013). Consequently, a rise in productivity can be achieved (Harris and Todaro, 1970). Second, land transfer by migrants attenuates the negative effect of land fragmentation. The determination of land fragmentation is primarily based on the land area and the quantity of plots (King and Burton, 1982), can be pernicious in agriculture (Hartvigsen, 2014). Before land transfer, only minimum quantity of land is alloted to each family, leading to decentralization and fragmentation into small farms (Dong, 1996; Chien, 2015; Lu and Xie, 2018). But after the concentration of land toward the operators, the likelihood of large-scale agricultural management increases, which reduces agricultural productive costs and subsequently improves productivity (Li et al., 2021). Third, the stronger tenure security achieved by stock right facilitates timely returns on agricultural investment, including afforestation, conservation of water and soil and the utilization of organic fertilizers (Abdulai et al., 2011; Muraoka et al., 2018), which is conducive to land efficiency.
[image: Figure 2]FIGURE 2 | Theoretical mechanism for migration affecting land efficiency.
On the other hand, migration improves land efficiency by raising household income and overcoming capital constraints (Gartaula et al., 2012). The NELM holds that migration and remittances generated therefrom contributes to the betterment of rural livelihoods since they tackle the restraints that used to bind agricultural production, facilitate income source diversification, and pool financial fund for prospective investment (Stark, 1991a). Migrants do not go back to their rural homes on a regularly and frequent basis, they tend to be engaged in more stable careers and receive higher wages, thus migration families receive relatively more remittances, which generates a compensating effect and a risk-reducing effect that are more substantial to even out the negative impact.
2.2 H2. Local off-farm employment negatively affects land efficiency.
Local off-farm employment affects land efficiency negatively (Figure 3). Three possible explanations are, first, there is a low probability that the “lost-labor” effect is to be offset by the seasonal labor contribution. The “lost-labor” effect leads to the reduction of labor available for farm work and undermines the incentives for investment (Zimmerer 1993; Miluka et al., 2009; Gilles et al., 2013; Amare and Shiferaw, 2017). Though local off-farm employees stay at their rural homes and are plausible to engage in farm work, they could only manage the farm work when they are spared from their off-farm jobs, which can be in conflict with the production periods. Besides, some of them choose to be local off-farm employees instead of migrants for the convenience of nurturing children or teenagers, the seasonal contributions to farm work can be meager. As a consequence, local off-farm employment causes shift in the characteristics of human capital among the left-behind. The “ageing” and “feminization” phenomena resulted from labor outpouring contribute to the land efficiency (Li and Zhao, 2009; Mu and Van de Walle, 2011) since the elderly and women are less strong in terms of physical strength, less skilled, and less likely to utilize new technologies (Hunt, 2004; Yue and Sonoda, 2012). Unlike households with migrants, households with local off-farm employees do their farm work mostly by family members instead of by operators and agents, which makes it less likely for them to replace the family’s off-farm members by hired laborers. As such, the negative effect of human capital change on land efficiency is not likely to be offset.
[image: Figure 3]FIGURE 3 | Theoretical mechanism for local off-farm employment affecting land efficiency.
Second, families with local off-farm workers usually choose not to withdraw entirely from the land by retaining some labor supply for farming. They are rarely engaged in land transfer with new agricultural operators. Consequently, the attenuation of land fragmentation and achievements of scale economies or stronger tenure security are more unlikely to be observed. Third, local off-farm workers stay in rural homes, their families receive less stable and less sufficient remittances, which produces smaller compensating and risk-reducing effects to even out the lost-labor effect.
3 DATA AND EMPIRICAL FORM
3.1 Data
China is going through an unprecedented large labor migration, with a yearly growth of 1 percentage point over the past 4 decades. Based on the data quoted from China National Bureau of Statistics, the urbanization rate has jumped from 17.9 to 64.7 percent from 1978 to 2021 in this country. This further confirms that labor out-flow has been shaping rural China in a profound way, which constitutes a chance to measure the influence of off-farm employment on land efficiency.
Stratified random sampling is used to decide the sample area as well as the interviewees for representational effectiveness and research validity. Firstly, based on the generally accepted zoning of the east, central and west China and the criterion of rural population, Sichuan province, Henan province, Shandong province and Zhejiang province are selected. Next, in the four provinces, five villages (a total of 20) are selected randomly on the basis of the distance from the capital of the given province. Last, 30 rural families are selected randomly from each village to be the interviewees of the questionnaire.
The questionnaire survey is carried out in the manner of face-to-face interview. The questionnaire consists of the demographic background of the household head, that of the family (including the number and construction of family members, income formation and economic status) and the basic facts in their agricultural production. The survey was carried out from the year 2016–2018, with a total of 600 questionnaires gathered. Questionnaires in which the data provided are incomplete or should there be any missing information are eliminated. As such, a total of 543 valid questionnaires are retained (Table 1), with a questionnaire effective rate of 90.5%.
TABLE 1 | The distribution of survey samples.
[image: Table 1]3.2 Empirical model
We establish the following model by referring the methodologies of Feng et al. (2010): 
[image: image]
Where Y represents household land efficiency (profit RMB yuan/mu of land) in 2017. Land efficiency is the crucial criterion for agricultural capacity. As such, in China, it bears much relevance to the critical issue of food self-sufficiency (Qian and Hong, 2016). However, its correlation with off-farm employment has not received its deserved attention for the time being. Hence, land efficiency is set as the key variable in calculating agricultural productivity. Land efficiency is represented by the yearly output/profit (per mu of land). The output is the difference where the aggregate market value of agricultural products (by crop type, excluding the household’s food expenditure) minuses the expenses for culture (cost of rent, laborers, seeds, fertilizers and machine, etc.).
Emp represents the number of migrant and local off-farm workers in every family, respectively. It is measured by the number of migrants or local off-farm workers in every family (Taylor et al., 2003; Atamanov and Van den Berg, 2012; Ma et al., 2022). Migrants refer to the members who move to urban areas and engage in non-agricultural undertakings for more than 6 months a year and do not go back their rural homes regularly (less than 2 times a year), whereas local off-farm employees denote the ones who remain in their rural homes and participate in off-farm work for over a half of a year.
Zi controls for the features at the individual, household, and village level to explain land efficiency. It consists of agricultural production measures, such as agricultural labor input, land size, land transfer, and machinery. The agricultural labor input is a key factor that affects land efficiency (Baležentisa et al., 2021). The total land size is conducive to enhancing machine-based management of production and realizing the outcomes of scale economies (Li et al., 2021), which is measured by the size of the land put in production. With the progress of TRSR, we have witnessed accelerated land transfer, with significantly enlarged scale (Ji et al., 2018). Land transfer refers to the households who are engaged in transferring in or out their farmland via rental, exchanging for shares, or any other ways of passing on the management right. It affects agricultural productivity through mediating variables such as farm size in cultivation, family farm labor input, and capital services input (Zhang et al., 2020). We evaluate the impact of land transfer by including two land transfer dummy variables. Machinery boosts agricultural intensification and provides supports for labor-efficient and energy-efficient technologies (Takeshima et al., 2013; Benin, 2015). It is measured by the annual rental fee or the depreciation expense of agricultural machines.
Human capital characteristics are also incorporated in the equation. It is vital to discern the productivity of the left-behind when examining the lost-labor effect on agricultural production resulted from human capital change. The gender, age and education information of the household head and the agricultural training received are expected to play a part. It is expected that male-headed families have a higher tendency to embrace new techniques, which is probably due to the fact that men usually are exposed to higher availability of key inputs including land and labor, they also have more access to supplementary endowments including credit and additional information on extended services (Babu and Gajanan, 2022). Furthermore, an array of literature present evidence that confirms gains from receiving education and other human capital affect migration and crop production positively (Jamison and Lau, 1982; Taylor and Martin, 2001). Household heads who are more educated and receive more training are speculated to master better skills in farming and thus be more high-yielding (Feng et al., 2010).
Village characteristics are also found to be related to agricultural productivity (Qian and Hong, 2016). Therefore, the variable of village economy is included in the equation and is represented as the average income of village members. In addition, there are other factors at the village level that affect land efficiency but have not been controlled by variables listed above. A vector of dummy variables is also employed to control for fixed effects at the village level. Table 2 gives a summary of statistics on the primary variables in this study.
TABLE 2 | Descriptive statistics (N = 543).
[image: Table 2]3.3 Endogeneity
The empirical approach raises concerns over endogeneity in its methodology in terms of sample selection bias and reverse causality. To be more specific, households with off-farm workers tend to be more productive than the ones without while the most productive rural laborers have a higher tendency to occupy themselves with off-farm work for a better life. As such, a bias might arise in the coefficient of off-farm employment where land efficiency is examined with an ordinary least squares (OLS) regression. Nevertheless, the contrary bias may also come into being since it is possible that households with off-farm workers are not as productive. This may exactly be the case, for example, when a family is actually “forced” to have some of its members taken part in off-farm employment for reasons such as inadequate land efficiency. In this sense, the lost labor effects might trace back to the fact that households with inadequate productivity are actually forced to have an off-farm laborer, which may lead to the concern that the number of off-farm laborers are endogenous explanatory variables in the land efficiency equation. These problems are tackled by introducing instrumental variables (IVs) to achieve consistent estimations.
Io is the vector of IV. Portion of secondary and tertiary industry in local GDP (PST) is one of the most widely applied instruments for off-farm employment given their contributions to rise in chance and to costs cut of off-farm employment (Zhang and Hu, 2006; Yu, 2009). It is expected that a higher PST contributes to a greater likelihood of participating in non-agricultural sectors for rural population, because the well-developed non-agricultural industries provide more jobs for the rural laborers. The less-developed regions provide limited opportunities and the potential workers have to stay in counties and villages. This argument is reinforced by Hu et al. (2009), who suggested that farmers who live close to highly industrialized and urbanized regions have a higher tendency to take part in off-farm work. It is also concluded that 45%–75% change in off-farm employment is attributed to non-agricultural industry development (Fan and Tian, 2003; Han and Liu, 2007). The proxy of PST is the ratio of added value of the secondary and tertiary industry to the city’s GDP in 2017. Following the prediction of Zhang and Hu (2006), the PST elaborates household-level off-farm employment stock in 2017, but it is exogenous to land efficiency and is not directly relevant to features that are not observed at the level of households.
We also deal with the possibility of multicollinearity by testing the Variance Inflation Factor (VIF). Table 3 shows that the values of VIF and each VIF of all variables are less than 10, indicating that multicollinearity is insignificant in this paper.
TABLE 3 | Variance inflation factors (VIF) of the empirical model.
[image: Table 3]4 RESULTS AND DISCUSSIONS
Table 4 presents the estimation results of the effect of off-farm employment on land efficiency with the help of 2SLS and OLS. Across the alternative regressions, the coefficients do not show marked variation, indicating ours to be robust results. The instrument variable is significant statistically at the 1 percent confidence level. Among all regressions, the F-statistic of Cragg-Donald Wald are 12.13 and 19.67 and it passes the tests for weak instruments (Table 4).
TABLE 4 | Estimates from reduced-form equation, IV, and OLS estimators.
[image: Table 4]As was shown in models three and five (Table 4, panel B), with each additional member engaged in migration, land efficiency increases significantly by 0.339 and 0.09. This result indicates that the land efficiency of families with more migrants tend to be higher. This conclusion differs from that of Shi et al. (2011)—which is one of only a handful of research that clarifies the differential effects of three kinds of off-farm employment. In the research of Shi et al. (2011), it was found that the lost-labor effect for local off-farm employment is not as strong as that for migration. The reason for the inconsistency between the two findings is that the effect of labor loss caused by migration is compensated for in the context of TRSR, which may not have been observed during their research period in 2011. In general, migration usually results in neglecting agricultural production and affect family labor input negatively (Maharjan et al., 2012). To be more specific, migration leads to the decrease of the number of more productive and skilled members that may remain in their rural households (Uprety, 2019). As a result, the entire household is speculated to have lower productivity. However, under the background of TRSR, the effect of migration on land efficiency can be positive via three mechanisms. First, households that send migrants to urban regions do not return to rural homes regularly and have to leave their land to the professional operators instead of their left-behind family members. The labor loss can be offset by hired agribusinesses, managers and workers, as well as the utilization of technologies for higher-productivity (Li et al., 2013). Thus, a rise in productivity can be observed (Snarr et al., 2011). Second, TRSR separates the contracting rights and management rights, enables farmers to keep the contract right of the allocated land and pass on the management right by investing the land in a rural cooperative for shares (Wang and Zhang, 2017). Therefore, farmers’ contracting rights are stabilized while management rights liberalized, which promotes the concentration of land toward cooperatives and develops larger scale operation of agricultural production (Liu et al., 2017). Large-scale operation of agriculture attenuates the negative effect of land fragmentation and reduces costs of agricultural production and consequently improves productivity (Li et al., 2021). In addition, arrangements of TRSR help to avoid the frequent land reallocation (Ito et al., 2016), the strengthened tenure security and potential long-lasting contracts are well-placed to make the ones involved to take on enduring investments including improving farming skills in order to manage larger lands with higher efficiency (Rao et al., 2016). Third, given the fact that migrants do not return rural homes on a regular and frequent basis, households of migrants in turn receive more remittances comparatively, which leads to more marked offsetting and risk-reducing effects that even out the lost-labor effect (Zhao and Jiang, 2022).
With regard to the impact of local off-farm employment, on average, it contributes negatively to higher land efficiency. More specifically, if the member of local off-farm employment increases by one person, land efficiency decreases by about 1.203 and 0.085, respectively. There are three possible reasons for the results. Firstly, lost-labor and ageing effects of local off-farm employment impair land efficiency. Given that local off-farm workers usually choose not to exit from agriculture and maintain some labor supply to farming but inevitably with insufficient time or participation, the labor loss in farm work is considerable. In our survey, some local off-farm workers are found to be not engaged in agricultural production during their stay in their rural homes. This is typically the case under the following two conditions. One is when the local off-farm workers could not find long-term employment and thus have to return to their rural homes. In this case, they are in fact “compelled"” to return to the villages or counties. In this scenario, they are very likely to occupy themselves with non-agricultural jobs instead of agricultural activities given that local off-farm employment contributes more to the family income. The other is that some local off-farm workers decide to go home to better nurture their underaged children or teenagers. As such, the actual labor input in agricultural activities is still inadequate. In addition, the lost-labor effect cannot be compensated for by hired workers due to the incomplete labor markets and capital constraints (Atamanov and Van den Berg, 2012). As a result, most of the farm work is managed by left-behind residents (mostly the senior and the female) (Aratame, 2006). These residents are less educated and skilled than the young and male members, thus a negative impact on productivity is exerted (Peterman et al., 2011; Xu et al., 2019). Secondly, tenure insecurity undermines the incentives for productive investments and land expansion (Befikadu et al., 2018). Farmland is viewed as a sort of fixed asset with a comparatively long payback period as investment, which indicates that tenure security could impose a significant impact on the security of residual claimant rights for the farmers who rented land from others (Feng, 2008; Nie, 2017). Local off-farm workers rent out land temporarily to take up off-farm employment instead of entire withdrawal from agriculture, they usually choose to possess the management rights by their own due to the risk of losing their off-farm jobs. The ideal choice for households is to work in agricultural and non-agricultural sectors and to keep the management rights of land for risk prevention. These families usually lease their land to the agents shortly during their departure, thus the land transfer is conducted via contracts rather than by stock rights. As a result, agricultural operators have concerns over the tenure security and that the land might be redistributed at some point in the future (Deininger et al., 2014). Therefore, the incentives for investment in technologies for higher-productivity are undermined (Muraoka et al., 2018). In addition, the decreased production cost brought about by lager farm size and economies of scale, as well as the increased longer-term investments achieved by reduction of fragmentation, is unable to be observed under this situation (Latruffe and Piet, 2014). Thirdly, the compensating effects of remittances from local off-farm workers are meager. Given that local off-farm workers stay in rural home, their families receive relatively less remittances, which produces smaller compensating and risk-reducing effects to even out the lost-labor effect.
For other variables, from Table 4 it is observed that families with more farmland showcase higher land efficiency, and the elasticity of which is about 1.3 and 0.6. This may be due to the fact that land is a crucial production factor (Yang et al., 2016) Larger land size (while keeping other measures unchanged) could lead to rise in land efficiency given larger farm size denotes lower level of land fragmentation and improved machine-based operation in production, improving agricultural output (Wu et al., 2005; De Janvry et al., 2015). The findings are consistent with the results reached by De Janvry et al. (2015) and Deininger and Ayalew Ali (2007). A positive correlation was found between transferring out land and land efficiency in the majority of regressions, because the land certificates brought along by the TRSR encourage farmers to transfer land to the ones who could enable highly-proficient use of the farmland (Deininger et al., 2014). When farmers transfer their land to the full-time agents, the increased professionalism in agricultural work leads to a drop in the aggregate cost of production.
5 CONCLUSION
The important role that rural-urban labor migration plays in rural China is self-evident. The important role that rural-urban labor migration plays in rural China is self-evident. Unlike existing studies that mainly focus on one village or province, this study collects proof from a hands-on research in four provinces of China, which provides an expansive and thorough perspective to testify the NELM theory. Meanwhile, it investigates the correlation between land efficiency and off-farm employment under the background of the Three Rights Separation Reform, which has received little attention in established econometric research. In addition, with the NELM theory as the research framework, we further estimate how the effects of off-farm employment differ across the types of migration and local off-farm employment. That is, migration has a significant positive impact on land efficiency because of the offset lost-labor effect achieved by hired agents, the scale economies obtained by strengthened tenure security and the stronger compensating effect brought about by sufficient remittances, whereas the negative impact of local off-farm employment on land efficiency is observed, making it stand out from previous findings. The robustness test results also support the above conclusion.
The Three Rights Separation Reform aims at meeting the dual challenge of inexpensive labor supply for fields that arise and resolving the food self-sufficiency issues faced by policy makers. By clarifying land rights through issuing formal certificates, the TRSR encourages off-farm employment, with different kinds of off-farm employment playing important but distinct roles in determining land efficiency. The research findings in this study are well placed to offer policy makers new perspectives in tackling the above-mentioned problems.
First, a negative effect of local off-farm employment on land efficiency has been found, suggesting that rural-urban migration may lead to lower land efficiency if proper countermeasures have not been taken. The lost-labor effect is more evident in families with local off-farm workers where agricultural production relies on labor of the household and where there are short of labor. As such, appropriate measures shall be taken such as the establishment of a local labor market. With such a market, local off-farm employment households could make up for the household’s absent members by recruited labor to even out the negative effect of labor inadequacy on land efficiency. Second, the findings indicate that migration affect the enhancement of land efficiency positively and can lessen the lost-labor effect through the offsetting effect brought out by the remittances. As it is often the case that rural families have their own minds in terms of how to make the most of the remittances to better their living conditions, the authorities shall, by all means, introduce more favorable policies to invite more farmers to spend more of the remittances in advanced technologies that boost productivity such as new seeding techniques, better fertilizer arrangements with high efficiency and machine-based operation if we aim to improve rural land efficiency. Third, the heterogeneous effect of migration and local off-farm employment on land efficiency calls for differentiated measures. For regions where local off-farm employment dominates, the outflow of labor resources results in the decline in land efficiency because of the lost-labor effect and ageing-issue effect. Measures should be taken in overcoming the effect of labor loss, such as encouraging investment in mechanization, providing technical services, establishing financial institutions to alleviate capital constraints and improving the human capital of left-behind workers through education or skill training. For regions where migration dominates, the outflow of labor force improves land efficiency because of the strengthened tenure security and land concentration. The strengthened tenure security is based on the strong trust in management rights and expectation of stable possession of land brought about by the TRSR. As a result, further deepening the Three Rights Separation Reform is urgently needed, in that the released rural labor force, more capital investment and new agricultural operators nurtured contribute to more reasonable allocation of factors including land, capital, technology and labor. Policies should also focus more on encouraging the transfer of farmland, establishing proper distribution of interests between agents and rural households, as well as the protection of agents’ management rights and rural populations’ contract rights.
As new research perspectives and insights on the heterogeneous impacts of migration and local off-farm employment on land efficiency could be drawn from our study, the current paper still needs to be improved on several fronts. Firstly, migrants are employed will not continue to consume food at their rural homes if they are employed elsewhere. This could well be one key motivation to migrate especially for economically-deprived households (Van der Geest, 2010). It has a direct impact on the household’s agricultural production (Burger, 1994; Shi et al., 2011) and the current study has not covered this aspect in its analysis of the theoretical basis. Due to the absence of food consumption data of individual households, this factor was not separately examined. Furthermore, data collected from four Chinese provinces are analyzed and the conclusion draw are based on these data. However, factors such as different resource and environmental constraints faced by farmers might generate different effects of off-farm employment on land use, we can only control for the environmental factors by including the variable of village economy and a vector of dummy variables at the village level. If more detailed data from more provinces or regions in China could be collected, this study will shed more light on the research domain. In addition, we explain the impacts of the Three Rights Separation Reform (TRSR) on land efficiency via the mechanism of the land tenure security. Efforts should be made to analyze the influencing factors and future research is needed to examine if the proposed causes are valid.
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Human activities have had a significant impact on ecosystems. Studying landscape patterns and ecosystem services (ES) at the village scale based on land use and land cover (LULC) is essential in addressing current ecosystem issues. Based on GF images, the paper selects village ecosystems of karst desertification control (KDC) as the research object. It uses the landscape pattern index, topographic position index (TPI), and value equivalent method to conduct a spatial and temporal analysis of the ecosystem service value (ESV) of the karst desertification control cycle (2015–2020). The results show that: 1) forest land, orchard land, and construction land increase, and dryland and grassland decrease. The landscape shows an aggregated state, with spreading and connectivity increasing while fragrant diversity is decreasing. 2) The total ecosystem service value increased by CNY 63.45 × 104, with regulating and cultural services on the rise and supply and support services on the decline. 3) With the rise of the TPI, the value of the supply services is inversely U-shaped, while the value of the remaining services increases. This study provides a case study about karst desertification areas for village-scale ecosystem services research.
Keywords: karst plateau, land use, ecosystem services, spatial and temporal variation, sustainable development, gf, terrain position
1 INTRODUCTION
Land use for producing goods and services is the most significant human change to the planet (Vitousek Peter et al., 1997). Land management for different purposes has produced changes in LULC (Stephens et al., 2019). Humans have transformed nearly a third of the world’s land in the last 60 years (Winkler et al., 2021). These transformations pose enormous challenges to global food security, climate change, and biodiversity. Ecosystems respond to these challenges by providing a wide range of valuable services by operating their structures and functions (Fu et al., 2013). Ecosystems, for example, maintain the cycle of soil nutrients and ensure biodiversity. Secondly, provide food, raw materials, and water for humans, regulating the climate and cleaning the environment. Moreover, it creates magnificent landscapes for humans to enjoy. As early as 1977, an article from Science described the importance of the benefits of nature’s ‘services’ (Westman Walter, 1977). The concept was named “ecosystem services” in 1981 (Ehrlich and Ehrlich, 1981). ESs, controlled by the structure and function of the ecosystem, are the benefits people derive from ecosystems and are mainly classified as provision, regulation, support, and cultural services (Millennium Eco System Assessment, 2005; Fu et al., 2013). ESs are the best tool for studying human-nature interactions and are essential for improving human wellbeing and achieving sustainable development. Furthermore, have become a hot topic in ecological, economic, and social research (de Groot et al., 2010).
Land cover has been changing rapidly due to solid human activities such as agricultural and urban construction (Stephens et al., 2019). Lack of recognition of the multiple ecosystem service values generated by the landscape and irrational land use has changed the landscape pattern resulting in landscape fragmentation (You et al., 2017). The composition and spatial configuration of the broken landscape directly affect the flow of energy and material circulation in the ecosystem (Vitousek Peter et al., 1997; Mitchell et al., 2015; Fan and Xiao, 2020), leading to the loss of productive, living, and ecological functions and, ultimately, the damage to ecosystem services (de Groot et al., 2010; Lawler et al., 2014; Fischer and Eastwood, 2016). Global ecosystems are continuing to degrade under human interference (de Groot et al., 2012, Bateman et al., 2013), a trend confirmed by the Millennium Ecosystem Assessment (MA) (Millennium Eco System Assessment, 2005). With the awakening of ecological awareness and the promotion of the concept of sustainable development, the needs of human society are gradually being rationalized. Policy interventions are being made to guide sustainable land use to achieve ecosystem management circularly (Wu, 2013; Metzger et al., 2021) (Figure 1). Nevertheless, policies are strongly spatially differentiated, and no one policy fits everywhere. Moreover, single-purpose land-use or land-use policies that are contrary to reality often result in trade-offs between ecosystem services (Bennett et al., 2009; Bateman et al., 2013). They can even lead to a reduction in overall services. Spatially oriented land use policies can optimize landscape patterns, enhance ecosystem services’ value and ensure ecosystem services’ synergistic development (Bateman et al., 2013). Especially true in regions with high heterogeneity. Hence, research on land use, landscape patterns, and ecosystem services is a prerequisite for developing spatial positioning policies and a key to a virtuous cycle of ecosystems and the sustainable development of human societies (Costanza et al., 2014; Lawler et al., 2014; Liu et al., 2019; de Bremond, 2021).
[image: Figure 1]FIGURE 1 | A logical framework for the cyclical management of village ecosystems.
The value of ecosystem services is a quantitative indicator of ecosystem services (Costanza et al., 1997; Daily, 1997; Millennium Eco System Assessment, 2005). Estimating the value of ecosystem services is an essential basis for developing land use policies and an essential tool for evaluating the quality of human activities (Millennium Eco System Assessment, 2005; Hou et al., 2020). In order to scientifically assess ecosystem services, scholars worldwide have successfully carried out research on the estimation of service values (Costanza et al., 1997; Daily, 1997; Ouyang et al., 1999). Numerous classification systems and valuation methods for services have been proposed internationally. These include the Millennium Ecosystem Assessment (MA) (Millennium Eco System Assessment, 2005; Carpenter et al., 2006), the Economics of Ecosystems and Biodiversity (TEEB) (De Groot et al., 2012), the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) (Schmeller et al., 2017), and the Common International Classification of Ecosystem Services (CICES) (Haines-Young and Potschin-Young, 2018). Taking a value-equivalent approach to valuing ecosystem services is the commonly used method (Costanza et al., 1997). Based on spatially explicit data types of land use (Tashie and Ringold, 2019), converting the value of different land use types allows ecosystem services to be spatially quantified. Xie et al. (2008) has improved on Costanza’s approach by considering the Chinese ecosystem and socio-economic development, and it has been widely applied in China (Xie et al., 2008; Xie et al., 2015). The landscape pattern index reflects the condition of landscape patterns (Wu, 2006). Combining it with the value of ecosystem services is one way of quantifying the interaction of ecosystem structure, function, and human needs (Shi et al., 2018; Li et al., 2022).
A growing body of research on land use, landscape patterns, and ecosystem services aim to address scientific questions arising from specific regions and objectives (Q. J. Zhao et al., 2020). These studies show that the characteristics, trends, and drivers of change vary over time and across regions (Shi et al., 2018; Li et al., 2022; Liu et al., 2022). Therefore, research on specific periods and regions is key to guiding practice by theory and is a necessary requirement for global sustainable development. However, some things could still be improved in the research scale, research objects, and methods at this stage. Firstly, the research scale is generally significant. Most studies take provinces (Wang et al., 2022a; Liu et al., 2022; Zhang et al., 2022), cities (Hou et al., 2020; Chen and Huang, 2021) (Li et al., 2022), counties (Zhang et al., 2020; Zhang et al., 2021), watersheds (Yushanjiang et al., 2018; Wang et al., 2022b), ecological functional areas (Su et al., 2012), and specific landscape types areas (Zhang et al., 2011; Hou et al., 2020; Zhang et al., 2020) as research units. The data sources are mainly low-resolution remote sensing products. While large-scale studies can express a wide range of spatial and temporal characteristics, they are based on low-resolution remote sensing products that can reduce the accuracy of value assessment and thus interfere with policymaking (Kandziora et al., 2013; Grêt-Regamey et al., 2014). Secondly, research has focused on cities (Estoque and Murayama, 2016) and urban agglomerations (Yang et al., 2021), and there needs to be more research on villages. The impact of urban expansion is not confined to cities but has extended to rural areas (Su et al., 2011). Village ecosystems, a special kind of ecosystem with landscape characteristics (Su et al., 2011; Tang et al., 2022; Zhou et al., 2022), provide a range of goods and services to sustain the livelihoods of rural inhabitants who depend on natural resources and to sustain the functioning of cities (Egoh et al., 2012; Pereira et al., 2005; Sandhu and Sandhu, 2014; Sinare et al., 2016). Thirdly, existing research methods make it difficult to uncover the spatial significance of ecosystem services. Due to the lack of involvement of topographic elements, the spatial analysis of existing studies stays on the orientation description. Such descriptions cannot match spatial features, making it challenging to uncover the spatial connotations of ecosystem services and losing the guiding meaning of spatial analysis. With the development of remote sensing technology, the availability of high-precision data has improved the authenticity and accuracy of studies (Tavares et al., 2019). Therefore, there is an urgent need to conduct studies on the spatiotemporal analysis of village ecosystem services based on high-resolution remote sensing data and to add topographic factors to the spatial analysis to enhance spatial significance in order to fill the existing research gaps.
Karst landscapes are a typical type of carbonate landscape worldwide, with carbonate karst covering more than 10%–15% of the continental area (Ford and Williams, 2007b). Karst as comprising terrain with distinctive hydrology and landforms that arise from a combination of high rock solubility and well-developed secondary (fracture) porosity (Ford and Williams, 2007b). Experience shows that karst environments are particularly fragile and vulnerable to damage compared with most other natural systems (Yang, 1990; Ford and Williams, 2007a). In this environment, the irrational socio-economic activities of human beings can easily lead to soil erosion, resulting in rocky outcrops and a karst desertification landscape (Xiong, 2002). The process and results of karst desertification, in turn, affect human beings’ survival, threaten the karst area’s ecological and environmental security, and restrict regional economic and social development (Yang, 1990; Zhao and Hou, 2019). This ecological issue is most pronounced in the South China Karst in tropical and subtropical (Sweeting, 1986). Many KDC measures have been carried out in response to this problem. Large-scale scientific studies have shown that implementing these projects has reduced the area of karst desertification (Yue et al., 2022), improved the ecological environment (Wu et al., 2022), and increased the global vegetation cover (Brandt et al., 2018; Tong et al., 2018). However, problems such as the unstable effectiveness of treatment and the recurrence of karst desertification still exist (Zhong et al., 2021). Under the conflicting developments of karst ecological restoration and socio-economic growth, karst desertification control ecosystems’ structure, functions, and services undergo complex changes. It is still being determined what changes will occur in the ecosystems of the village scale where KDC measures are implemented. Ecosystem service studies based on high-resolution imagery in karst desert villages can, therefore, not only reveal the characteristics of spatial and temporal changes in ecosystem services at the village scale but also contribute to improving the karst desert environment, enhancing human wellbeing, and achieving sustainable development.
Therefore, we have selected village ecosystems as the object of study within the demonstration area where the KDC project is implemented (Xiong et al., 2016). The project is part of the 13th Five-Year Plan for Economic and Social Development of the People’s Republic of China. The study uses the 13th Five-Year Plan implementation cycle as the time frame (2015–2020). The land use matrix, landscape pattern index, TPI, and value equivalent factor were used to study the village ecosystems of KDC based on the GF-2 images. This study attempts to answer three questions. 1. What changes have occurred in the structure of village ecosystems during KDC? 2. What changes in village ecosystem services have occurred under the influence of land use and landscape patterns? 3. What are the characteristics of the spatial distribution of ecosystem services in villages with KDC?
2 MATERIALS AND METHODS
2.1 Study area
The study area is a village ecosystem consisting of Chaoying Village, Chongfeng Village, and Zhongshan Village, located in Salaxi Town, Qixingguan District, Bijie City, Guizhou Province, China (Figure 2), between 105°2′1″-105°7′29″ East and 27°13′28″-27°16′19″ North, with a total area of 2,306.4 hm2, encompassing 1,165 households and 4,624 people. The area is a typical karst plateau mountainous landscape, with an elevation value from 1659 m to 2141 m, a humid subtropical monsoon climate, an average annual temperature of 12.8°C, and annual precipitation of 984 mm and plenty of light, average annual sunshine hours of 1,360 h. The forest vegetation is mainly mixed coniferous and broad forests and shrubs. The main tree species are birch, Chinese pine, firethorn, horse mulberry, tree structure, and laurel. The planted economic forests are mainly walnuts, plums, cherries, prickly pears, and chestnuts. There is no paddy land in the study area, only dry land, so food crops are mainly maize and potatoes. During the 13th Five-Year Plan period, the study area has adopted measures to control karst desertification, such as mountain reforestation, returning farmland to forest, artificial afforestation, agroforestry, and energy structure optimization.
[image: Figure 2]FIGURE 2 | Geographical information map of the study area. In this map: (A) This panel is the location of Guizhou Province in China; (B) This panel is the karst landscape subdivision of Guizhou Province; (C) This panel is the location of study area; (D) This panel is the elevational distribution range of the study area.
2.2 Data sources
Land use data is obtained through remote sensing classification, manual visual interpretation, and field surveys. The original images are from the GF-2 satellite and the in-formation for the required images was retrieved from the China Centre for Resources Satellite Data and Application website (http://36.112.130.153:7777/DSSPlatform/index.html), with data provided by the GF Guizhou Centre. The GF-2 satellite was launched in 2014 and equipped with two PAN/MS cameras. The instrument collects one PAN band (0.45–0.9 µm) of 1 m spatial resolution and four MS bands (0.45–0.52 µm, 0.52–0.59 µm, 0.63–0.69 µm, and 0.77–0.89 µm) of 4 m spatial resolution. The swath width of 45 km, and the repetition cycle of 5 days (Ren et al., 2020). Two images from July 2015 and July 2020 were selected with product numbers 931897 and 4902583, respectively. Remote sensing images were first pre-processed with ENVI 5.3 for radiometric calibration, atmospheric correction, correction, and fusion of multispectral and panchromatic images. Secondly, using the current land use classification criteria (GB/T 21010-2017) as a reference, the maximum likelihood method was used to classify current land use in the study area. Due to the small size of the study area and the absence of paddy fields and water distribution, land use was divided into seven categories: dryland, woodland, orchard, shrubland, grassland, construction land, and bare land, and the classification of the study area was actually modified according to the experience of manual identification of features. Thirdly, 100 random points were generated by default through the toolbox in the ArcGIS 10.1 software, and these random points were evenly distributed across the extent of the study area. The overall accuracy of 89% and 91% for 2015 and 2020 was calculated in excel using the confusion matrix method by validating the GF-2 images and Google historical images against the classification results.
2.3 Research methods
2.3.1 Selection of landscape pattern indices
The landscape pattern index is the most effective measure of information about the composition and spatial structure of the landscape (You et al., 2017). This paper first refers to the related research results (Liu et al., 2020; Zhang et al., 2021), then combines the ecological significance and application scale of landscape pattern indices (Fu, 2001) (Table 1), and selects landscape pattern indices that reflect the area, agglomeration, morphology, dispersion, density, and diversity measures from the class level and landscape level to study. All landscape pattern indices calculations were performed in Fragstats 4.2.
TABLE 1 | Selection of landscape pattern indices and their ecological significance.
[image: Table 1]2.3.2 Calculating the value of ecosystem services
Xie et al. (2015) proposed an accounting method based on Costanza’s framework (Costanza et al., 1997) that is appropriate for the Chinese context, which improves the accuracy of the assessment results on the Chinese scale, but the difference between the Chinese scale and the study area scale can lead to different results. Therefore, this paper adopts the equivalence table of ESV proposed by Xie et al. (2015) as the calculation framework and adopts the farmland-based revision method (Xu et al., 2012) to correct the equivalence factor table for the study area scale to better match the actual situation in the study area.
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In the Eqs 1, 2, [image: image] is the revision factor of the study area, [image: image] and [image: image] are the average yield per unit area of the study area and the country, respectively. [image: image] denotes the modified equivalent factor of land use type [image: image] , and [image: image] denotes the equivalent factor of the same land use type as determined by Xie et al. (2015).
The socio-economic survey and the statistical yearbook (https://data.cnki.net/yearbook/Single/N2021110004) showed that the grain yield per unit area of arable land in 2020 was 6.73 t/hm2 and 5.73 t/hm2 for the study area and the whole country, respectively. The equivalent revision factor for ecological services in the study area was derived from Eq. 1 as 1.17.
According to the literature (Xiao et al., 2003), the economic value provided by natural ecosystems is one-seventh of the economic value of the food production services provided per unit area of available arable land.
[image: image]
In the Eq. 3, [image: image] is the economic value per unit area of farmland ecosystem providing food production services (CNY/hm2), [image: image] is the crop type; [image: image] is the unit price of [image: image] crops (CNY/kg); [image: image] is the yield of [image: image] food crops (kg/hm2); [image: image] is the area of [image: image] food crops (hm2); [image: image] is the total area of [image: image] food crops (hm2).
According to the socio-economic survey of the study area in 2020, the yield of maize and potatoes, food crops in the region, was 1,333,200 kg and 1,579,500 kg, respectively. The sown areas were 222.2 hm2 and 210.6 hm2, respectively. Price obtained from the official website of the Bureau of Agriculture and Rural Development of Bijie City (https://www.bijie.gov.cn/bm/bjsnyncj/gk_5126790/scxq/index_ 1.html). Corn and potatoes cost CNY 2.763 per kg and CNY 2.613 per kg, respectively. Thus, according to Eq. 3, the economic value of food production services provided per arable unit area in the study area was CNY 18,047.26 ($ 2,696.26 in 2020), and the economic value of an ecological service value factor in the study area is CNY 2,578.18/hm2 ($ 385.18/hm2 in 2020), resulting in the ecological service value of different ecosystem unit areas in the study area (Table 2).
TABLE 2 | Value of ecosystem services coefficients for different land uses in the study area.
[image: Table 2]2.3.3 Topographic position index (TPI)
The TPI is a composite reflection of the influence of two topographic factors, elevation, and slope, on the value of ecosystem services. The equation is as follows.
[image: image]
In the Eq. 4, T denotes the topographic position index, [image: image] and [image: image] represent the arbitrary and average elevation of the study area, and [image: image] and [image: image] represent the arbitrary and average slope of the study area.
The TPI of the study area is a normal distribution characteristic, and the Jenks natural breakpoint method is used in the study area. The Jenks natural breaks classification method, also known as Jenks Optimization, is a data classification method used to determine the best alignment of values between classes. This is done by minimizing each class’s average deviation from the class mean while maximizing each class’s deviation from the means of the other groups (Chen et al., 2013). Based on the related literature (Han et al., 2020), the TPI is divided into five categories by the natural breakpoint method, namely TPI I (0.736077–1.005849), TPI II (1.00585–1.117105), TPI III (1.117106–1.223024), TPI IV (1.223025–1.34546) and TPI V (1.345467–1.661047).
3 RESULTS
3.1 Land use and land cover change (LULCC) analysis
Land use status in the study area for 2015 and 2020 (Table 3) shows that during the project implementation phase, dryland areas in the study area decreased by 89.24 hm2, woodland increased by 117.27 hm2, orchard land increased by 44.05 hm2, shrubs increased by 141.58 hm2, grasslands decreased by 235.75 hm2, construction land increased by 22.29 hm2 and bare land decreased by 0.2 hm2. The most significant change in area was the decrease in grassland, which was found through the transfer matrix (Table 4) and Sankey map (Figure 3) to be mainly converted to shrubland. Grassland within the study area is dominated by scrub and grass, a process of positive vegetation succession, which is the main reason for the increase in shrubby woodland, the second most significant change. The third major change is the increase in tree woodland, with the main contribution coming from shrub woodland and dryland shifts. Worth noting is the increase in orchard land, which is mainly cash crops planted on the farmers’ cultivated land, and the increase of orchard land resulted in the decrease of cultivated land. During the research period, a series of ecological restoration projects and industrial structural adjustment KDC were carried out in the research area to achieve win-win eco-logical protection and economic development. For example, the project of returning farm-land to forest, the project of closing mountains for reforestation, and the project of artificial reforestation have been carried out continuously. Among them, the targets of the mountain closure and reforestation are tree and shrub forests, and the tree species are mainly bright-leaved birch, Huashan pine, and Yunnan pine, while the main tree species implemented in the following reforestation projects are walnuts, plums, prickly pears, cherries, and chestnuts, all of which have economic benefits. These measures not only improve the ecological environment but also increase residents’ income and promote the achievement of China’s precise poverty alleviation goals. Construction land increased by 22.29 hm2 over the 5 years, mainly due to the construction of rural roads, which took up farmers’ arable land, resulting in a decrease in arable land. Because the construction land includes residential, road, and construction land, some rural roads produce temporary land during construction and are restored after construction. In the transfer matrix, there are some situations in which construction land is converted to dry land, woodland, thicket, and grassland, but this situation rarely occurs.
TABLE 3 | Status of land use in the study area 2015–2020.
[image: Table 3]TABLE 4 | Land use transfer matrix for 2015–2020 in the study area (hm2).
[image: Table 4][image: Figure 3]FIGURE 3 | Land use transfer Sankey map 2015–2020.
3.2 Landscape pattern change analysis
The LPI represents the proportion of the maximum plaque area to the total area, allowing for identifying dominant types (Table 5). The dominant type in the study area in 2015 was dryland landscape, with an LPI of 5.0373. Still, as the landscape changed, dryland decreased significantly, and the LPI slipped to 2.5186. The dominant type changed to shrubland as the shrubland LPI increased from 3.1775 to 4.5417. This is due to the implementation of rocky desertification control measures such as sealing of mountains and afforestation in the study area, which improved the ecological environment and increased the maximum patch index of thickets. In the LSI, the morphological complexity of construction land, dryland landscapes, and shrubland landscapes remain high, with slight variation over 5 years. The most complex shape is for built-up land in 2020, with an LSI of 68.9154, due to the implementation of precision poverty alleviation measures in China, which have accelerated the construction of rural roads, resulting in a high degree of meandering due to the complex karst topography, and hence the most extensive shape index. The most significant decrease in the IJI is in grassland, indicating that other types of landscapes around grassland landscapes are gradually decreasing, while the changes in the remaining types are relatively small. The agglomeration index of all types of landscapes in the study area is very high and shows the characteristics of agglomeration. In 2015, only orchard is scattered due to their small number, while in 2020 they showed the agglomeration characteristic as fallow, afforestation and planting were implemented. PD, which reflects the degree of fragmentation, is an essential indicator of the karst landscape. The most extraordinary fragmentation in 2015 was in forested and shrubland lands, with PD values of 39.4987 and 37.6777, respectively. By 2020, the PD values are 11.0562 and 14.4814, respectively. Forest fragmentation has been dramatically improved thanks to the implementation of ecological restoration measures. However, dryland landscapes become the most fragmented patches. In karst areas, the fragmentation of cultivated land is also very prominent.
TABLE 5 | Landscape pattern indices at the patch level in the study area for 2015–2020.
[image: Table 5]At the landscape level (Table 6), the LSI, IJI, and PD all declined in the study area, suggesting that landscapes are becoming more regular and less connected and dispersed between landscapes. The CONTAG is increasing and at a high level of the index, indicating that connectivity between landscapes is gradually increasing and at a high level. The SHDI is declining, indicating low and uneven richness among different landscape types. However, the AI of different landscape types has increased, and the tendency for land use clustering has emerged. The landscape pattern karst desert environment has been improved, and the fragmentation of the landscape has been reduced through the implementation of precise poverty alleviation, afforestation projects, and plantation projects. At the same time, however, the instability of the village ecosystem has increased.
TABLE 6 | Landscape pattern indices for 2015–2020 landscape levels in the study area.
[image: Table 6]3.3 Time-change analysis of ecosystem services value
In KDC for 5 years, the value of ES in the study area has increased by CNY 63.45 × 104, with the most significant increase being in the transfer of services (Table 7). Gas regulation, climate regulation, environmental purification, and hydrological regulation services were significantly enhanced due to the increase in woodland and shrubland as well as orchard land, with the value of regulation services increasing by CNY 97.63 × 104. Woodland, shrubland and orchard land contributed CNY 493.12 × 104, CNY 438.61 × 104, and CNY 101.29 × 104 respectively. At the same time, the lesser amount of grassland offset the value of regulating services by CNY 904.58 × 104. The total decrease in provisioning services was CNY 28.79 × 104. While woodland, bushland, and orchard land contributed to provision services, grassland and dryland experienced more significant value loss, with decreases of CNY 88.89 × 104 and CNY 27.94 × 104, respectively, resulting in a reduction in total provisioning services. The value of supporting services in the study area decreased by CNY 7.98 × 104, even though the value of supporting services provided by forests increased by CNY 177.34 × 104 and CNY 146.06 × 104, respectively. The value of orchards increased by CNY 35.28 × 104. However, more services such as soil conservation, maintenance of nutrient cycling, and biodiversity were lost due to the reduction of grasslands and drylands. The cultural service’s value increased by CNY 2.59 × 104, mainly due to the increase in the aesthetic value of the forest landscape, but the grassland reduction largely offset this. Implementing KDC projects such as artificial afforestation, returning farmland to forest, and forest closure has increased the amount of tree woodland, shrub woodland, and orchard land. The expansion of these three types of landscapes has positively affected provision services, regulating services, support services, and cultural services, and has contributed to the ecological recovery of karst areas.
TABLE 7 | Value of ecosystem services in the study area (CNY/104).
[image: Table 7]3.4 Spatial analysis of the value of ecosystem services
In the last 5 years of KDC, the spatial variation of ESV in the study area fluctuated wildly. The increase or decrease was more significant, indicating that the value of ES in the study area did not form a stable trend and ES could be more stable. This also indicates that the karst village ecosystem is highly susceptible to external interference and has vulnerabilities. The areas where changes in ESV show decreasing trends are mainly in the north-western region and the eastern region of the study area, while the south-western region shows an increase in ESV (Figure 4). These trends are mainly due to changes in forests, where the increase in the number of trees and shrub forests has contributed significantly to the increase in the value of ES. In contrast, the transfer of forests takes away more of the value of ES, leading to a decline in value. From a spatial perspective, higher ESV tend to accumulate gradually in the southwestern study area, indicating better control of karst desertification and significant ecological improvements in this region (Figure 5).
[image: Figure 4]FIGURE 4 | Changes in the value of ecosystem services, 2015–2020.
[image: Figure 5]FIGURE 5 | Spatial distribution of ecosystem service values.
The services are classified according to the value per unit area on different TPI gradients. Provision services show an inverted U-shape as the TPI increases, reaching a maximum in the TPI III gradients. Regulating, support and cultural services all increase with the TPI, and the total service value follows the same trend (Figure 6). Thus, the high values of ecosystem services in karst plateau villages are concentrated in areas with a high TPI. The lower the TPI, the lower the value of ecosystem services. Over the 5 years of KDC, provisioning services showed a decreasing trend at each TPI. The rate of change in the V TPI was lower than that of the remaining TPI. Regulating services increased in all TPI. Support services show a slight decrease at TPI III and IV, while the rest of the gradient increases at a lower rate. Cultural services only decrease in TPI IV while the rest of the gradient increases.
[image: Figure 6]FIGURE 6 | Distribution of the value of different ecosystem services at different TPI levels. In this combination diagram: (A) this panel is the value of provision services; (B) this panel is the value of regulation services; (C) this panel is the value of support services; (D) this panel is the value of culture services; and (E) this panel is the value of total services.
4 DISCUSSION
4.1 Village-based land use planning is key to optimizing landscape patterns in KDC ecosystems
LULCC is a fundamental driver of change in landscape patterns and ecosystem services. Different land uses different patterns of landscapes. Moreover, landscapes can sustain the long-term, landscape-specific ecosystem services that are essential for maintaining and improving human wellbeing (Wu, 2013). The implementation of KDC measures, such as mountain closure, returning farmland to forest, and artificial afforestation, has led to expanding forests and orchards and decreasing arable land and grassland in the study area. This trend is consistent with the changing trend of the same regional study (Liu et al., 2020; He et al., 2022). However, it shows inconsistent performance in terms of landscape pattern (Liu et al., 2020; Shu et al., 2022). The positive successional change trend in vegetation makes forests the dominant landscape, providing a large concentration of ecosystem services, primarily regulating services. Although the spreading and connectivity of the landscape are gradually increasing and the value of ecosystem services is rising. However, the richness of landscape types is weakened by the more homogeneous succession process, leading to an unstable ecosystem. In particular, the landscape’s lack of paddy and water hinders the ecosystem’s ecological, productive, and living functions. The ecosystem services farmers can enjoy are greatly diminished. The construction of orchards, roads, and houses on arable land is the main reason for reducing arable land. The transfer from cropland to built-up land does not generate ecosystem services. However, such changes are less drastic than in cities. The transfer of cropland to orchards compensates for some of the loss of food production and provides more regulating services. These land use changes above have reduced the fragmentation of the landscape, which is the contribution of KDC measures and poverty alleviation efforts in China. However, it is worth noting that the fragmentation of arable land is still at a high level, which, if not improved, will continue to hinder food production and the intensive use of agricultural land in the karst mountains, and undermine the provision of ecosystem services (Ge et al., 2020). Even in the same type of region, differences in research scales can still lead to inconsistent results and conclusions. LULC and landscape patterns are essential expressions of structure and stability. A reasonable village spatial planning guarantees the structure and stability of the village ecosystem. It is an essential prerequisite for future rural development and the improvement of the village ecosystem. The study of village scale can provide a meaningful reference for village spatial planning and design.
4.2 Enhancing the supply capacity of village ecosystem services and promoting the economic transformation of service values is a win-win path to ecological restoration and economic development in karst desertification areas
This study corrects the equivalent value factor for ES. The value per unit area in 2015 and 2020 is CNY 36,512 and CNY 36,787, respectively. This value is similar to the corrected values from other karst ecosystem services studies (Gao and Xiong, 2015; Han et al., 2020). It shows that the revised value equivalents of this study are in line with the actual situation and have a high degree of credibility. The total value of village ecosystem services increased by CNY 63.45 × 104 during the KDC period, a change that came mainly from the contribution of the expansion of forested and orchard landscapes in the ecosystem. These expansions have enhanced the ecosystem’s ecological, productive, and living functions. The value of provision services, regulating services, cultural services, and supporting services increased significantly, primarily regulating services. However, there are trade-offs between services in different landscapes. Due to the reduction in arable and grassland landscapes, a large amount of the value of services is offset in the trade-off process, resulting in an unremarkable increase in the total value of services and a lack of supply capacity for ecosystem services in karst desertification control villages. Secondly, the value of the services generated by the forest landscape is more theoretical. It has yet to be translated into real economic terms. For farmers, developing eco-industries such as orchards can bring more direct economic benefits than eco-forests. At the same time, orchards outperform arable land in providing support services, provisioning services, regulating services, and cultural services, except food production. As an essential measure in the management of karst desertification, eco-industry development has achieved some success in ecological restoration. However, the limitations of the fragmented karst landscape have prevented the development of a large-scale eco-industry. As a result, the value of regulating services generated by the forest landscape remains an essential component of the value of ecosystem services in villages. This value does not provide farmers with tangible economic benefits, and the green hills are not transformed into golden mountains. Due to the lack of mechanisms, platforms, and policy support for the value transformation of village ecosystem services in KDC, the ecological assets of village ecosystems still need to be revitalized. The supply capacity of village ecosystem services is at a low level.
4.3 The TPI provides a spatial reference for enhancing the value of village ecosystem services
Existing studies have more often analyzed and elaborated spatially on ecosystem services with the help of orientation. This approach only elucidates the spatial distribution characteristics of ecosystem services in this one location, does not reveal the universal characteristics of similar study areas, and lacks guidance. The TPI can reflect spatial characteristics well. The spatial significance can be uncovered by using it to elaborate on the spatial characteristics of ecosystem services. The nature of the spatial distribution of ecosystem services can be revealed to dissect the spatial distribution characteristics of village ecosystem services in the study area and extend the result to other areas of the same type. The village ecosystems in this study show different characteristics of change in service value at different TPI gradients. The value of provision services shows an inverted U-shaped distribution as TPI rises, peaking at gradient III, a feature inconsistent with findings in other karst regions (Han et al., 2020; Zhou et al., 2021). The value of regulation, support, cultural, and comprehensive services increase with TPI, a trend consistent with Han’s findings (Han et al., 2020). The value of provisioning services per unit area is low on very high and shallow TPI gradients, making this area a potential for ecosystem provisioning service value enhancement. The higher the TPI, the lower the human activity, the higher the value of regulating services, supporting services, cultural services, and comprehensive services exhibited at the highest TPI gradient, and the lower the value of ecosystem services at the low TPI gradient. Thus, the low TPI gradient is a significant potential area for ecosystem service value enhancement, providing a topographic spatial reference for village ecosystem service value enhancement in the karst plateau mountains.
4.4 Limitations
There are some possible limitations to this study. Firstly, the land use data in this paper were obtained by interpreting remote sensing imagery. This method can only identify two-dimensional space. However, tree forests, shrublands, and grasslands may co-exist in three-dimensional space. Only tree forests can be identified if this situation exists, and information on shrublands and grasslands will be lost, leading to an underestimation of the value of village ecosystem services. The future of remote sensing interpretation should be a breakthrough in three dimensions. Secondly, the research context of this paper is the karst plateau mountains and targets village ecosystems with potential-light KDC. Due to the high heterogeneity of karst areas, the findings of this study may be more applicable to village ecosystems with characteristics consistent with this paper. Future research on KDC in village ecosystems should be increased, especially comparative studies between different village ecosystems.
5 CONCLUSION
Based on dynamic changes in LULC, this paper investigates the landscape pattern and EVS of potential-light KDC village ecosystems in the karst plateau mountains using the land use matrix method, the landscape pattern index, the TPI, and the modified value equivalents. It bridges the gaps in the field at village scales, in rural environments, and in the context of KDC, and provides a reference about KDC for research on ES. Based on the findings and discussions, we conclude the following. Firstly, during the period of KDC, the vegetation types of the village ecosystems in the karst plateau mountains with potential mild KDC are in positive succession, and the land use is dominated by woodland, or-chard, and construction land, while the area of dry land and grassland shows a decreasing trend. The dominance of shrubland is gradually increasing. The shape of the orchard and construction land types tends to be more complex, while the shape of woodland, grassland, and cropland tend to be more regular. The shape of the landscape also tends to be regular and clustered. Landscape spread and connectivity are increasing, while fragmentation and SHID is decreasing. Secondly, the value of regulation and cultural services has increased over the 5 years, with regulation services making the most significant contribution. However, landscape change has led to a trade-off between services, with a downward trend in the value of provisioning and support services. The supply capacity of village ecosystem services is inadequate due to the offsetting services generated. The total value of ES in KDC villages increased by only CNY63.45 × 104, and the value of services was not effectively transformed economically. Thirdly, the value of ecosystem services exhibited different characteristics of variation across topographic space. As TPI increases, the value of provisioning services follows an inverted U-shape, with the remaining services increasing as TPI increases. Furthermore, the value of ecosystem services has a more significant potential to increase on the gradient of low TPI.
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The landscape is a synthesis of cultural and natural processes in a place that can be designed and maintained to improve and regenerate the natural benefits and services of ecosystems. The Sustainable Sites Initiative has developed a rating system that identifies and advances best practices for landscape architecture. The SITES v2 Rating System was produced through a multi-year iterative process and incentives sustainable landscape practices by using an ecosystem services framework. Opportunities for continuing research on how SITES v2 encourages the creation of a landscape sustainability system and drives more sustainable land development will become apparent as it expands in application, scope, and impact. To illustrate the practice and potential of SITES v2 for sustainable landscape design, this research is primarily a literature review with the specific context of the SITES gold-certified project, Navy Pier in Chicago. The results show that SITES v2 is an important tool for transforming theory into the implementation of ecosystem services and guiding design decisions towards sustainable outcomes. It also promotes the entire project's accountability to a higher standard of best practices and results in a more sustainable site. In the context of contemporary landscape architecture practices, SITES v2 may lead to the transformation of sustainable landscape design. This study can promote the ongoing application of SITES v2 and the creation of a better sustainable landscape through design. It holds the potential to highlight how the methodology on which SITES has been created can be linked with the development of future cities and the management of urban landscapes.
Keywords: sustainability, Chicago’s Navy Pier, SITES v2 rating system, resilience (environmental), sustainable landscape design
1 INTRODUCTION
1.1 Toward a sustainable landscape
Urbanization and continuous population growth have a large impact on the environment and its ecosystem and natural functions (Forman and Wu, 2016). Cities have increasingly tough issues in developing efficient transportation systems, mitigating urban heat island effects, and meeting the ever-increasing demand for clean water and air, open space, parks, and species habitats. Sustainable development, as an approach toward development based on the mutual coordination and co-development of society, economy, population, resources, and the environment, is widely recognized around the world to alleviate these pressures and also has influenced landscape architecture (Steiner, 2020).
The sustainable development of the landscape is gradually becoming an industry consensus. As early as 1969, Ian McHarg proposed that design should be guided by nature and developed a series of analytical methods (McHarg, 1969), while John Lyle pioneered the regenerative design ideas in the 1970s and 1980s (Lyle, 1996). Both of them argued that designed systems should replicate the ecological performance of natural systems. In terms of practical application, Germany and the USA are at the forefront. Germany began to redevelop the ecology of industrial wastelands such as mining areas in the 1980s to achieve sustainable development, with typical examples including the Internationale Bauausstellung Emscher Park in the Ruhr region. The USA has also successively incorporated stormwater management, soil remediation, and resource recycling into its landscape architecture, such as Northside Park in Denver’s industrial district, and has introduced the concept of low impact development in the 1990s.
The landscape can optimally be developed in such a way that it does not prohibit natural functions and be designed and maintained to avoid, mitigate, and even reverse the frequently deleterious impacts of development. Sustainable landscapes are responsive to the environment, regenerative, and can actively contribute to the development of healthy communities. They are not only sustainable from the ecological point of view but also from the economic and social perspectives (Pieranunzi et al., 2017). Sustainable landscapes increase in value because they continue to deliver several advantages, including stormwater management, soil conservation, efficient energy usage, air and water pollution reduction, and enhancement to human health and well-being.
1.2 A sustainable site-scale landscape rating system
Drawn from the rich history of environmental design theory to create a sustainable landscape, the Sustainable SITES Initiative (SSI) began in 2006 as an interdisciplinary work to elevate the value of landscapes by developing comprehensive and rigorous guidelines and performance benchmarks for sustainable land design, construction, and maintenance. The SSI designers and scientists collaborated in groups to identify best practices of a landscape in the areas of vegetation, water, soils, materials, and human health and well-being for advancing sustainability. The outcomes of their efforts were compiled in a rating system that encompassed the site design process from analyzing the context of the site and planning through construction and maintenance (American Society of Landscape Architects et al., 2009). The initial rating system was utilized by practitioners in 175 pilot projects to analyze the performance of the system and to refine it. This work led to a multi-year iterative process that emphasized transparency and interdisciplinary collaboration, releasing a second iteration of the rating system in June 2014, called SITES v2 Rating System: For Sustainable Land Design and Development (SITES v2) (Lady Bird Johnson Wildflower Center et al., 2014).
SITES v2 is the first rating system accessible to the public that can be used as a foundation for attaining landscape design certification (Banerjee and Loukaitou-Sideris, 2011). As a stand-alone tool to aid and support sustainability, SITES v2 is effective by presenting a comprehensive road map for defining and enhancing sustainability in site development, measuring its performance, and ultimately assessing the environmental, economic, and social benefits of such projects. The organization of the rating system generally corresponds to the typical stages of the design and development process. It starts with the selection and assessment of a suitable site, continues through the site design and construction phases, and includes the planning of effective and appropriate operations and maintenance measures. Details about the rating system and guidance for implementation can be found in an accompanying manual, the SITES v2 Reference Guide (https://sustainablesites.org/). In other words, it includes 18 prerequisites and 48 optional credits in 10 sections. The value or number of points allocated to each credit is determined by its potential efficacy in achieving the four objectives, as stated in Table 1. The rating system itself is a 200-point system with four certification levels depending on the score of the site. Bonus points are awarded for innovative and exemplary performance outside the 200-point system. A total of 70 points are required to be certified, 85 points to receive silver, 100 points for gold, and finally, 135 for platinum certification.
TABLE 1 | Four goals of the SITES v2 rating system.
[image: Table 1]1.3 The potential of SITES v2 in future practice
Compared to the Leadership in Energy and Environmental Design (LEED) rating system for building performance, SITES v2 is still relatively new and would complement and supplement the LEED program. The US Green Building Council’s highly successful LEED system has a tremendous impact on advancing green buildings. Even if LEED incorporated certain resource-related measures, such as the adoption of native plants and water-saving technologies, it became clear that more was required and might be achieved with a complementary system for landscapes that may or may not include buildings. The SITES rating system was developed as an independent tool for individual landscape projects, as well as a design approach that might influence, complement, or be included in LEED or other green development systems or initiatives. Similar to how the LEED program reflects the evolution of knowledge about building efficiency during the 1970s, SITES v2 developed from McHarg (1969)’s statement that design should be guided by nature.
More research is needed to drive the future refinements and application of SITES v2. More than 150 nations and territories presently use LEED. The certified LEED buildings constitute more than 1,254.2 square kilometers of space, and more than 201,000 professionals have been credentialed with LEED professional qualifications (Pieranunzi et al., 2017). The SITES program is supposed to have similar potential, over time, to drive more sustainable, functional, and resilient landscapes that address urgent concerns resulting from urbanization and climate change. However, such a rating system has primarily drawn attention inside the United States. Even though official figures for the number of certified SITES v2 projects show an obvious increase, from 48 in 2016 to 77 in 2022, this tool was not widely used. The research on the theory and application of SITES v2 is also lacking. Only one scientific paper reviewed SITES-certified programs and proposed their prospects for landscape governance (Steiner, 2020). There is an expectation that SITES v2 will become a broadly employed tool. Opportunities for extensive research on how SITES v2 encourages the creation of a landscape sustainability system and drives more sustainable land development will become apparent as it potentially expands in application, scope, and impact.
In this study, taking the SITES v2 gold-certified project Navy Pier in Chicago as a case study, the authors aim to illustrate the practice and potential of SITES v2 for sustainable design of the landscape. The goal of the case study is to analyze the directive role of SITES v2 for accreditation and the possibility of elevating the certification level from gold to platinum. Our analysis can promote an increased understanding of ecosystem services, the ongoing application of SITES v2, and the creation of a better sustainable landscape through design.
2 METHODOLOGY
2.1 SITES v2 gold-certified project—Chicago’s Navy Pier
Chicago’s Navy Pier is a 3,300-foot-long pier on the shoreline of Lake Michigan, encompassing over 50 acres (Company, 2018). It is a mixed-use destination with shopping, eating, entertainment, and cultural attractions. Designed by a nationally renowned architect Charles Sumner Frost based on Daniel Burham’s “Master Plan of Chicago,” Chicago’s Navy Pier has been a Chicago landmark and popular attraction throughout most of its history. By 2010, it had grown to be the “number 1” tourist destination in the Midwestern United States, drawing nearly two million visitors annually (Buente, 2016).
Despite its claim as one of the world’s most distinctive settings and frequented sites, Navy Pier Incorporated (NPI) chose in 2012 to perform a significant renovation at the pier since the 100-year-old site was showing signs of deterioration. The landscape architecture firm James Corner Field Operations (JCFO) led the design team selected for the project, and phase one was finished in 2016 and gained SITES gold certification, making it the first project under v2 of the grading system to obtain gold certification. The size of the SITES project reaches 6.7 acres (Figure 1) with three primary strategies: 1) making strong connections between the city and lake; 2) refreshing and decluttering the pier to allow space for new green infrastructure; and 3) rendering the pier as a place that reflects Chicago’s identity (www.fieldoperations.net). JCFO emphasized the development of sustainable features in place at the project to enhance its environmental benefits on energy, water, waste, transportation, and community.
[image: Figure 1]FIGURE 1 | Site boundary of Chicago’s Navy Pier redevelopment project (James Corner Field Operations, 2019).
2.2 Methods
This research is primarily a literature review based on the scorecard of SITES certification, public documents, reports, and articles with the specific context of Chicago’s Navy Pier. A case study of Chicago’s Navy Pier was chosen to present an example of a landscape architecture site with the profile of being sustainable and gold-certified within the SITES v2 rating system. The systematic literature review was conducted in two stages. Running concurrently with the review of the history, principles, and purposes of SITES v2, a strategic search for Chicago’s Navy Pier was first launched around the question how to use SITES v2 as the guidance to operate in the real project toward sustainable outcomes. Then, we proposed a second question: Chicago Navy Pier from gold to platinum—is there a way? To figure these out, first, we were deeply involved with the components and final result of the scorecard for Chicago’s Navy Pier. Specifically, according to the scores of each credit, this paper analyzed the innovation points, the strategies adopted, and how to solve the multi-objective project tasks, such as design evaluation and planning, water resources, soil and vegetation, material selection, public education, and monitoring. Then, we singled out the scorecard criteria which can be improved at the site and made suggestions for techniques and systems to better these. The second stage provided an example of how to use SITE v2 to continue development at an already certified site by enhancing sustainability further. In the context of contemporary landscape architecture, further thinking of the potential and future evolution of SITES v2 is presented in the discussion part.
3 RESULTS
The SITES team embraced ecosystem services and the concept of resilience as the foundation. The original definition of “Ecosystem Services” has been expanded to include the ecosystem services of designed landscapes in addition to constructed landscapes (Woodruff and BenDor, 2016). SITES v2 has a high focus on ecosystem services by employing an ecosystem services framework. These factors are highly assessed in its site-specific performance benchmarks, including reduction of greenhouse gas emissions, water conservation, waste decomposition and treatment, support for food production, and enhancement to human health and well-being. In addition, fundamental to SITES is the concept of resilience, which is described as the ability of a system to survive, adapt, and flourish in the face of turbulent change (Fiksel, 2006). The purpose of enhancing resilience is embedded throughout SITES v2; for instance, it demands the conservation of critical, functional natural features and awards ecological restoration of degraded regions. Based on the batch ideas, SITES v2 is intended for any site that is experiencing development and management, especially for degraded sites to restore their ecosystem services and be ecologically resilient places through the credit system (Lady Bird Johnson Wildflower Center et al., 2014).
SITES v2 provides an active and valuable exchange mechanism for creating sustainable landscapes and meeting long-term sustainability goals. The system encourages early engagement with the local community, which can improve the understanding of the project and its surrounding area, and helps ensure that the undertaking meets the needs of the community. SITES projects could gain up to 11 certification points based on their capacity to educate the public about the importance of sustainable landscapes. There are several cases of SITES that have demonstrated their potential to promote curiosity and education, establish a sense of community, and enhance the health of all living things (American Society of Landscape Architects et al., 2009). In addition, SITES v2 requires project teams to communicate with contractors and maintenance professionals for better coordination of design with construction and maintenance. Adaptive management and performance monitoring are highly recommended as a way to create a feedback loop for understanding how the site performs over time and collecting facts to support the case.
The prerequisites and credits cover several phases of the design and development procedure. Four parts of site design address water, soil and vegetation, materials, and human health and well-being. Figure 2 presents the final score from the evaluation of Chicago’s Navy Pier in 2016 by Green Business Certification Inc. (U. S. Green Building Council, 2022). The criteria sections with high or maximum score levels are pre-design assessment + planning, construction, and education + performance monitoring. However, criteria sections with low or no scores are site design—water and site design—soil + vegetation. The upcoming sections will analyze the current design and/or planning tool, and if it currently has a low score, suggestions for improvements are provided in further sections of this paper.
[image: Figure 2]FIGURE 2 | SITES v2 rating system scorecard of Chicago’s Navy Pier (U. S. Green Building Council, 2022).
3.1 Scorecard analysis
3.1.1 Site context (10/13)
The highest scores were given due to the project being located in an already existing developed area and the connectivity with close-by multi-modal transit networks such as pedestrian and bicycle paths after reconstruction. Only if the site meets the criteria of remediating a contaminated brownfield site will more points be rewarded.
3.1.2 Pre-design assessment + planning (3/3)
The section has received a high score, in fact, maximum points, particularly due to the planning team’s ability to engage users and stakeholders in the pre-design and planning part of the project. A sustainability advisory working group was established to be at the forefront of decision-making, consisting of civil engineers, ecologists, botanists, soil scientists, environmental and social scientists, and non-profit groups (James Corner Field Operations, 2019). There are no possible improvements in this section.
3.1.3 Site design—Water (6/23)
According to James Corner Field Operations (2019), rainwater harvesting meets the irrigation demand by 100% through stormwater collection in subgrade systems at the site. Highly efficient drip irrigation systems are installed, and sensors measure the amount of water being collected and used. In addition, all the run-off is treated on-site prior to ending up in the lake surrounding the pier. Tests showed that the treatment removes 95% of TSS particles and more than 90% of oils in the run-off water from the pier. Hence, the requirement to manage precipitation beyond baseline was met, resulting in gaining six points.
Even though all of the stormwater passes through trench treatment filters before discharging into the lake, the stormwater management elements are not visually and physically accessible to the site users. The trenches have filter bags that need to be cleaned and maintained to sustain their quality. Biological treatment of stormwater, such as bioswales and rain gardens, is more aesthetically appealing, but they also require routine operations and maintenance. To receive a higher score in this section, a certain amount of the conventional trenches on the pier and in the connecting Polk Bros Park could be developed into bioswales or similar green infrastructure. The restoration of aquatic ecosystems can help receive points. However, this strategy is not considered an option for this project since the ecosystems in Lake Michigan are complex and a separate issue themselves.
3.1.4 Site design—Soil + vegetation (14/40)
The reconstruction of the Navy Pier induces challenges to the sustainable approach for soil and vegetation performance of the project. The site being an old pier with industries and the harbor close by has soils that are more or less contaminated with thorium. However, during the development of the new pier, the team successfully preserved healthy soils and conserved 72.8% of the vegetated area. Another successful strategy resulting in points is the exclusive use of native and appropriately adapted plants, i.e., 100% of the selected plants are suitable for the site’s condition and climate. A total of 200 native trees were planted on the site, which adds biomass and reduces the heat island effect (Buente, 2016).
The remaining points are not considered for improvement due to site contexts, such as the location and condition. For example, there was no vegetation with special status on the site originally, and therefore, it is an impossibility to receive points for the conservation of special status vegetation. Due to the absence of buildings in the SITES-evaluated area of the pier, it is impossible to minimize building energy use by using vegetation.
3.1.5 Site design—Material selection (17/41)
The project team collaborated across disciplines on materials, and they experimented and innovated on them with less material waste and environmental impact. They worked with material contractors to develop contract specifications and required material suppliers to determine not to use timber from endangered species and use materials with recycled content and locally sourced materials. According to James Corner Field Operations (2019), 27.32% of materials are from recycled content, 32% of materials are extracted or manufactured regionally, and 40.35% of materials were considered designed for adaptability and reassembly. Moreover, through the use of “Unilock Pavers,” site paving and surfaces exhibit a high SRI value (details in section 3.1.10).
Even though a set of specifications that clearly described SITES v2 material credits and associated requirements to vet material suppliers was proposed, it is better to consider the higher standard and select raw material suppliers and/or manufacturers that not only disclose relevant data but also complete achievements on raw material extraction, chemical hazard assessments, and sustainable practices.
3.1.6 Site design—Human health and well-being (21/30)
Under the guidance of SITES v2, the project ensures healthy lives and promotes well-being, especially in the following aspects, resulting in a high score for this section.
1) The project links the landscape and health through the promotion of outdoor physical activity, including jogging, biking, seasonal skating, and fitness, and through social interactions and connections contributed by elements like seating, games, wireless access, picnic spaces, outdoor auditoriums, or playgrounds.
2) The reconstruction re-planned traffic streamlining, making the site easily accessible via fuel-efficient and multi-modal public transportation, including the CTA bus, metro, and bicycle.
3) The project tries to minimize site users’ exposure to environmental tobacco smoke by creating a tobacco-free zone and dedicated smoking areas away from pedestrian traffic.
4) During construction, the hiring of local, low-wage individuals was prioritized and the workforce was provided with living wages and training.
However, there is no education about food production and nutrition by designing and managing food production on-site. Moreover, Navy Pier causes light pollution due to the exhibition of theatrical lighting, hence causing negative effects on nocturnal environments and human health and functioning. These two credits can be considered options for improvement.
3.1.7 Construction (14/17)
One prominent strategy during construction is the diversion of materials from disposal. To be specific, 100% of structural waste and 99.8% of the roadway and infrastructure waste were diverted from landfills. In addition, 100% of land-clearing materials were retained for use within 50 miles of the site (Buente, 2016). The team also used construction equipment that reduced emissions of localized air pollutants and greenhouse gases for successfully protecting air quality and reducing pollution. For example, 50% of the total run-time hours of diesel engines used on-site during construction met Tier 4 or higher engines. This section has already achieved its highest possible points, and no improvements are possible due to the context of the site related to vegetation, rocks, and soil.
3.1.8 Operation + maintenance (13/22)
Different stakeholders contribute to the maintenance and monitoring of the project. The integrated design and client team has prepared a site maintenance plan that details short- and long-term strategies. Maintenance personnel continue their education on the goals and implementation. Site visitors help perform the monitoring by filling in questionnaires which will be reported transparently and accessibly. In addition, the team has signed a 5-year renewable energy credit (Green-e certified green power) contract for 100% electrical energy usage. This action promotes the use of renewable sources for landscape electricity needs. According to a release from Navy Pier’s management, an estimated 60% reduction of overall energy consumption pier-wide is through the selection of energy-efficient lighting, pumps, and aerator and transformer components (Buente, 2016). More strategies need to be considered for the protection of air quality, which is crucial during not only construction but also landscape maintenance.
3.1.9 Education + performance monitoring (10/11)
First, the interests of the community and public in a sustainable landscape are inspired by clearly and successfully demonstrating the summary of such a SITE v2 certified project. The team promotes sustainability awareness and eco-education to visitors through the use of electricity-generating bicycles, signage, and display systems. Information in a variety of formats, such as maps, models, brochures, and electronic kiosks, is provided on-site. The completed case study and project images are also shared online with the public. Second, besides the aforementioned monitoring from the public, the operations team maintains performance monitoring and documenting of the green infrastructure, visitors, and operational status throughout the year. For example, performance monitoring data from 2016 showed that Navy Pier diverted more than 500 tons of waste and 1.5 tons of stormwater sediment into landfills each year, saving nearly 2.46 million cubic decimeters of water each year. The body of knowledge on long-term site sustainability could be improved by evaluating their performance over time.
3.1.10 Sustainable bonus points—Innovation or exemplary performance (3/9)
The project drives innovation and transparency in the building and materials industries. The team worked with paving contractors to develop and customize new paving units named “Unilock Pavers,” which are ubiquitous elements. The composition (mix) of these pavers is unique and pushed the manufacturer beyond previously established thresholds for incorporating recycled materials. Site paving and surfaces exhibited a high SRI value by using them, hence reducing the localized heat island effect. Nowadays, such pavers have been brought to the market and promote environmental protection in the materials industry.
3.2 Strategies for improvement
Some credits missing today are impossible to be received due to site contexts such as the location and condition, e.g., “Restore aquatic ecosystems” or “Conserve special status vegetation.” The strategy that would impose the most effort while still only receiving a few points is on-site food production, which makes this strategy less convenient to implement. Minimizing light pollution would also require major reconstruction, and the result would be hard to assess due to the rest of the pier, outside of the project border, being dominated by light-giving structures such as Ferris wheels and outside theater structures. The final proposal is the implementation of bioswales, policies for green procurement, a switch to electric tools during maintenance, interactive elements for education on the site, and finally, tree tubs for resilience against flooding. These strategies are chosen by us due to different reasons: bioswales, because of its high points and the ecosystem services imposed with implementation; green procurement, a switch to electrical maintenance tools, and educational elements on the site are chosen because of the relatively easy processes to implement these; and finally, since climate change will increase the events of extreme weather, flooding of the pier is very probable to happen. Landscapes today should be resilient to future conditions, and therefore, measures, such as flooding control through tree tubs, should be taken. These improvements will add up to a total of 24 points which can achieve the possibility of Chicago’s Navy Pier going from a gold certificate to a platinum certificate.
3.2.1 Bioswales (5 points)
Bioswales, as an addition to the already installed filter treatment and storage system, would provide the required “stormwater treatment visually and physically accessible to site users” stated by SITES v2 as a requirement for receiving points in site design—Water. Bioswales work by removing pollutants through sedimentation, plant uptake, and filtration through engineered media, as explained by Ekka et al. (2021). Compared to traditional swales, bioswales offer several advantages such as enhanced aesthetics, ecosystem services, and reduced burden on municipal treatment systems.
In the case of Chicago’s Navy Pier, the implementation of bioswales in areas closest to traffic pollution could lead to significant benefits. The infiltration of bioswales can help remove pollutants such as heavy metals, PAH compounds, and total suspended solids (TSS) generated by car traffic (Ekka et al., 2021). Among the areas evaluated by SITES, the Polk Bros Park, which is surrounded by streets and located at the west entrance of the Pier, could be the ideal site for implementing bioswales (Figure 3), as it could provide the most significant advantages in terms of pollution removal and stormwater control measures.
[image: Figure 3]FIGURE 3 | Suggestion of possible locations for bioswales in the boundaries of the SITES evaluation of the Chicago Navy Pier.
3.2.2 Green procurement (12 points)
To achieve the maximum of five points in credits C5.7–5.10, as shown in Figure 2, SITES v2 requires the following: 1) “Support raw material suppliers and/or manufacturers that meet or exceed standards for raw material extraction” means purchasing at least 5% of the raw materials from suppliers that have third-party verified Corporate Social Responsibility reports with descriptions of their environmental impacts, supply chain, and Life Cycle Assessment; 2) “Support transparency and safer chemistry” applies to equipment such as pipes, hoses, irrigation equipment, and wiring. According to the Green Business Certification Inc. (2014), at least 5% of the materials in this credit should be purchased from a manufacturer who conducts a chemical assessment using policies and tools such as “BizNGO’s Chemical Alternatives Assessment Protocol” or “GreenScreen for Safer Chemicals”; 3) “Support sustainability in material manufacturing” relates to the business's manufacturing practices. Here, at least 25% of the materials (excluding those materials relating to other credits mentioned previously) used for the site during construction and maintenance should be purchased from companies that have made significant improvements in sustainable practices. To obtain five points in this credit, three of the following five achievements must be met: reduce emissions, reduce or offset greenhouse gas emissions, reduce energy consumption, use renewable energy sources, and reduce the use of potable water; 4) “Support sustainability in plant production” pertains to the purchase of plants for the site from businesses with sustainable methods. In this credit, 80% of the purchased plants and seeds must originate from plant producers that reduce the use of potable water, use sustainable soils, recycle organic matter, prevent the use and distribution of invasive species, and more.
One strategy to obtain more points in these credits is to incorporate green procurement as a policy in maintenance practices and future reconstruction. Green procurement, as a more widespread tool, would enable the purchase of more sustainable goods and services. However, as green product procurement is used more extensively, it creates “rings-on-water” and enhances innovation and competitive products (Dalhammar and Leire, 2017). In conclusion, to accumulate points in these four credits of the Material Selection section, time and money should be set aside to research and investigate supply options.
3.2.3 Electrical maintenance tools (2 points)
To receive a maximum of 4 points in credit 8.7 (refer to Figure 2), SITES v2 suggests the use of powered landscape maintenance equipment should be minimized. Unfortunately, the project team uses gasoline-powered landscape maintenance equipment that includes notorious polluters because they do not burn fuel efficiently (Banks and McConnell, 2015). In this context, a switch to electrical maintenance tools seems necessary. There are electric alternatives to most landscape maintenance equipment, such as electric leaf blowers and electric mowers. Another reason to be excited about the electrification of landscaping maintenance equipment is that the machines are much quieter. Pollution-free and quiet maintenance in public outdoor spaces meet the commitment to sustainability, environment, and community health.
3.2.4 Educational elements (1 point)
The team has already provided a large amount of educational and interpretive elements of on-site features and processes for increasing users’ comprehension of sustainability. If they design some educational elements on-site to be interactive, this section can gain one missing point. From kids to adults, seeing equipment with lights, sounds, or other interactive elements attracts attention. This type of application can improve the visitors’ experience while at the same time encouraging and expanding sustainability learning and understanding on the site.
3.2.5 Tree tubs (4 points)
The design for scaled resiliency to catastrophic natural events can help the project earn innovation credits. The team could set its goal of wanting to reduce flooding impacts in a more natural way. Applying green infrastructure techniques such as tree tubs is considered a good strategy to implement. Tree tubs are equipped with steel baskets placed in their openings, forming the underground support structure. Once planted, each tree will be covered with a steel lid made flush and surrounded by permeable pavement. Therefore, stormwater that falls on the South Dock will nourish the trees before being filtered and slowly drained into Lake Michigan. Stormwater that is not absorbed by the tree tubs will be captured by surrounding permeable pavement, passed through bio-infiltration basins, and directed to storage cisterns for reuse. The trees planted in tubs can help absorb stormwater and protect watersheds from polluted runoff and coastal non-point source pollution. In addition, such infrastructure will also reduce the heat island effect and improve the air quality and micro-climate of Navy Pier.
4 DISCUSSION
4.1 The practice of SITES v2 for a sustainable design of a landscape
During the case study, it is made clear that the project group has indeed performed great work in producing a sustainable site from the original condition of the pier. SITES v2 is used as a means to guide the major renovation of Chicago’s Navy Pier, informing various design stages, from access and circulation studies to plant and material specifications. It offers a highly effective and efficient way to compel environmental performance and project efficiencies, which held the whole team accountable to a high standard of best practices and resulted in an unprecedented project. Chicago’s Navy Pier achieves successful transformation into a bolder, greener, and more contemporary destination reflective of the city’s identity, bringing benefits such as increased green spaces, improved pedestrian access, efficient resource use, and innovative construction materials.
SITES v2 guides the project team to higher levels of sustainability by demonstrating the interrelationships and synergies within the rating system and outlining the connections between credits and performance criteria. The possibility of Chicago’s Navy Pier going from a gold certificate to a platinum certificate would require an increase of at least 24 points in the scorecard evaluation. The remaining missing credits could be divided into two different categories: credits to be gained from policy changes and credits to be gained from the reconstruction. Two of the strategies, which would predominantly need policy changes, are policies for green procurement (12 points) and a switch to electric tools during maintenance (2 points). The remaining strategies proposed in this research would have to include reconstruction of the site, including the implementation of bioswales (5 points), interactive elements for education on the site (1 point), and finally, tree tubs for resilience against flooding (4 points). Policy changes would not be a major effort; however, reconstruction will be needed to achieve these changes, and whether this is worth it is another issue. Preferably, the project group should have incorporated these systems and techniques already from the start of the project.
4.2 The potential of SITES v2 for a sustainable design of the landscape
In the context of practices of contemporary landscape architecture, the SITES v2 rating system may be transformational in three ways. It can encourage rigorous and measurable practices for sustainable landscapes, facilitate the successful application of sustainable design intent, and stimulate innovation in sustainable practices via project work. The case of the Navy Pier presents such capacity and potential.
To begin with, SITES v2 adopts a rigorous and practical approach to creating performance-based benchmarks which will encourage sustainable landscape practices. The system emphasizes quantifiable performance results and the maintenance and promotion of ecological services and natural processes rather than just awarding projects for compliance with particular prescriptive measures or for adopting a list of desired properties. In the case of Chicago’s Navy Pier, the team considered SITES v2 as a tool to guide the reconstruction of projects and add a level of rigor and measure to the sustainable principles. They made their efforts to earn points in sections including water, soil and vegetation, material selection, human health, construction, maintenance, and innovative design, and finally realized significant performance benefits in the environment, society, and economy. SITES v2 creates learning chances for all the designers and contractors involved, making the team think through clear and practical benchmarks for landscape performance throughout the whole process of a project. All the challenges that come out of this process are all chances for producing growth and, ultimately, value targeted to sustainable landscape practices. By applying sustainable design and development principles, teams planning and designing landscape projects for which SITES v2 certification is not attainable or suitable can still refer to such benchmarks to solve specific problems and elevate the performance and resilience of the landscape.
Next, SITES v2 holds the potential of facilitating the successful implementation of a sustainable landscape by connecting design with ecology and people to place. A key part of the Navy Pier project is enhancing physical, mental, and social well-being as a result of human connection with nature. The team transformed the outdoor landscape into a more vibrant setting for recreation and social life, such as the fountain and plaza in Gateway Park, the garden room at South Dock Pocket Parks, and pavilions along the lake. Even seating, seat types, and seat groupings are offered with various configurations to enable a range of social interactions, from the individual to the group, and connection with nature. Moreover, one credit aims to increase the site users’ ability to understand, access, and feel safe in outdoor spaces. The design team provides educational opportunities that promote the understanding of natural systems. Reconnecting people with nature not only offers human health and well-being benefits but also promotes environmental stewardship among current and future generations. In this context, sustainability will be achieved in the true sense. Not only does SITES v2 ensure a healthier, safer, and happier future but also SITES v2 projects appreciate in value over time.
Lastly, projects that use innovative and exemplary performance strategies can receive bonus points. SITES v2 can be a tool to drive innovation in sustainable practices, and the Navy Pier case study demonstrates this capacity in the aspect of the materials industry. Due to the extensive use of unit pavers throughout the site, the design team set very high standards for pavers in terms of material makeup (recycled content), provenance (regionally sourced), color (high SRI value), and applications (different scenarios support) in order to achieve SITES v2 certification (Banerjee and Loukaitou-Sideris, 2011). However, with no available product that met such high standards within the range of regional suppliers, the team chose to collaborate with paving manufacturers and design by themselves. Finally, they produced a custom paver named “Unilock Pavers” that has subsequently been added to its standard product line (Kafka, 2017). With the aim of SITES v2 certification, the team created a scenario of competition between manufacturers that resulted in a novel product and material use, therefore advancing their sustainability intent, encouraging collaboration, and driving innovation. SITES v2 supports the unique status of each landscape by offering performance measures rather than prescribing practices. It drives project teams to be adaptable and creative as they create and build landscapes appropriate for their context and intended use.
4.3 Future evolution of the SITES v2 rating system
The continued evolution of the landscape rating system will need ongoing study and refinements of SITES v2. Future research will most likely focus on the following two areas. First, the SITES v2 rating system is a climate solution. SITES v2 encourages practices that conserve, restore, and improve the carbon storage capacity of landscapes, minimizing the release of carbon. For example, it promotes project teams to minimize energy consumption and use low-carbon and renewable energy sources in landscape architecture. SITES v2 also inspires teams to reduce, reuse, and recycle materials and resources; conserve water; and increase the capacity of carbon sinks through re-vegetation. This helps in mitigating the effects of climate change. We can imagine the Sustainable SITES Initiative and SITES v2 could be one more way to safeguard the climatic and ecological systems. Second, SITES v2 will provide COVID-19 guidance for parks and other outdoor landscapes. Equitable site use and support for mental restoration, physical activity, and social connection are already central to SITES v2. In response to the current pandemic, health and safety become an even stronger priority for a smart, equitable, and sustainable recovery, and SITES v2 can develop ways to achieve this goal. As “the recovery will happen in public space” (Phil, 2020), we expect to expand and refine the best recommendations from SITES v2 for precautionary measures in managing and visiting parks and other outdoor landscapes during the COVID-19 pandemic.
5 CONCLUSION
With increased urbanization and climate change, landscape architects, planners, urban designers, engineers, and builders are looking for tools to help ensure that their work is sustainable and linked to resilience, and SITES v2 presents such a useful system grounded in ecosystem services. In this study, a brief review of the rating system displays its utility, and one project in Chicago illustrates the usefulness and potential of the system. These practical applications and potential of SITES v2 help inform socio-ecological practice and theory. The results show that as an important tool for transformation from theory to the implementation of ecosystem services, SITES v2 is being used to support design decisions toward sustainable outcomes. It can also make the entire project accountable to a higher standard of best practices and result in a more sustainable site. Its great strengths are that it is more accessible and easier to use for assessing and monitoring performance. Those planning and designing projects for which SITES v2 certification is not attainable or suitable can still refer to the general SITES principles to solve specific problems and enhance the performance and resilience of their endeavors. Our study can promote the ongoing application of SITES v2 and the creation of a better sustainable landscape through design. It holds the potential to highlight how the methodology on which SITES has been created can be linked with future city development and urban landscape management.
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Goals Descri

Gl | Create regenerative systems and foster resiliency © Protect and restore natural resources such as soil, water, and vegetation.
© Encourage biodiversity.

o Enhance landscapes to provide multiple ecosystem services such as cleaning air and water,
providing habitat, and storing carbon.

© Mitigate for evolving hazards and natural disasters.

@ Plan for monitoring and adaptive management.

G2 | Ensure future resource supply and mitigate climate change o Minimize energy consumption and encourage use of low carbon and renewable energy sources.
o Minimize or eliminate greenhouse gas emissions, heavy metals, chemicals, and other pollutants.
o Reduce, reuse, recycle, and upcycle materials and resources.
® Conserve water.
o Increase the capacity of carbon sinks through re-vegetation.

G3 | Transform the market through design, development, and o Foster leadership in industry and professional practice.

Diainteadrice practices o Use a systems-thinking, integrative and collaborative design approach.
o Use lifecycle analyses to inform the design process.

@ Support local economies and sustainability policies.

G4 | Enhance human well-being and strengthen community © Reconnect humans to nature.
o Improve human health (physical, mental, and spiritual).

© Foster stewardship by providing education that promotes the understanding of natural systems,
and recognizes the value of landscapes.

o Encourage cultural integrity and promote regional identity.

@ Provide opportunities for community involvement and advocacy.
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Elliptical area (km?)

Center Point X
Coordinate (km)

Center point Y
coordinate (km)

Ellipse x-axis length (km)
Ellipse y axis length (km)
Azimuth angle(’)

2000

Cultivated
land

78,576.7
1,1482

3,959.5

1174
2130
60.8

Grain
production

75,399.1
1,1245

3,949.0

17.1
2050
624

2010

Cultivated
land

78.842.2
1,147.7

3,958.4

173
2140
61.0

Grain
production

76,7786
11126

39516

1207
2024
63.6

2020

Cultivated
land

79.524.7
1,149.0

3,959.7

117.1
2163
612

Grain
production

75,837.1
1,0924

39467

1234
1957
587
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City

Binzhou
Dezhou
Dongying
Heze
Jinan
Jining
Liaocheng
Linyi
Qingdao
Rizhao
Tai'an
Weihai
Weifang
Yantai
Zaozhuang
Zibo
Total

Sensitivity 2000-2010

-8.58
-151.71
0.26
-45.81
-447
-8.94
-37.18
-9.53
-5.56
-16.35
-17.83
-21.88
-11.95
2374
-44.90
-6.40
-13.76

Sensitivity 2010-2020

257
-132
-15.82
-419
0.68
-0.80
-1.07
0.98
289
2.68
2.04
1748
237
5.12
0.58
1.08
0.01





OPS/images/fenvs-10-974812/fenvs-10-974812-t003.jpg
City 2000 2010 2020 Total change rate

Grain Grain yield Grain Grain yield Grain Grain yield 2000-2010 2010-2020
prodcution (tonnes/ prodcution (tonnes/ prodcution (tonnes/
(tonnes) ha) (tonnes) ha) (tonnes) ha)
2,228,247 312 2,956,489 430 3,702,316 597 32.68% 2523%
3,399,545 379 7,041,996 7.91 7,587,733 9.06 107.15% 7.75%
809,403 159 779,133 178 1,347,926 323 -374% 73.00%
3,520,632 340 5,649,381 552 7,939,514 859 60.06% 4054%
Jinan 2,760,462 345 3,172,154 410 2,908,066 428 14.91% -8.33%
Jining 4,137,567 466 4,648,044 531 4,827,833 5.80 12.34% 3.87%
Liaocheng 3,309,413 440 5,199,351 7.02 5,638,690 827 57.11% 8.45%
Linyi 3,844,899 259 4,687,627 323 4,164,784 324 21.92% -11.15%
Qingdao 2780481 327 3,514,081 433 3,045,755 394 2638% -13.33%
Rizhao 1,147,998 259 1,201,849 272 840,705 214 4.69% -30.05%
Tai’an 2,343,072 381 3,102,969 513 2,570,744 464 32.43% -17.15%
Weihai 939,225 258 1,062,635 2.93 661,454 1.87 13.14% -37.75%
Weifang 3,676,233 288 5,225,761 424 4,250,001 374 42.15% -18.67%
1,986,480 194 2,578,905 255 1,746,649 184 29.82% -3227%
1,304,436 339 1,929,899 5.07 1,805,734 5.34 47.95% -6.43%
1331014 291 1754477 4.03 1,430,226 3.97 31.82% -18.48%

Total 39,528,107 3.16 54,504,751 448 54,468,131 4.89 37.89% -0.07%
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Type Grassland  Cultivated  Shrub  Forest bare Artificial Wetland Water Total
land land land  surfaces bodies

transfer from cultivated land 53,025 11,740,750 0 31712 1,628 497,510 20677 158,327 12,503,629
2000-2010

transfer to cultivated land 2000-2010 39,819 11,740,750 0 70043 793 241743 9,696 56,181 12,159,025
Transfer from cultivated land 92,603 10,787,002 9,305 64815 2002 1,099,642 10,631 93,310 12,159,310
2010-2020

transfer to cultivated land 2010-2020 30,718 10,787,002 0 17,988 677 154,559 14,995 129290 11135229
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City Area 2000 Area 2010 Area 2020 2000-2020 difference
Binzhou 714,619 687,391 619987 -94632
Dezhou 896,139 889,810 837,555 -58584
Dongying 510234 437,624 417432 -92801
Heze 1,036,676 1,023,085 924,112 112564
Jinan 800,472 773,757 678,987 -121484
Jining 887,691 875445 832,966 -54725
Liaocheng 751,925 740,376 682,031 -69894
Linyi 1,486,053 1,451,882 1,285,908 -200145
Qingdao 851,197 810,793 773,389 77809
Rizhao 443,614 442,341 392,776 -50838
Tai'an 615532 604,335 553,547 -61985
Weihai 364,448 362259 354437 -10011
Weifang 1,277,853 1,232,779 1,135,568 -142285
Yantai 1,024,352 1,011,483 947,754 76598
Zaozhuang 384,863 380,753 338,173 -46690
Zibo 457964 435,197 360,607 -97357
Total 12,503,631 12,159,310 11,135,228 -1368,403
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Variable

Explained
variable

Core variable

Control
Variable

Name

Advanced industrial structure
Rational structure of production

Pilot cities of relocation and
reconstruction of old industrial districts

Urban economic development level

Urban population density
Industrial agglomeration degree
Land marketization

Infrastructure construction level

Measurement

1 <ais<3
0 < theil<l

Dummy variable (0,1)

Per capita GDP (yuan)

Total permanent population of the city/area of the
municipal district (person/km2)

Total number of industrial enterprises/urban
construction land area (number/km2)

Bidding, auction and listing area of municipal
primary market/total land area transferred (%)

Per capita road area (m2)

Data resource

China Yearbook for Regional
Economy

National Development and
Reform Commission website
China City Yearbook

China Yearbook for Regional
Economy

China City Yearbook

China Yearbook for Regional
Economy

China City Yearbook

Index
selection basis

You(2022)

Self-building
database

Zhu (2019)
Su (2022)

Zhang H. et al.
(2021)

Lu (2020)

Chen et al. (2022)
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Number

Region

Zigong

Xuzhou

Shijingshan

Shiyan

Shizuishan

Time

2014

2011

2008

2014

2013

Model

Active planning and urban transformation to reduce dependence
on resource-based industries

Promotion of upgrading through integration, development
through opening up, and upgrading through transformation

Conservation and development of industrial heritage, service
industry-driven development, investment and financing market-
oriented operation

Intensifying the transformation and upgrading of traditional
advantageous industries and the extension of industrial chains,
and cultivating emerging industries with advantages

Implementation of urban transformation strategy in three
dimensions: industry, people’s livelihood and ecological
environment

Practice focus

Vigorous development of non-salt industries such as energy-
saving and environment-friendly equipment, aviation and gas
turbines and new materials

Promoting the development of new industries such as service
outsourcing and e-commerce logistics

Transferring the focus of industrial development to the five high-
end service industries of modern finance, scientific and
technological services, cultural creativity, business services,
tourism and leisure

Expanding and developing industries such as automobiles,
hydropower development, agricultural products processing, and
biomedicine

Development of new materials, equipment manufacturing,
calcium carbide chemical industry, metallurgy, new energy,
biomedicine and other characteristic industries, as well as modern
logistics, cultural tourism, e-commerce and other fast-growing
service industries
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Alternative
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Linguistic value Fuzzy number

Very bad (VB) ©00.1)
Bad (B) 0,1,3)
Medium bad (MB) 13,5
Medium (M) (357)
Medium good (MG) (57.9)
Good (G) (79.10)
Very good (VG) 9.10,10)

Source (Mijajlovi¢ et al., 2020).
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Id

Criteria

Source

Cl  Economic criteria
Cl1  Price of tourist services and products ~ Monetary expression of the value of services and products (Pulido Fernandez and Lopez Sanchez, 2016; Buiga
etal,, 2017; He et al, 2019)
C12  Quality of services Manner in which the service characteristic meets customer (Johann and Anastassova, 2014; Razniak, 2014;
requirements. Zhang et al, 2019)
C13  Attractiveness of services for tourists  Attraction of the service to the tourists (Lee, 2016; Romao et al., 2018; Puska et al., 2019)
Cl4  Traffic connectivity Farm traffic connectivity (Bandoi et al., 2008; Lee, 2016; Hopkins, 2020)
C15  Accommodation facilities Total number of tourists that can be accommodated on the farm (Warren et al., 2017; Spenceley, 2019)
C16  Gastronomic offer Totality of food and beverages offered on the farm (Wang, 2015; Zhang et al., 2019; Puska et al,,
2020a)
C2  Environmental criteria
C21  Geographical characteristics A set of all geographical features on the farm site (Jovicic, 2019; Muresan et al., 2019)
C22  Availability of natural resources Availability of natural resources on the farm and its surroundings ~ [38, 33)]
C23  Quality of natural resources Level of preservation of the natural environment on the site of the farm  (Muresan et al., 2019; Prevoliek et al,, 2020)
C24  Cleanliness and organiz: Maintaining hygiene and organization of the farm (Rozman et al., 2009; Lee, 2016; Puska et al,, 2020)
C25  Landscape Specificity of the territory at which the farm is located (Rozman et al., 2009; Prevoliek et al., 2020)
C26  Diversity of agricultural resources Availability of agricultural products (fruits, vegetables, forests, (Muresan et al, 2019; Zhang et al,, 2019)
meadows, efc.)
C3  Social criteria
C31  Offer of domestic products Possibility of offering domestic products to tourists (Razniak, 2014; Prevoliek et al., 2020)
C32  Transfer of knowledge related to Possibility of transferring knowledge about the customs and traditions ~ (Muresan et al., 2019; Zhang et al., 2019)
tradition and customs of the rural area where the farm is located
C33  Availability of events Organization of the events at the farm site or in the immediate vicinity ~ (Lawton and Weaver, 2015; Puska et al., 2020a;
Prevolsek et al., 2020)
C34  Participation of tourists Possibility for tourists to participate in everyday activities on the farm  (Lee, 2016; Puska et al,, 2020a; Prevoliek et al.,
2020)
C35  Availability of tourist attractions Availability of tourist attractions on the farm site or in the immediate  (Lee, 2016; Romao et al,, 2018; Muresan et al.,
vicinity 2019)
C36  Impact on community development  Contribution of farm to the development of the local community (Bandoi et al., 2008; Romao et al., 2018; Prevolek

e Dovelooed b the wiskons:

etal,, 2020)
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Phase 1: initial phase

Defining the subject and goal of the research
Forming an expert group

Defining alternatives and criteria

Forming questionnaire

Collecting data from experts

Phase 2: setting the weight of the criteria

Evaluating criteria in relation to the first criterion
Evaluating criteria in relation to the last criterion
Calculating values of mean criteria and sub-criteria
Implementing fuzzy PIPRECIA method
Determining the weight of criteria and sub-criteria
Determining the final values of the sub-criteria

Phase 3: ranking the agro-tourism facilities

Establishing the initial decision matrix

Expanding the initial decision matrix

Normalizing the initial decision matrix

Weighting the normalized decision matrix

Implementing the other steps of the fuzzy MARCOS method
Ranking alternatives

Phase 4: conducting sensitivity analysis

Eouroe: [Seveliad by the sxithore:

Ranking by other fuzzy methods

Comparing rankings performed by other fuzzy methods
Scenario and weight forming for sub-criteria

Ranking alternatives for each scenario

Analyzing the gained results
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Sub-criterion ‘Weight Sub-criterion ‘Weight Sub-criterion ‘Weight

c11 0.153 c21 0.153 c31 0.155
C12 0.166 c22 0.160 c32 0.152
C13 0.158 23 0.162 C33 0.156
Cl14 0.149 c24 0.162 C34 0.156
C15 0.157 25 0.154 C35 0.161
C16 0.157 C26 0.155 C36 0159
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Economic criterion (sub-criteria)

PIPR. ci c12 ci3 Cl4 c15 C16

DM1 110 L15 120 0.67 1.00 100 067 1.00 1.00 1.00 1.00 1.05 1.00 1.00 1.05
DM2 110 L15 120 1.00 1.00 1.05 1.00 1.00 1.00 110 115 1.20 1.00 1.00 1.00
DM3 1.00 1.00 1.05 1.00 1.00 100 067 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
GM 1.07 110 115 0.87 1.00 1.02 076 1.00 1.00 1.03 1.05 1.08 1.00 1.00 1.02
PIPR.-1 C16 c1s Cla c3 c12 ci

DM1 1.00 1.00 1.00 050 067 100 050 0.67 1.00 1.00 1.00 1.05 067 1.00 1.00
DM2 110 115 120 1.00 1.00 1.00 1.00 1.00 1.05 110 115 1.20 1.00 1.00 1.00
DM3 1.00 1.00 1.00 067 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.05 1.00 1.00 1.00
GM 1.03 1.05 1.06 0.69 0.87 100 079 087 1.02 1.03 1.05 110 0.87 1.00 1.00

Environmental criterion (sub-criteria)

PIPR c21 2 23 C24 C25 C26

DM1 110 L15 120 1.00 1.00 1.05 1.00 1.00 1.05 1.00 1.00 1.05 1.00 1.00 1.00
DM2 1.00 1.00 1.00 1.00 1.00 1.05 1.00 1.00 1.00 067 1.00 1.00 1.00 1.00 1.05
DM3 1.00 1.00 1.05 1.00 1.00 1.05 1.00 1.00 1.05 1.00 1.00 1.05 1.00 1.00 1.00
GM 1.03 1.05 108 1.00 1.00 1.05 1.00 1.00 1.03 087 1.00 1.03 1.00 1.00 1.02
PIPR-1 C26 C25 C24 c23 22 c1

DM1 1.00 1.00 1.05 1.00 1.00 1.05 1.00 1.00 1.05 110 L15 1.20 1.00 1.00 1.00
DM2 050 0.67 1.00 067 1.00 1.00 1.00 1.00 1.00 0.67 1.00 1.00 067 1.00 1.00
DM3 1.00 1.00 105 1.00 1.00 1.05 1.00 1.00 1.05 1.00 1.00 1.05 1.00 1.00 1.00
GM 079 0.87 1.03 0.87 1.00 1.03 1.00 1.00 1.03 090 1.05 1.08 0.87 1.00 1.00

Social criterion (sub-criteria)

PIPR. cs31 c32 C33 C34 C35 C36

DM1 0.67 1.00 1.00 1.00 1.00 100 067 1.00 1.00 1.00 1.00 1.00 067 1.00 1.00
DM2 067 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.05 1.00 1.00 1.00 1.00 1.00 1.00
DM3 1.00 1.00 1.00 1.00 1.00 1.05 1.00 1.00 1.00 1.00 1.00 1.05 0.67 1.00 1.00
GM 076 1.00 1.00 1.00 1.00 1.02 0.87 1.00 1.02 1.00 1.00 1.02 076 1.00 1.00
PIPR.-1 C36 C35 34 33 c32 31

DM1 1.00 1.00 1.05 1.00 1.00 1.00 1.00 1.00 1.05 1.00 1.00 1.00 1.00 1.00 1.05
DM2 1.00 1.00 1.00 1.00 1.00 1.05 1.00 1.00 1.00 0.67 1.00 1.00 1.00 1.00 1.00
DM3 110 L15 120 1.00 1.00 1.05 L10 115 1.20 1.00 1.00 1.05 1.00 1.00 1.05
GM 1.03 1.05 1.08 1.00 1.00 1.03 1.03 1.05 1.08 0.87 1.00 1.02 1.00 1.00 1.03
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PIPRECIA  C1

DMI1 0667 1000 1000 0400 0500  0.667
DM2 1.000 1.000 1.000 1.100 1150 1.200
DM3 0667 1000 1000  1.000  1.000  1.000
GM 0.763 1.000 1000 0.761 0832 0928
PIPRECIA-T a2 c1
DM1 1.100 1.150 1.200 1.200 1.300 1.350
DM2 0500 0667 1000 0500  0.667  1.000
DM3 0667 1000 1000  1.000 1000  1.000
GM 0716 0915 1063 0843 0954 1.105

coording to suthors calculations.
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Land Item Cropland  Tea plantation  Forest Grassland Water Urban Total

use type

HSAs Area hm? 353 15.60 1276 0.09 129 250 3577
Proportion % 9.87 43.61 35.68 026 3.60 699 100.00

High potential phosphorus producing areas  Area hm’® 678 3276 0.00 0.00 0.00 0.00 3954
Proportion % 17.15 82.85 0.00 0.00 0.00 0.00 100.00

Phosphorus CSAs Area hm? 127 7.59 0.00 0.00 0.00 0.00 886
Proportion % 14.33 85.67 0.00 0.00 0.00 0.00 100.00
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Watershed or field factor

‘Weight for factor

Phosphorus loss and/or transport risk

Low (1) Medium (2) High (4)
Source factors Soil test P 0.8 <5 mgkg™! 5~10 mg kg™ >10 mg kg™
P usage in watershed 09 0~100 kg hm 2 100~200 kg hm™ >200 kg hm™
P application time 08 Spring or before plant Late summer or early fall All other times
Transport factors Soil erosion 10 <2300 t-(km*a)™" 2300-5000 t-(km*a)™" >5000 t-(km*a)™!
Overland flow distance 10 >500 m 150-500 m <150 m

Poi s Towsiaitide: tiv-ssund Sk &3 swiiom =5 snd kigh-= & ategesksiton of e Basl scores e Sl

229 = low risk, 2.29-3.05 = medium risk, >3.84
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Land use type

Total land area/hm’
Area of HSAs/hm®
Proportion of HSAs/%

Cropland

1317
353
2681

Tea plantation

74.90
1560
20.82

Forest

61.84
1276
20.64

Grassland

0.25
0.01
37.15

‘Water

150
129
8572

Urban

10.33
250
2420

Total

162.00
3577
2208
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Data type

DEM

Soil parameter

Land-use

Monitoring data of watershed

DEM: digital elevation model

Data format

Grid (cell size 5m*5m)
Text file
Vector map (polygon)
Text file

Sources

‘Topographic map
Field survey
2015

Field survey

Scale

1:10,000

1:10,000
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Encoding

Playing cards/mahjong

Sitting at leisure

No-equipment exercise
Exercise on fitness equipment

Caregiving

Interpretation

Participating in playing cards/mahjong or just watching others play.

Any sitting behaviors, including sitting somewhere to chat, reading books, using a smartphone, etc., playing cards/mahjong
excluded.

Exercise without equipment, including dancing, playing tai chi or playing badmintonetc.
Exercise on fitness equipment (e.g, the waist twister, air walker, exercise bike, and waist/back massager)

Any behaviors to do with caring for the elderly and children, including sitting, communicating, standing, watching them play, or
playing with them. The carers may be engaged in other activities simultaneously, such as watching others play cards/mahjong
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1) 2) Q) 4) ®)
Variable Model Model Model Model Model
Income_landout 0368 0859 0678 0707 0679
(1.249) (3.158) (2.819) (2.830) (2.819)
Age_manager 0220 0165% 0194 0217+
(3433)  (2592)  (1.985)  (2249)
Company 0.004* 0.004* 0,002
(2.352) (2.390) (0.746)
In labor 0.161 0037
0399)  (0.092)
Agri_mach ~0.030
(~1.058)
Constant 0.049* ~0.135*  -0156"  -0.188*  -0.140
(2083)  (-2203)  (-2999)  (-1971)  (-1.365)
Observations 13 13 13 13 13
McFadden R2 -0026  -0157  -0240 0243  -0262

t-statistics is given in parentheses; ***p < 0.01, **p < 0.05, *p < 0.1.
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Sex

Edu

Job

Inc.

PA

MJ

Obs
Pseudo A
LR Test

(U] @ ®)
YY/NN YN/NN NY/NN
185011 131178 88044
(0.0000) (0.0000) (0.0030)
-0.0089" ~0.0007* 00105
(0.0400) (0.0823) (0.0402)
-0.1369 -0.6063 -0.1557
(0.8906) (0.4561) (0.8384)
~0.0661"* 0.1219" 0.4956""
(0.0001) (0.0000) (0.0008)
-0.1658" 0.1990" -0.1528"
(0.0074) (0.0083) (0.0484)
-3.3581* =1.7142** =1.0777*
(0.0000) (0.0057) (0.0438)
00953 00508 -00193
(0.8484) (0.6122) (0.1046)
86712 48021 35428
(0.0000) (0.0000) (0.0018)
-0.8365 -1.1570" -0.5528
0.1719) (0.0183) (0:2139)

200
0.4897
263.74

and ™ represenit significance & the 10, 5, and 1% levels, respectively.
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Variables Area with an Area with a Area with a Area with a
increasing weakly increasing decreasing sharply increasing
rate rate rate rate

The change rate of rice planting area 0.0-6400.0 ~6000.0-0.0 ~12000.0--6000.0 ~24000.0--12000.0

(hm?/10a)

The change rate of rainstorm days (d/102)  ~0.138 -0.115 -0.108 0.205
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Variables r Yr Ir
1992-2018  1992-2005  2006-2018
H_Pre ~0.0025*+* ~0.0029*** ~0.0009*
(0.0005) (0.0008) (0.0005)
L_Temp ~0.0003 0.0006 ~0.0010
(0.0009) (0.0013) (0.0006)
L_Temp ~0.0003 ~0.0006 ~0.0000
(0.0003) (0.0004) (0.0003)
Gale -0.0015 ~0.0097* ~0.0040
(0.0045) (0.0057) (0.0034)
control variables YES YES YES
County fixed effect YEBS YES YES
Year fixed effect YES YES YES
Observations 2,928 1484 1,444
R-squared 03854 0.4160 0.4210
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Variables (¢ )
Y.r Y.v
L1: H_Pre ~0.0002 0.0001
(0.0006) (0.0008)
L1: L_Temp ~0.0005 0.0011
(0.0008) (0.0007)
L1: H_Temp -0.0003 0.0005
(0.0002) (0.0006)
L1: Gale 0.0094* 00063
(0.0038) (0.0060)
Current high impact variables YES YES
Current control variables YES YES
County fixed effect YES YES
Year fixed effect YES YES
Observations 2813 2,985
R-squared 04025 02577
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Target layer

Factor layer

Comprehensive evaluation system of new  Population

urbanization

urbanization

Economic
urbanization

Land urbanization

Social urbanization

Ecological
civilization

Index layer

Percentage of urban resident popuiation (PURP)
Percentage of non-agricultural employees (PNAE)

Number of students in Colleges per 10 thousand people
(NSCPTTP)

GDP per capita (GDPPC)

GDP proportion of tertiary industry (GDPPTI)

GDP growth rate (GDPGR)

Total imports and exports per capita (TIEPC)

Disposable income of urban residents per capita (DIURPC)
Consumption expenditure of urban residents per capita (CEURPC)
Per caplta area of paved roads (PCAPR)

Bilt-up area per capita (BUAPC)

Per capita area of parks and green land (PCAPGL)

Per capita housing area of urban residents (PCHAUR)

Registered unemployment rate in urban areas (RURUA)

Public financial expenditure on science and technology per capita
(PFESTPC)

Number of urban residents participating in endowment insurance
(NURPE)

Number of urban residents participating in medical insurance
(NURPMI)

Number of Internet users (NIU)

Number of public transportation vehicies per 10 thousand people
(NPTVPTTP)

Number of medical beds per 10 thousand people (NMBPTTP)
Number of public library collections per 10 thousand people
(NPLCPTTP)

Ratio of per capita disposable income between rural and urban
residents (RPCDIRUR)

Ratio of per capita consumption expenditure between rural and
urban residents (RPCCERUR)

Percentage of greenery cover in built-up areas (PGCBUA)
Proportion of harmiessly treated garbage (PHTG)

Waste water treatment rate (WWTR)

Proportion of good air quality days in cities (PGAQDC)

Unit

%
%
Persons

1.CNY
%

%

1 Dollar
1.CNY
1CNY
m/person
m/person
m/person
m?/person
%

1 CNY

10* persons
10* persons
10°
Households (hu)

Vehicles

Beds
Books

Dimensionless
Dimensionless
%
%

%
%

Index
attribute

R i

o+
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Variables 1) (2)

Y.r Yv
H_Pre ~0.0025*+* ~0.0008
(0.0005) (0.0009)
L_Temp ~0.0003 00005
(0.0009) (0.0006)
H_Temp ~0.0003 0.0013
(0.0003) (0.0008)
Gale ~0.0015 00078
(0.0045) (0.0068)
Time trend and its square YES YES
Control variables YES YES
County fixed effect YES YES
Year fixed effect YES YES
Observations 2928 3,106

R-squared 0.3854 02719
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Variables 1) 2) ) (4)

Yo Yr Y.v Y.v
H_Pre -0.0023**  -00025*** 00007  -0.0008
(0.0005) (0.0005) 0.0009)  (0.0009)
L_Temp -0.0003 ~0.0003 0.0006 0.0005
(0.0008) (0.0009) (0.0007) (0.0006)
H_Temp ~0.0004 ~0.0003 00011 0.0013
(0.0003) (0.0003) (0.0008) (0.0008)
Gale ~0.0019 -0.0015 00084 0.0078
(0.0047) (0.0045) (0.0068)  (0.0068)
Control variables NO YES NO YES
County fixed effect  YES YES YES YES
Year fixed effect YES YES YES YES
Observations 2928 2928 3,106 3,106
R-squared 03834 03854 02712 02719

The dependent variables are in a natural logarithm. The number in the bracket is the
clustered standard errors? which is clustered at the county level, and *** p<0.01, **
p<0.05, * p<0.1. Hereinafter is the same.
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ale Female

Total number of observations (middle-aged and elderly) 1450 1011

Total METs 1820.78-2716.66 1833.30-3024.60
Mean METSs per person observed 126-187 181-2.99
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Variable type Variables

Dependent Variable PUY of rice
PUY of vegetable

High impact variables Low-temp. days (daily average temp. < 12°C)
High-tem. days (daily average temp.> 35°C)
Rainstorm days (daily precipitation > 50mm)
Gale days (max. velocity 2 17.2m/s)

Control variables Annual average temp.
Annual max. wind velocity
Annual average relative humidity
Annual amount of precipitation

Annual sunshine duration

Notations

<

m/s

mm

Mean

14540
3844
309
210
77

03
221
46

78
1822.1
1744.0

449.1
56.7
204
142
37
14
12
11
37
4464
2582

Min.

576
255

184
22
63
760.7
9145

3031
544
9

23

26
251
95

88
37510
262322

mu, the Chinese version of the acre, is equal to 666.7 square meters; d refers to days h refers to hour. The annual meteorological variables are the mean of the daily values in each year; the

Skl deiirttin s Bl o6 the sociviont det.





OPS/images/fenvs-10-978935/fenvs-10-978935-t006.jpg
Type of activity Intensity METs
Playing cards/mahjong Sedentary 12-15
Sitting at leisure 1.0-1.2
No-equipment exercise Hard 40-80
Exercise on fitness equipment Moderate 15-3.0
Caregiving 25-40
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Type of activity

Playing cards/mahjong
Sitting at leisure
No-equipment exercise
Exercise on fitness equipment
Caregiving

Total

wx% p<0.001 ** p<0.01

ale

1062
283
35
51
19
1450

Female

554
103
190
102
61
1011

p-value

0.002:
0,000
0.000%5#
0,000
0,000
0.007:

The ratio of male
to female

192
274
0.18
050
030
143
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Time of day Male Female p-value

n % n %
Morning (7:00-12:00) 279 1924 336 3323 0261
Afternoon (12:00-19:00) 1171 80.76 675 6677 0001

" p<0.01
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Type of N % N %
activity
All age groups Middle-aged and elderly
Type of Activity Playing cards/mahjong 1634 61.13% 1616 65.66%
Sitting at leisure 434 16.24% 387 15.73%
No-equipment exercise 229 8.57% 25 9.14%
Exercise on fitness equipment 258 9.65% 153 622%
Caregiving 118 441% 80 325%
Gender Male 1534 57.39% 1450 58.92%
Female 1139 4261% 1011 41.08%
Time of day Morning 695 26.00% 273 11.09%
Afternoon 1978 7159% 2188 88.91%
Total - 2673 - 2461 -
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Weekends ‘Weekdays

Sep.11 Sep.12 Sep.16 Sep.17
Periodic range/image  0-128 9-124 0-114 7-125
Median/image 45 50 51 46
STDEV 40 34 31 35
Total 2597 2764 2558 2772
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Ecosystem classification

Provisioning services

Regulating and maintenance service

Cultural and amenity services

Total

Food production
Raw material production
Water Supply

Gas Regulation

Climate regulation
Environmental purification
Hydrological regulation
‘Water and soil maintenance
Nutrient cycling

Biodiversity

2010

1634
1181
1252
3379
85.90
30.62
160.37
4301
359
3405
1575
44775

2015

16.19
11.71
12.14
33.48
85.08
30.16
155.73
42.61
356
33.65
15.54
439.85

2019

15.38
1233
11.70
3591
94.70
3223
15163
4540
374
3672
16.80
45654

2010-2015

-0.15
-0.10
-038
-032
-0.82
-0.46
-465
-039
-0.03
-039
-020
-7.89

2015-2019

-0.80
0.62
-044
243
9.62
207
-4.10
279
017
307
126
1669

2010-2019

-096
0.52
-082
211
8.80
1.62
875
240
0.14
267
1.06
879
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Land use type

2015

Cropland
Forest
Grassland
Built-up land
Water area
Unused land
Total

2019

Cropland Forest Grassland Built-up land Water area Unused land Total
3,948.85 819.22 1068 23437 3690 0.88 5,050.91
149.13 6,149.11 3332 7445 2164 142 6,429.07
23230 610.66 46001 27.30 8.68 259 1,341.54
149.96 207.96 2496 117554 1153 135 157130
4944 67.88 853 2162 41984 0.16 567.48
3089 15030 5078 12.00 194 32.77 27867
456057 8,005.13 588.28 154528 50054 3917 1,5238.97
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Land use type

2010

Cropland
Forest
Grassland
Built-up land
Water area
Unused land
Total

2015

Cropland Forest Grassland Built-up land Water area Unused land Total
4,952.68 0.06 002 12157 077 0 5,075.1
1062 6,429.01 057 1124 017 0 645161
4988 0 134091 577 003 0 1,396.59
9.40 0 4 142535 0 0 143475
1896 0 0 662 566.48 0 592.06
937 0 004 075 003 278.67 288.86
5,050.91 6,429.07 134154 15713 56748 278.67 15,238.97
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Land-use type Area/km* Area Change/km*
Proportion/%
2010 2015 2019 2010-2015 2015-2019 2010-2019

Cropland 5075.1 5,050.91 4,560.57 -49034 -514.53 51453
333 3304 2993

Forest 6,451.61 6,429.07 8,005.13 -2254 1,576.06 1,553.52
4234 4219 5253

Grassland 1,396.59 1,341.54 588.28 -55.05 -753.26 80831
9.16 88 386

Built-up land 143475 15713 1,545.28 13655 -26.02 11053
9.42 1031 1014

Water area 592.06 567.48 50054 -2458 ~6694 -91.52
3.89 372 328

Unused land 288.86 278.67 3917 -10.19 -2395 -249.69
19 183 026
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Ecosystem classification

Provisioning services

Regulating and maintenance service

Cultural and amenity services

Food production
Raw material production
Water Supply

Gas Regulation

Climate regulation
Environmental purification
Hydrological regulation
Water and soil maintenance
Nutrient cycling

Biodiversity

Cropland

1,934.49
655.76
3279
1,098.39
590.18
163.94
442.64
1,688.58
19%6.73
213.12
98.36

Forest

655.76
1,082.00
557.39
3,557.49
10,656.07
3,164.03
7,770.73
4,344.40
327.88
3,950.94
1,737.76

Grassland

868.88
918.06
508.21
3,229.61
8,54125
2,81976
6,262.49
3,93455
295.09
3,573.88
1,573.82

‘Water area

1,819.73
377.06
13,590.59
1,262.33
3754.22
9,098.64
167611.77
1,524.64
114.76
4,180.46
3,098.46

Unused land

0.00
0.00
0.00
3279
0.00
163.94
49.18
3279
0.00
3279
1639
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Province

Shandong
Jangsu
Tianjin
Henan
Anhui
Hebei
Chongaing
Liaoning
Jiin
Ningxia
Hubei
Shanxi
Shanghai
Helongjiang
Guizhou
Hunan

2010 (%)

79.70
7210
65.90
64.60
58.60
53.10
49.50
48.70
46.00
42.90
43.50
44.00
51.30
41.30
33.60
3090

2020 (%)

73.00
64.60
63.70
61.80
56.90
49.70
47.00
45.70
45.00
43.00
42.60
4210
41.80
41.60
33.80
3030

Difference

-6.70%
-7.50%
-2.20%
-2.80%
-1.80%
-3.40%
-2.50%
-3.00%
-1.10%
0.10%
-0.90%
-2.00%
-9.50%
0.30%
0.20%
—0.60%

Province

Shaanxi
Yunnan
Guangxi
Zhejiang
Jiangi

Beiing

Heinan
Guangdong
Sichuan
Gansu

Fujan

Inner Mongolia
Xinjiang
Qinghai

Tibet

2010 (%)

30.50
27.50
28.10
31.40
27.90
34.00
22.90
26.70
24.30
20.90
19.70
11.90
5.40

1.60
0.40

2020 (%)

30.30
27.60
27.50
26.90
26.50
24.90
24.30
23.90
23.60
20.50
19.20
13.20
6.30
1.80
0.60

Difference

-0.20%
0.10%
-0.70%
-4.50%
-1.40%
-9.10%
1.40%
-2.90%
-0.70%
-0.40%
-0.50%
1.30%
0.90%
0.20%
0.20%
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Province Area 2010 Area 2020 Difference Province Area 2010 Area 2020 Difference

Helongjiang 185,465.9 186,871.1 1,405.232 Hunan 65,334.72 64,036.16 -1,20856
inner Mongolia 136,407.3 151,596.1 15,188.83 Shaanxi 62,784.9 62,287.97 496,931
Sichuan 117,008.8 1136983 -3,400.48 Guizhou 58,878.71 59,246.52 367.8089
Shandong 122,679.2 112,357 -10,3222 Jiangxi 46,430.95 44,155.88 -2,275.06
Yunnan 105,463.6 105,869.7 406.0594 Guangdong 46,960.76 4192886 -5,031.89
Xinjiang 83212.95 102,424.1 14,211.12 Chongaing 40,179.08 38,138.18 -2,04085
Henan 106,367.4 101,789.4 -4,578.09 Znejang 3161493 27,060.84 -4,554.08
Hebei 99,151.14 92,782.77 -6,368.37 Fujian 2407454 23,462.37 -612.166
Jilin 88,074.6 86,063.24 -2,011.36 Ningxia 21,600.46 21,668.36 67.90284
Gansu 84,274.52 82,724.94 154958 Ginghai 11,535.23 12,048.72 1,418.489
Anhui 82,496.87 80,005.08 -2,491.84 Hainan 7,736.042 8,219.756 483.7141
Hubei 81,0577 7936119 169652 Tianjn 7,667.61 7,410.445 257165
Liaoning 704305 6614098 Tibet 4620956 7,363,832 2733876
Shanxi 69,144.42 66,077.68 -3,066.75 Bejing 5551126 4,065.968 -1,485.16
Jiangsu 72,204.16 64,6559 754826 Shanghai 3,191.949 2,508.499 -593.45

Guangxi 66,007.59 64,478.38 -1,529.21 - . i =
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Factor layer sw
test

Popuiation 0.789

urbanization

Economic 0.997

urbanization

Land urbanization ~ 0.566

Social urbanization  0.170

Ecological 0668
civilization

Note: 1) * denotes significance at the 5% level: 2) PCC: Pearson correlation coefficient: 3) TOPCC: Third-order partial correlation coefficient.

Correlation
coefficient

PCC
TOPCC

PCC
TOPCC

PCC
TOPCC

PCC
TOPCC

PCC
TOPCC

Population
urbanization

1.000
1.000

-0.160
0.179

-0.286
-0.393

-0.267
-0.005

-0.337
-0.360

Economic
urbanization

-0.160
0.179

1.000
1.000

-0.328
-0.096

0.592
0.022

0.836*
0714

Land
urbanization

-0.286
-0.393

-0.328
-0.096

1.000
1.000

-0.130
0.089

-0.278
-0.188

Social
urbanization

-0.227
-0.005

0.592
0.022

-0.130
0.089

1.000
1.000

0.707
0.448

Ecological
civilization

-0.337
-0.360

0.836"
0714

-0.278
-0.188

0.707
0.448

1.000
1.000
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Standard deviation ellipse
parameters

Elipse perimeter (km)
Eliptical area (ki)

Center Point X Coordinate (km)
Center point Y coordinate (k)
Elipse x-axis length (km)
Elipse y-axis length (km)
Azimuth angle ()

2010

7,302.20
4,060,146.39
650.27
3,840.94
956.90
1,350.67
40.04

2020

7,458.93
4265,413.08
619.85
3,859.61
994.70
1,365.04
42.15
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Province

Tibet
Xinjiang
Qinghai

inner Mongolia
Hainan
Helongjiang
Guizhou
Yunnan
Ningxia
Shaanxi
Gansu

Hunan

Hubei

Guangxi

Jiin

Fujan

Dynamic
change degree index

59.00%
16.10%
12.30%
11.10%
6.30%
0.80%
0.60%
0.40%
0.30%
-0.80%
-1.80%
-2.00%
-2.10%
-2.30%
-2.30%
-2.50%

Province

Sichuan
Anhui
Tianjin
Henan
Shanxi
Jiangi
Chongaing
Liaoning
Hebei
Shandong
Jiangsu
Guangdong
Zhejiang
Shanghai
Beiing

Dynamic
change degree index

-2.90%
-3.00%
-3.40%
-4.30%
-4.40%
-4.90%
-5.10%
-6.10%
-6.40%
-8.40%
-10.50%
-10.70%
~14.40%
-18.60%
-26.80%
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Tests

LM: o lag
Robust LM: no lag

LM: o error

Robust LM: no error

Hausman test with SDM: FE vs. RE

LR test: SDM vs. SLM

LR test: SDM vs. SEM

LR test: Spatial and time-period fixed vs. Time-period fixed Spatial fixed
LR test: Spatial and time-period fixed vs. Spatial fixed

‘Statistic

14.209
20.319
128.161
6271
5685.610
38.020
2.980
1653.160
39.670

p-value

0.000
0.000
0.000
0012
0.000
0.000
0.084
0.000
0.000
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p value 0100  0.221 0.305 0.575 0.705 0.800
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Primary Variables Secondary Variables

Xy Xty Xiz2, Xiia, Xvaas Xuis

X Xout, Xo, Xo:a

Xs Xaits X, Xoia Xua

Xa Xazty Xazs Xaz, Xaa

Xs Xsits Xz, Xia Xsuar Xois Xoio Xo7, Xsie
Xs Xoits Xo2, Xo:3 Xouar Xois

X7 Xz, Xz2

Xo Xeits Xoz, Xorz Xaua Xois

Xa Xouts Xo, Xos, Xoa
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Primary variables

Policy nature X,

Timeliness of
policy Xz

Policy
effectiveness X;

Policy domain X,

Policy content Xs

Policy evaluation Xg

Policy
perspective X;
Functions of
policy Xe

Policy benefit
goal Xo

No.
of secondary
variables

Name
of secondary variables

Forecast

Regulation

Description
Recommendations

Guidance

Short term (1-3 years)
Mid-term (3-5 years)

Long term (more than 5 years)
Laws

Regulations

Rules

Normative documents
Economic

Social culture

Environment

Science and technology
Planning of the park system
Land Conservation

Natural resource management
Cultural resource management
Interpretation and education
Park Facilities

Commercial tourist services
Biodiversity conservation
Well-founded

Scientific program

Clear objectives

Detalled planning

Clearly defined rights and
responsibilities

Macro

Micro

Ecological protection
Recreation services

Scientific research
Environmental education
Community development
Environmental protection benefits

Conservation of natural and cultural

heritages
Public welfare benefits for all
Sustainable development benefts

Source or basis

Modified based on Ruiz Estrada (2011)

Modified based on Kuang et a. (2020)

Modified based on Kuang et al. (2020)

Modified based on Ruiz Estrada (2011); High-frequency word statistics; Semantic
network diagram

Modified based on the work of He Yan and Yin Lina (2015) (He and Yin, 2015); High-
frequency word statistics; Semantic network diagram

Modified based on Yang et al. (2021)

Modified based on the work of Mao and Mei (2020)

Modified based on the work of Liu Jigjing and Bai Gefeng (2019) (Liu and Bai, 2019);
High-frequency word statistics; Semantic network diagram

High-frequency word statistics; Semantic network diagram
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Serial number High-frequency words Frequency Serial number High-frequency words Frequency

1 national park 1034 21 social 174
2 protection 997 22 natural resources 172
3 ecology 741 23 countries. 171
4 tropical rainforest 593 24 education 165
5 nature 555 25 engineering 163
6 development 445 26 science 158
7 Hainan 429 27 biology 154
8 biodiversity 407 28 value 154
9 government 394 29 assessment 148
10 facilties 394 30 Singapore 143
11 park 385 31 assets 141
12 environment 345 32 participation 139
13 recreation 287 33 franchise 139
14 construction 278 34 standard 138
15 region 253 35 animal 122
16 resources 224 36 reguiations 122
17 ccommunity 198 37 economic 116
18 building 194 38 data 114
19 impact 179 39 public 12

20 establishment 179 40 green 106
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No.

Name of policy

Pilot Scheme of Hainan Tropical Rainforest National Park System
Rules of Hainan Tropical Rainforest National Park (Trial)

Franchise Management Measures for Hainan Tropical Rainforest National Park
Guiding Opinions on the Implementation of Land Ownership Replacement for

Ecological Relocation of Hainan Tropical Reinforest National Park

Measures for the Management of Natural Resources Assets of Hainan Tropical
Rainforest National Park (ria)

Planning of Hainan Tropical Rainforest National Park (2019-2025)

Country Parks Ordinance

Hong Kong Planning Standards and Guidelines

Hong Kong Biodiversity Strategy and Action Plan (2016-2021)

Parks And Trees Act
National Parks Board Act
Singapore's National Biodiversity Strategy and Action Plan

Singapore Index on Cities' Biodiversity
Singapore Green Plan 2030

Issuing organizations

National Park Administration
Standing Committee of Hainan Provincial People’s
Congress

Standing Committee of Hainan Provincial People’s
Congress

Department of Natural Resources and Planning of
Hainan Province

Department of Natural Resources and Planning of
Hainan Province

National Forestry and Grassiand Administration
Legistative Council of the Hong

Kong Special Administrative Region of the People’s
Republic of the China

Planning Department

The Government of the Hong Kong Special
Administrative Region

Environment Bureau

The Government of the Hong Kong Special
Administrative Region

Legisiation Division of the

Attomey-General’s Chambers of Singapore
Legisiation Division of The

Attomey-General's Chambers of Singapore
National Parks Board of Singapore

National Parks Board of Singapore

Ministry of Education

Ministry of National Development

Ministry of Sustainability and the

Environment

Ministry of Transport

Ministry of Trade and Industry

Release time

2019
2020

2020
2020
2020

2020
1976

2019 (revised
edition)

2016

2006 (revised
editior)
2012 (revised
ediior)
2009
2010
2021
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Design and
data description

Annual average soi erosion modulus
Total weight of soil erosion

Total investment in the county of SLCP

Annual average rainfal

The ratio of the buit-up land to the total land

The ratio of the gross industrial product to the gross domestic product
Per capita GDP

Total production of wheat, com, and rice

Rural per capita annual income

Annual average NDVI

Unit

thaa)

10 A “Ya
CNY10 A8
mm

%

%

CNY10A*
104 %

CNY 107 *
Dimensionless

Mean

264.119
12,538
2.834

638.946
9.000
42.700
4.348
11.456
0918
0.831

Std

268.768
9.748
3.085

178.748
19.000
17.000
2.879
9.331
0.298
0.124

Min

0.000
0.000
0.000
332.181
0.100
7.300
1.491
0.000
0.000
0.451

Max

1077.499
40.620
17.855

1130.060
100.000
91.700
16.747
37.237

1.982
0.958
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Variable

Preparation kindness (P)

Expectancy (E)

Perceived procedural faimess (F)

Disconfirmation (D)
Satisfaction (S)

Trust in local cadre (T)

Total

Item

Pi

P
Em

Ec
Ep
Ee
Fn
Fi

Fp
Fe
Fo
Fa

Sp
So

Tc

ciTc

0.763
0.796
0.762
0.758
0.685
0.758
0.778
0.712
0.834
0.830
0.811
0.789
0.745
0772

0741
0.741
0.761
0.761

Cronbach a if item
is deleted

0.844
0.814
0.845
0.758
0.685
0.758
0.778
0712
0913
0914
0916
0919
0.924
0.921

Cronbach a

0.883

0.893

0.931

0.851
0.864

0.966
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Concept

Preparation kindness (P)

Expectancy ()

Perceived procedural faimess (F)

Disconfirmation (D)
Satisfaction (S)

Criteria

Pre-informed (P)

Sitable time (Pt)

Sitable location (Pl)

Main expectancy (Em)

Expectancy on the process atmosphere (E2)
Expectancy on the confiict resolution (Ec)

Expectancy on president's performance (Ep)
Expectancy on other expert attendee’s performance (Ee)
Perceived procedural normativity (Fn)

Perceived information acquisition (i)

Perceived president's performance (Fp)

Perceived performance of other expect attendees (Fe)
Perceived openness of the outcome (Fo)

Perceived possibility of discontent appreciation (Fa)
Disconfirmation (Do)

Satisfaction with the process (Sp)

Satisfaction with the outcome (So)

Mean

3.19
3256
324
3.31
321
331
3.36
331
331
3.34
333
335
3.34
3.37
321
3.30
3.28

sD

0.940
0.910
0.873
0.895
0.962
0.940

0.929
0.942
0.918
0.927
0.917
0.912
0.966
0.926
0.894
0.903
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Variable

Emp

Transferring in land
Transferring out land
Agricultural labor input
Total land size

Machinery

Gender of household head
Age of household head
Educational level of the household head
Training of household head
Economy of the village
Mean VIF

VIF

253
133
1.67
216
134
125
121
117

199
153

1/VIF

0.898
0395
0754
0.598
0462
0749
0799
0.824
0.857
0.903
0503
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Types of Reduced form
off-farm employment

(&)
Migration
A) First stage
Land efficiency
PST 5.065
(4178)
F-stat of instruments
B) Second Stage
Off-farm employment
TI
TO
Labor
Land
Observations 207
R-squared

Hausman test
p-value for Hausman test

F-stat of Cragg-Donald Wald

Note: Off-farm employment is instrumented.*p < 0.1, **p < 0.05, ***p < 0.01; estimators of some control variables are not pres

)

Local off-farm
employment

0285
(0.299)

336

25LS (IV)

3)

Migration

(4)

Local off-farm
employment

Off-farm employment

0.828%*
(0.238)
1547

Land efficiency
0339+
(0.167)
0092
(0.133)
0.169**
(0.048)
0812+
(0.075)
1.394%*
(0.069)
207

3970
0.046
1213

0706
(0.142)
14.56

12034
(0.264)
0023
(0.170)
-0.149
(0.103)
0.333
(0.224)
0,635+
(0.131)
336

nted.

(5)

Migration

0,090
(0.032)
0.071
(0.109)
0135
(0.044)
0755+
(0.082)
1.340%*
(0.062)
207
0918
90.620
0.000
19.67

(©6)

Local off-farm
employment

0,085+
(0.030)
0298+
(0.066)
0,182+
(0.053)
0017
(0.123)
0,610
(0.072)
336
0769
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Province

Zhejiang

Shandong

Henan

Sichuan

Subtotal

City

Yuyao
Ningbo
Weihai
Puyang
Luohe
Guangan
Chengdu
7

Number of villages

Number
of valid samples

80
50
138
54
83
56
82
543
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Variable

Land efficiency (Y)
Emp for migration families

Emp for local off-farm employment
families

Transferring in land
Transferring out land
Agricultural labor input

Total land size

Machinery
Gender of household head
Age of household head

Educational level of the household head
Training of household head

Economy of the village

Definition

Annual output/profit (per mu of land in 2017) (log value)
Number of migrants in every family

Number of local off-farm workers in every family

Land transfer dummy variable (1 = household rents in land)
Land transfer dummy variable (1 = household rents out land)
labor force input in agriculture

Size of the land in agricultural production (measured by contracted land + rented land- leased - deserted
land, mu)

Annual cost of agricultural machinery (log value)
Gender of the houschold head (1 = male)

Schooling years of the household head
Agricultural training dummy variable (1 = yes)

Average income of the village members (log value)

Mean

3335
0.634
0982

0320
0271
0287
11005

2408
0862
53.436
8765
0387
4076

Std.Dev

0332
0547
1.108

04671
0445
0281
28.309

1.460
0345
9.874
2033
0487
0215
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F

R
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Standardization coefficient
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B Standard error Beta
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T
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Significance
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0.028
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Notes: *p < .10, **p < .05, ***p < .01.
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nificance at the 10%, 5%, and 1% levels, respectively. Standard Deviations are in parenthes

Model 1 (Eq. 2)
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Description

Dependent Variable

Ecosystem service value per unit area(RMB/ ha/year)
Independent Variable

Eastern China

Central China

Western China

Real GDP per capita(RMB/person)

Population density(person/km?)

Average annual precipitation(mm)

Landscape

National Nature Reserve

Wastewater discharge(10 kt)

Environmental Protection Expenditure(RMB/ten thousand)

Wastewater treatment costs(RMB/ten thousand)

‘The year of publication

Core journal
Primary term of area(10* ha)

Quadratic term of area(10* ha)

Numeric variables (natural logarithm)

Control group
The location of study site is in the central China: 1 = yes; 0 = otherwise

‘The location of study site is in the western China: 1 = yes; 0 = otherwise
Numeric variables (natural logarithm)

Numeric variables (natural logarithm)

Numeric variables (natural logarithm)

Numeric variables (natural logarithm)

Numeric variables (natural logarithm)

Numeric variables (natural logarithm)

Numeric variables (natural logarithm)

Numeric variables (natural logarithm)

Numeric variables (natural logarithm)

The base year is 2000, the earliest year of database documents

Whether the literatures are published in core journals: 1 = yes; 0 = otherwise
Numeric variables (natural logarithm)

Numeric variables (natural logarithm)
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Wooded land ~ Shrub land  Grassland  Orchard land  Bare land

2015 Provision Services | 270.89 25 31627 89.15 001 0 70132 | 842105
Regulation Services | 298.62 28331 386681 907.23 0.09 | oows 535607
Support Services 273.02 10189 | 1,287.68 | 3395 003 0.0029 2002.13
Cultural Services 128 2046 2598 6847 001 0.0007 361.53
2020 Provision Services | 242.95 6851 35215 | 026 867 [ 0 s 84845
Regulation Services | 267.82 77643 430542 [ 265 10138 | ooms | 545371
Support Services 24486 27923 143374 099 3532 0.0005 1994.15
Cultural Services 1148 56.07 | 289.26 [ 02 711 0.0001 364.12
Changes | Provision Services | -27.94 4351 3587 -88.89 866 0 -2879 6345
Regulation Services | -30.8 493.12 | 43861 | -904.58 101.29 -0.01 9763
Support Services -28.16 17734 146.06 -33851 3528 [ 0 -7.98
Cultural Services -132 3561 | 2947 v 71 0 259
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ype Year A PLAND PD LPI LSl 1] Al
Dryland 2015 707.093 30.6578 260145 50373 53.5965 58.2266 98.021
2020 634.1672 27.4959 207249 25186 51193 499513 98.0059
Wooded land 2015 67.3751 29212 39.4987 02349 337034 646313 96.0101
2020 184.6486 80059 110562 18812 234382 632519 98.3473
Orchard land 2015 0.025 00011 38155 0 117188 714647 26.7094
2020 27.7627 12037 14742 02126 114307 625927 98.0162
Shrubland 2015 1,248.2063 541191 37.6777 31775 443227 57.357 98.7734
2020 1,389.785 602576 144814 45417 328608 49,8423 99.1451
Grassland 2015 236.4504 102519 22,069 07753 42,0751 50.049 97.3265
2020 0.6916 003 02168 00187 3.4491 27.4113 97.007
Construction land 2015 47.0155 20385 13.004 0.6986 551771 63.9794 92,0835
2020 693117 3.0052 4.9861 24654 68.9154 592798 91.828
Bare land 2015 02402 00104 0.0867 0.0101 20707 462903 97.7471
2020 0.0387 00017 0.0434 0.0017 125 33.0034 98.6376
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Total area (hm?) CONTAG

2015 23064 142256 45,8548 68.6759 57.7997 L1119 98.1764 ‘

2020 23064 529829 372534 714869 516117 10235 98.5339 ‘





OPS/images/fenvs-11-1020331/fenvs-11-1020331-t003.jpg
Dryland  Wooded land  Orchard land ~ Shrub land  Grass land  Construction land  Bare land

2015 Area (hm?) 707.11 6738 0.03 1,248.20 23645 ‘ 47.01 .o
‘ Percentage/% 30.66 292 0.00 5412 1025 | 204 oo
‘ 2020 Area (hm?) 617.87 184.65 | 44.08 1,389.78 069 69.30 ‘ 004
‘ Percentage/% 2679 801 191 60.26 003 300 ‘ 0.00
‘ change Area (hm?) -89.24 1727 44.05 141.58 -23575 2229 EY
‘ Percentage/% -387 508 191 6.14 -1022 097 ‘ -0.01
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2020

Dry land  Wooded land  Orchard land ~ Shrub land ~ Grass land ~ Construction land  Bare land

2015 Dry land - 23.09 3766 93.06 052 2046 003

Wooded land 888 - 344

Orchard land -

Shblnd | 3567 8995 321 - 0.02 572 o

Grass land 3520 14.09 318 | 179.81 — 403 [
Construction lnd | 562 247 | 326 001 —

Bare land | o 003 001 -
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Parameter

Standard error estimate

S.E.

0.094
0.039
0.092
0.113
0.079
0.080
0.067
0.022
0.038

mMoomm"mmoD

Mean

0.072
0.874
0.599
0.101
0.676
0.151
0.259
0.940
0.832

CR.

0.766
22.410
6.511
0.894
8.557
1.888
4.544
42.727
21.896

Bias

-0.0059
-0.0022
—0.0021
0.0080
-0.0082
0.0075
0.0007
-0.0011
-0.0008

Standardization coefficient

Estimate

0.078
0.877
0.602
0.003
0.684
0.143
0.259
0.941
0.833

estimate

P

0.399

Note:***means p < 0.001. SEis the bootstrap estimation of the standard error. Mean is the parameter estimation mean of bootstrap samples. CRis the critical ratio under bootstrap. Bias is
the difference between ML estimation and bootstrap estimation mean. P is the p-value under the bootstrap percentage point correction method, not the p-value of ML.
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Model fit index Evaluation criterion Value

Absolute fit indices © p>0.06 274.855; p = 0.00
Normed x* <2.00 1.909
GFI >0.90 0910
RMR <0.06 0.036
RMSEA <0.08 0.066

Incremental fit indices NFI >0.90 0.943
IFI >0.95 0.962
Tu >0.96 0.954
CFl >0.96 0962

Parsimonious fit indices PNFI >0.50 0.794
PGFI >0.50 0690
PCFl >0.50 0810

Note: y? is the mean value of 2000 samples for bootstrap. p value is the Bollen-Stine p value, not the ML p value. Normed y? = x*/dff. GFlis the goodness-of-fitindex. RMR i the root mean
square residual. RMSEA is the root mean square error of approximation. NF s the nommed fitindex. IF1 i the incremental fit index. TLI (NNF)is the Tucker—Lewis index (non-nomed fit
index). CFl = comparative fit index. PNF! is the parsimonious normed fit index. PGFI is the parsimonious goodness-of-fit index: PCFl is the parsimonious comparative fit index.
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Variable Chi-square difference (4y%) Confidence interval

Percentile- corrected Bias-corrected
P=E 75.92" (0.729, 0.909) (0.724, 0.906)
P—F 56.15"* (0.789, 0.901) (0.786, 0.900)
=D 63.62*** (0.659, 0.786) (0.658, 0.785)
P—S 66.09"* (0.772, 0.896) (0.773, 0.897)
P=T 7461 (0.724, 0.860) (0.726, 0.862)
E~F 66.61" (0.692, 0.862) (0.679, 0.856)
E=D 70.54* (0.586, 0.751) (0.573, 0.743)
E-S 78.85" (0.669, 0.859) (0.652, 0.848)
E=T 70.86"* (0.709, 0.871) (0.701, 0.867)
0 40.65** (0.750, 0.844) (0.753, 0.845)
F=5 41.32 (0.903, 0.978) (0.902, 0.977)
F~=T 42,99 (0.832, 0.932) (0.833, 0.933)
D-S 34.05™ (0.799, 0.904) (0.796, 0.902)
B=T 40.06** (0.732, 0.869) (0.729, 0.868)
S—-T 53.57" (0.875, 0.976) (0.877, 0.978)

Note: Sampling number of bootstrap is 2000 times. The confidence interval is 95%. *“*means Ay? > 10.827, reaching a significant level of 0.001
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Variable

Preparation kindness (P)

Expectancy (E)

Perceived procedural faimess (F)

Disconfirmation (D)
Satisfaction (S)

Trust in local cadre (T)

Item

Pi

Pl
Em
Ea
Ec
Ep
Ee
Fn

Fp
Fe
Fo
Fa
De
Sp

Te

Standardized factor loading

0.830
0.865
0.846
0.807
0.735
0.799
0.839
0.782
0.871
0.869
0.854
0.822
0771
0.801
1.000
0.850
0.871
0.884
0.860

AVE

0.718

0.629

0.693

0.741

0.761

CR

0.894

0.931

0.851

0.864
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Model fit index Evaluation criterion Value

Absolute fit indices © p>0.06 263.667; p = 0.08
Normed x* <2.00 1911
GFI >0.90 0.928
RMR <0.06 0.020
RMSEA <0.08 0057

Incremental fit indices NFI >0.90 0955
IFI >0.95 0973
Tu >0.96 0967
CFl >0.96 0973

Parsimonious fit indices PNFI >0.50 0.771
PGFI >0.50 0674
PCFl >0.50 0.785

Note: y? is the mean value of bootstrap sampling 2000 times. p-valueis the Bollen-Stine p value, not the ML p-value. Normed ? is x*/df. GFlis the goodness-of-fitindex. RMR is root mean
square resiclual. RMSEA is the root mean square error of approximation. NF1s the normed fitindex. IF1 s the incremental fitindex. TLI (NNFY) s the Tucker-Lewis index (the non-normed fit
index). CFl is the comparative fit index. PNF is the parsimonious normed fit index. PGFI is the parsimonious goodness-of-fit index. PCFl is the parsimonious comparative fit index.
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Variable

Pi
Pt
Pl
Em
Ea
Ec
Ep
Ee
Fn
Fi
Fp
Fe
Fo
Fa
Dc
Sp
So
Th
Tc
Multivariate

Min

Max

R R R R R R R e RN R N R RO RN RN

Skew

-0.381
-0.402
-0.448
-0.532
-0.344
-0.443
-0502
-0.442
-0.563
-0.555
-0.464
-0.59
-0.555
-0.500
0535
-0.497
-0.354
-0573
-0.564

C.R

-3.292
-3.471
-3.864
-4.596
-2.970

-4.329

-4.859
-4.789
-4.009
-5.171
-4.794

-4.290
-3.057
-4.948
-4.867

Kurtosis

0.452
0.487
0.767
0.757
-0.156
0.287
0.557
0.449
0.514
0.734
0.537
0.598
0.600
0.381

0.524
0.696
0.558
0.808
0.672

316.596

C.R

1.950
2103
3310
3.269
-0.673
1.237
2.402
1.936
2216
3.169
2318
2582
2.589
1.644
2262
3.004
2.408
3.489
2.899
118.475
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Category Attribute Dry land Woodedland Shrubland Grassland Orchard land

Provision Services Food production Equivalence 099 032 022 044 027 0.00
factor
Value factor 2,564.00 82450 573.13 1,146.26 698.82 0.00
Raw material production Equivalence 047 074 050 0.66 062 000
factor
Value factor 120659 1900.38 1,297.08 1,689.22 1,59873 0.00
Water Provision Equivalence 0.02 038 026 036 032 0.00
factor
Value factor 6033 98538 663.62 93511 824550 0.00
Regulation Gas regulation Equivalence 078 243 165 230 204 002
Services factor
Value factor 202104 625415 425322 594245 525369 6033
Climate regulation Equivalence 042 725 495 6.10 6.10 0.00
factor
Value factor 1,085.93 1870212 1275967 1571581 1573089 0.00
Environmental purification Equivalence 012 211 150 201 180 012
factor
Value factor 30165 5439.70 3,861.08 5,188.33 4,650.39 30165
Hydrological regulation Equivalence 032 452 392 447 422 004
factor
Value factor 814.45 11,653.63 10,105.18 1152292 10,879.40 9049
Support Services Soil conservation Equivalence 121 295 201 281 248 002
factor
Value factor 3,106.96 761156 518833 7239.53 6,399.95 6033
Maintenance of nutrient Equivalence 014 023 015 021 019 000
cycles factor
Value factor 361.98 583.18 39214 54296 487.66 0.00
Biodiversity Equivalence 015 269 184 255 226 002
factor
Value factor 39214 6927.83 473586 657591 583184 6033
Cultural Services Aesthetic landscape Equivalence 007 118 081 112 099 001
factor
Value factor 180.99 303658 208136 2,895.81 255897 3016
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Abbreviations Full name Application Ecological significance

scale
Area indicator cA Class area class Reflecting the size of the type
PLAND Percent of landscape class Refers to the relative proportion of the overall landscape area occupied by a
particular type
LPI Largest patch index class Used to identify the dominant patch types in the landscape, reflecting the extent
to which landscape change is disturbed by human activity
Shape indicators LS Landscape shape index class/landscape | Reflects the degree of dispersion and regularity of landscape and patch shapes,
with higher values indicating more complex landscape shapes
Dispersion I Interspersion and class/landscape | Reflects the segregated distribution of plaque types
indicators Justaposition index
A Aggregation index class/landscape | Measures the degree of aggregation of a landscape or a patch type
CONTAG Contagion index landscape Itis one of the most important indices of landscape pattern, describing the
degree of clustering or tendency of different patch types to spread across the
landscape
Density indicators PD patch density class/landscape | Reflects the heterogeneity and fragmentation of the landscape as a whole and

the degree of fragmentation of a type

Diversity SHDI Shannon ‘s diversity index landscape Reflects landscape heterogeneity and is particularly sensitive to the uneven
indicators distribution of patchwork types in the landscape
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Year

2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019

0.686
0.342
0.923
0.948
0.85

0.927
0.974
0.997
0.997
0916
0.981
0.99

0.999

0.037
0.166
0.077
0412
0.648
0.633
0.577
0.557
0518
0.489
0.645
0.773
0.958

0.159
0.238
0.266
0.625
0.742
0.766

0.76
0.745
0719
0.669
0.796
0.875
0.978
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System Layer

Coordinated development

Uncoordinated development

Rule Layer (D Range)

Advanced coordination (0.8<D<1)

Basic coordination (0.5<D<0.8)

Basic discoordination (0.3<D<0.5)

Severe discoordination (0<D<0.3)

Category Layer (Comparison
of Py and
P2)

Natural ecological niche lag (P; Pz >0.05)
Economic-social ecological niche lag (P2 - Py >0.05)
System balance 0< |P; - P2 <0.05

Natural ecological niche lag (P; - P >0.05)
Economic-social ecological niche lag (P2 — Py >0.05)
System balance 0<|P; - P,| <0.05

Natural ecological niche lag (P; - P >0.05)
Economic-social ecological niche lag (P, - Py >0.05)
System balance O<|P; - P;| <0.05

Natural ecological niche lag (Ps - P2 >0.05)
Econormic-social ecological niche lag (P, - Py >0.05)
System balance 0< |P; - P2l <0.05

Symbol

i
2
n3
1%}
V2
V3
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Object Layer

Synthesis ecological niche

Sub-system

Economic ecological niche

Sodial ecological niche

Natural ecological niche

Guideline Layer

Economic development

Economic structure

Economic strength

Quality of ife

Science and technology

Environmental protection

Resource security

Layer

GDP per capita
GDP per capita growth

Unemployment rate

Manufacturing value added of GDP
Senvices value added of GDP

Population ages 65 and above

Final consumption expenditure per capital
Bop balance

Net foreign direct investment

Primary school enroliment

Life expectancy

Domestic general government health expenditure
People using basic sanitation services
Neonatal mortalty rate

Mobile phone subscriptions

Individuals sing the Internet

Access to electricity

Medium and high-tech exports

Scientific and technical journal articles
Forest area

€O, emissions

PM2.5 air pollution

Threatened species

Natural resources depletion

Mineral depletion

Avable land per capita

Crop production index

Renewable energy consumption
Electricity consumption

Attribute

+

[

¥

[ I R

4+
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year Shanghai Jiangsu Zhejiang Anhui

2009 43,349 29,881 35,341 22,722
2010 33,782 28,799 41,553 22912
2011 73,740 39,128 52,602 37,396
2012 82,531 31,850 54,539 34,714
2013 79,864 29,861 50,534 32,104
2014 93,475 30,382 44,995 36,960
2015 79,118 34,296 50,331 35,607
2016 80,728 35895 40,311 37,924
2017 58,385 27,498 36,843 24,334
2018 68,646 28,614 42,734 26,982
mean 69,362 31,620 44,978 31,166
Changes from 25,297 -1,266 7,393 4,261

2009 to 2018
Rate of change 58.36% -4.24% 20.92% 18.75%
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Variable

Forecast value

Real value

Forecast

Real

Test results

Pearson correlation
Significance (two-sided)
Pearson correlation

Significance (two-sided)

Forecast

0.7246%
0.0022

Real

~0.3887
0.0104
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Region

The GBA

The East Region

The West Region

The Mountainous Region

Sustainable Development

SD

2014

0.444
0.121
0.133
0.190
0.660
0.324
0.093
0.091
0.139
0.563
0.379
0.089
0.089
0.201
0.592
0.287
0.066
0.068
0.153
0514

2015

0.486
0116
0.132
0.238
0.679
0.360
0.085
0092
0.183
0581
0.397
0.084
0.090
0223
0.598
0.362
0074
0.069
0219
0.558

2016

0514
0.121
0.136
0.257
0.697
0.387

0.09
0.094
0203
0599
0418
0.094
0.089
0235
0613
0.399
0.082
0.075
0243
0585

2017

0519
0122
0.142
0.256
0.702
0.400
0.088
0.097
0215
0.606
0414
0.004
0.004
0227
0614
0.392
0.084
0.077
0230
0.586

2018

0.537
0.124
0.143
0270
0.711
0411
0.085
0.009
0.227
0.610
0.398
0.087
0.088
0.223
0.599
0.395
0.076
0.079
0.240
0.582

0.500
0.121
0.137
0.242
0.690
0.376
0.088
0.095
0.193
0.592
0.401
0.090
0.090
0.222
0.603
0.367
0.076
0.074
0.217
0.565
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City

Guangzhou
Shenzhen
Zhuhai
Foshan
Huizhou
Dongguan
Zhongshan
Jiangmen
Zhaoging
Hong Kong
Macao
Mean

SDc SDs SDe SDy Dc

Score Ranking Score Ranking Score Ranking Score Ranking Score Ranking
0569 4 0129 3 0.146 4 0294 3 0695 4
0.627 2 0113 6 0.162 3 0351 1 0725 3
0503 5 0113 7 0.139 5 0252 5 0590 6
0.406 9 0114 5 0.130 6 0.162 1 0567 7
0.463 7 0097 10 0.108 9 0258 4 0554 8
0.485 6 0.125 4 0.124 7 0235 6 0.602 5
0.424 8 0.112 8 0.119 8 0.192 9 0537 9
0.402 10 0.101 9 0.102 10 0.198 8 0520 10
0.369 1" 0086 11 0.100 11 0.183 10 0.503 1
0659 1 0174 1 0.181 2 0305 2 0777 2
0595 3 0.165 2 0.195 1 0235 7 0.787 1
0.500 - 0121 - 0.137 0242 - 0623 -

Table 4 only shows the mean values of cities in the GBA, from 2014 to 2018.





OPS/images/fenvs-10-938450/fenvs-10-938450-t003.jpg
Index Subsystem Weight Index Weight Node Importance Ranking

A1 - Annual per capita consumption expenditure of residents 0.265 0037 0.205 8
A2 - Annual per capita disposable income of residents 0035 0.189 18
A3 - Urbanization rate 0036 0.197 12
Ad - Education expenditure as a proportion of fiscal expenditure 0086 0473 4
AS - Per capita library collection 0037 0.201 11
AG - Number of hospital beds per 10,000 people 0032 0175 16
AT - Unemployment rate 0003 0017 20
A8 - Annual GDP per capita 0252 0037 0204 9
A9 - GDP growth rate 0.044 0240 5
A10 - Labor productivity 0038 0206 7
A11 - Tertiary industry as a proportion of GDP 0037 0.202 10
A12 - Unit GDP energy consumption 0.033 0.182 14
A13 - Unit GDP water consumption 0032 04176 15
A14 - R&D investment as a proportion of GDP 0031 0173 17
A15 - Forest coverage 0483 0030 0.162 19
A16 - Per capita water resources 0043 0234 6
A17 - Per capita green area 0031 0170 18
A18 - Annual average concentration of PMy s 0.103 0566 3
A19 - Annual average concentration of SO, 0.162 0.889 1

A20 -Per capita solid waste discharge 0,002 0.009 21
A21 - Urban sewage treatment capacity 0113 0619 2

The weigit of the subsysiem is the sum of the weights of spedific ndexes under its control
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Target Subsystem

Social-economic-natural compound ecosystem  Social subsystem

Economic subsystem

Natural subsystem

Index

Annual per capita consumption expenditure of residents (10,000 yuan/person)/A1
Annual per capita disposable income of residents (10,000 yuan/person)/A2
Urbanization rate (%)/A3

Education expenditure as a proportion of fiscal expenditure (%)/A4
Per capita library collection (books/person)/AS

Nurmber of hospital beds per 10,000 people (beds/10,000 people)/A6
Unemployment rate (%)/A7

Annual GDP per capita (yuar/person)/A

GDP growth rate (%)/A9

Labor productivity (10,000 yuarvpersor)/A10

Tertiary industry as a proportion of GDP (%)/A11

Unit GDP energy consumption (ton of standard coal/10,000 yuan)/A12
Unit GDP water consumption (m?10,000 yuan)/A13

R8D investment as a proportion of GDP (%)/A14

Forest coverage (%)/A15

Per capita water resources (m°/person)/A16

Per capita green area (m?/person)/A17

Annual average concentration of PM s (g/m°)/A18

Annual average concentration of SO, (ug/10,000/A19

Per capita solid waste discharge (tons/person)/A20

Urban sewage treatment capadity (10,000 m*/day)/A21

The “+* in the index propery indicates a positive index, and “~* indicates a negative index: A1-A21 are the index numbers of the evaluation index system.
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Author (s)

Wang etal. (2016)
Sun et al. (2017)

Sara et al. (2018)
Tai et al. (2020)
Tan, (2016)

Zinatizadeh et .
(2017)

Huang et al
(2020)

Chen et al. (2019)

Cheng et al.
(2020)
Gu et al. (2015)

Luo et al. (2021)
Ye, (2019)

Pan et al. (2019)

Ding et al. (2019)

Liu and Yang,
(2020)

Luo and Wang,
(2020)

Sun and Ma,
2018)

Xue et al. (2020)
Zhang et
2018)

Jing and Wang,
(2020)

Geographical Scope

Dongying, China
277 cities in China

26 ciies in Spanish
China

The three economic circles of China
Kermanshah, Iran

Yangtze River Delta Urban
agglomeration, China
Beiing-Tianjn-Hebei Urban
agglomeration, China

Cheng-Yu Urban agglomeration, China
Urban agglomeration in the middle
reaches of Yangtze River, China
Yangtze River Delta, China

Henan, China

China

Gansu, China

Xiamen, China

Luzhou, China

Beiing-Tianjin-Hebei urban
agglomeration, China

30 provinces in China

30 provinces in China

Shuozhou, China

Index System

Social, economic, and natural
Economy, society, and ecological

Environmental, social, and economic
Social, economic, and natural
Society, economy and environment

Social and welfare, economic growth, and environmental
protection
Indicators required by ecological footprint method

The Human Sustainable Development Index

Socioeconomic development, cropland production, eco-
environmental endowment
Indicators required by ecological footprint method

Economy, society, and environment

Economic, science and technology, society, and
environment

Energy consumption emissions, ecological environment,
economic construction, and technical support
Agricultural population, resources, economy, society and
environment

Indicators required by ecological footprint method

Indicators required by ecological footprint method

Economic development, social development, science and
technology innovation, and ecological environment

Innovation investment capacity, innovative output capacity,
and innovative environment capacity
Environment, economy, and innovation

Social, economic, and environmental improvement

Methodology

Emergy analysis, GIS
Full permutation polygon synthetic indicator
method

Integrated-multi-criteria approach method
Entropy weight method

AHP, the coupling model, and fitering
analysis

Full permutation polygon synthetic indicator
method, and entropy methods

Ecological footprint method

Comprehensive evaluation method
Ecological footprint method
Ecological footprint method

Entropy method
AHP, fuzzy scoring method

Full permutation polygon synthetic indicator
method
Entropy weight method

Modified energy-ecological footprint method
Ecological footprint method

Entropy weight method, a back propagation
neural network

Complex network analysis, and grey fuzzy
comprehensive evaluation method
Complex network, fuzzy comprehensive
evaluation

Complex network
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Village Suitability Cultivar High-grade (%) First-grade (%) Second-grade (%) Oft-grade (%)

Shangba suitable New hall 89 11
Xiaba moderately suitable New hall 50 50

Xiangjiawan slightly suitable Chang hong 22 556 22
Quyuanmiao slightly unsuitable Jiuyue hong 111 333 333 22

Pengjiapo unsuitable Cara 333 333 333
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Explained variable: Industrial land use efficiency

Explanatory variables Overall area
- Model1 Model2
Industrial land marketization 0051 0.080* (1.73)
rate (MIL) 291
GDP per capita (PCG) 0.001(-0.12)  0.001 (-0.23)
The ratio of secondary industryto 0,007 0,007
GDP(SIS) 992 (10.84)
The population density (TPD) 0001 0,001+
(-829) (-7.65)
Nurmber of industrial 0001 0.001(-0.96)
enterprises (NIE) (-293)
Foreign direct investment (FDI) 0001 (1.46)  0.001***
@51
Constant 0266 0.260"
(5:81) ©.70)
R 0083 0020

Note *** p < 0.01, ™ p < 0.05, *p < O.1.

Eastarea
Modeld Model4
-0.040 -0.067*
(-1.24) (212
0002 (0.61) 0001 (0.09)
-0002 0,001 (-0.32)
(-1.11)

0,001 0,001
(-5.32) (-2.89)
0.001(-0.27) 0,001 (-0.02)
0,002 0,002
3.76) (4.38)
0.789" 0,652
(7.99) (7.85)
0.045 0.006

Central area

Models
0103 (3.69)

-0.021**
(-5.08)
0.008™* (7.89)
0.001* (~1.65)
0.001 (1.09)
0.001 (1.16)

0.117* (1.83)

0.123

Model6
0091 (3.29)

0016
(-4.08)
0007 (8.13)
0.001**
(-3.94)
0001 (1.09)
0.001 (1.31)
0.196" (3.54)

0.047

West area
Model? Models
0083" (245 0.069"
(2.05)
0001 (0.26)  0.001 (0.11)
0010™ (7.65)  0.009""
(7.96)
0001+ 0001+
(-609) (-6.38)
0.001 (-1.61)  0.001 (-0.78)
-0.002** -0.001
(-2.61) (-1.14)
0.114 (1.38) 0.181%*
(2.64)
0.180 0.065
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Variable

ESI
IFA
Iov
WD
ISD
ISDE
ILUE
MIL
PCG
SIS
TPD
NIE
FOI

Obs.

3,510
3,510
3,510
3,510
3,510
3,510
3,510
3,510
3,510
3,510
3,510
3,510
3,510
3,510

Unit

Hectare

10* person/hectare
10°yuan/hectare
10°® yuan

10* ton

10° ton

10* ton

/

/

10*/person

%

Person/km?
Company
10°dollar

Max

4406.356
429.13
17245.76
32445.15
262,000
315.382

595.182
1

b
640.176
90.97
2978.11
18,792
308.256

Min

0.539
0.38

5.293

0.043

0.01
10.68
4.82

Mean

418917
25.44
1210518
2883219
10028.33
8.766
4.431
0512
0.862
4.730
47.783
525.030
1308.455
8.681

Std. dev

446.234
36.345
1423.942
4170.763
24281.61
17.928
19.86
0.29
0.230
11.267
11.050
357.534
1725.903
20.766
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SDM(1) SDM(2) SDM(2)

R -0.0797 (0.0598)  -0.0238 (0.0213)  ~0.0116 (0.0194)
WinR 00011(00020) 00673 (0.0853)  -0.0014 (0.0018)
Control variable Yes Yes yes

*,*","** denote significance at the 10%, 5%, and 1% levels, respectively. Clustering robust
standard errors are in parentheses.
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Mineral Resources Green Resources

SDM(1) SDM(2) SDM(3) SDM(4)

nR -0.0175" (0.0083) -0.0171* (0.0083) -0.0563 (0.0752) -0.0384 (0.0711)
WinR —~0.0095™ (0.0048) -0.0127""* (0.0049) 0.1061* (0.0610) 0.1021* (0.0715)
Wingdp 07384 (0.2212) 0.7411* (0.2211) 0.7767** (0.2193) 0.7857*** (0.2200)
Control variable Yes Yes yes Yes

R 0.9850 09849 09847 09847

dencie significance at the 10%, 5%, and 1% levels, respeciively. Clustering robust standard emrore are parentheses.
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Fixed asset investment

SDM(1)
nR -00353"
(0.0074)
WinR 0. 1891
(0.0465)
Wingdo 0.7467
(0.2191)
Control variable Yes
R 0.9866

Employment

SDM(2)

-0.0269*
(0.0083)
0.0521
(0.0451)
0.7985*
(0.2241)

yes
0.9877

Human capital

SDM(3)

-0.0002
(0.0130)
0.1086*
(0.0642)

0.7257*
(0:2214)

yes
09765

*,*","* denote significance at the 10%, 5%, and 1% levels, respectively. Clustering robust

standard errors are parentheses.
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Province Periods PM;5 PM,o

WHO CAAQS grade IT ‘WHO CAAQS grade II
HLJ Before HLJ-Pd1 072 013 069 0.14
HLJ-Pd1 079 007 078 0.10
Whole year 070 022 066 013
Before HLJ-Pd2 044 008 048 0.04
HLJ-Pd 2 078 036 076 025
Whole year 070 022 066 013
L Before JL-Pd1 091 010 080 0.10
JL-PdL 094 020 092 017
Whole year 083 029 083 018
Before JL-Pd2 093 043 093 020
JL-Pd 2 095 066 090 043
Whole year 083 029 083 018
IN Before LN-Pd1 082 027 081 021
Pd1 088 026 094 026
Whole year 079 026 081 017
Before LN-Pd2 061 012 069 0.06
LN-Pd 2 082 032 084 0.16

Whole year 079 026 081 017
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Province Name Period Length (days) Daily mean Daily mean
CRB in CRB in
2015 (spots) 2016 (spots)
Heilongjiang HLJ-Pd1 Apr Ist-May Ist 31 23074 12135
HLJ-Pd2 Oct 14th-November 10th 28 363.54 130.18
Jilin JL-Pd1 Mar 17th-March 31st 15 50 586
JL-Pd2 Oct 25th-November 4th 1 184.64 3845
Liaoning LN-Pd1 Mar 9th-March 27th 19 49.84 2863
LN-Pd2 Oct 12t-November 4th 2 795 1067
Inner Mongolia IM-Pd Mar 5th-March 31s 27 50.26 6878
Hebei HB-Pd Jun 8th-June 22nd 15 472 168
Shandong SD-Pd Jun 8th-July 11th 34 2147 1094
Henan HN-Pd Jun 5th-June 22nd 18 89.11 578
Anhui AH-Pd Jun 9th-June 22nd 14 76.07 307
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Province

Beiing
Tianjin
Hebei
Shanxi
Inner
Mongolia
Liaoning
Jin
Heilongjiang
Shanghai
Jangsu
Zhejiang
Anhui
Fujan
Jiangxi
Shandong
Henan
Hubei
Hunan
Guangdong
Guangxi
Hainan
Chongaing
Sichuan
Guizhou
Yunnan
Shaani
Gansu
Qinghai
Ningxia
Xinjiang

31.66
33.24
4317
37.52
50.21

41.30
48.36
58.66
31.21
33.83
33.03
38.69
36.24
40.46
37.47
40.00
39.87
38.87
34.25
39.48
60.97
35.35
37.12
37.44
43.02
38.61
43.34
33.25
47.38
69.05

2008

49.32
50.44
57.22
56.31
66.35

58.78
60.38
78.34
48.12
50.40
49.13
5631
5225
56.556
54.86
5854
57.03
54.36
50.46
58.50
68.82
53.74
55.79
54.26
60.10
5512
59.15
61.34
6227
7817

2012

15.62
16.51
20.16
2321
28.36

20.34
23.55
41.00
121
14.00
13.63
18.08
16.67
19.83
17.96
19.98
19.06
18.37
16.19
20.45
24.62
19.84
17.23
15.60
1881
20.73
20.12
21.07
21.80
34.68

2016

290.67
31.85
37.72
55.08
45.27

36.99
40.65
58.68
27.34
20.00
29.48
34.32
34.17
3261
32.97
37.44
34.86
35.65
20.98
38.67
35.00
32.32
34.81
34.00
38.87
40.34
41.66
36.74
38.57
48.18

2020

12.42
17.89
18.33
2298
25.12

23.98
2122
42.93
11.19
12.69
11.17
16.13
18.12
14.93
17.62
20.74
16.32
20.62
12.36
20.52
15.59
16.25
29.16
32.41
29.46
28.59
27.13
16.84
23.02
24.38

Average
Value

26.51
2817
33.62
37.47
417

33.73
37.18
53.99
24.65
26.48
25.83
30.95
29.80
31.41
30.33
33.72
31.66
32.05
26.78
34.42
38.69
30.36
3255
32.34
35.83
35.16
36.47
356.20
36.46
48.25

Rate
of
Change

-60.78%
-46.17%
-57.54%
-38.75%
-49.96%

-41.94%
-56.12%
-26.82%
-64.156%
-62.49%
-66.19%
-58.32%
-50.01%
-63.09%
-52.96%
-48.156%
-59.08%
-46.97%
-63.91%
-48.01%
~74.43%
-54.04%
-21.44%
-13.45%
-31.54%
-25.96%
-37.39%
-61.94%
-51.42%
-64.69%

Sequence
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R
WinR
Wingdp
Lntech
Lk

Lot
Lnhc
N
Lnopen
Lng

Regression Results

Robustness Test

SDM(1)

~0.0607* (0.0177)

0.2352"** (0.0931)
0.7728" (0.2200)
0.3309"** (0.0272)
0.2047" (0.0200)
0.1460"** (0.0282)
05456 (0.0888)
0.0718"* (0.0078)
0.0242"** (0.0093)

-0.3147*** (0.0316)

0.9753

SDM(2)

-0.0645"" (0.0179)
0.0950" (0.0384)
0.3957*** (0.1194)
0.3260"* (0.0269)
0.2898"" (0.0198)

013676 (0.0278)
0.5437** (0.0874)
0.0719** (0.0077)
0.0211* (0.0092)

-03077*** (0.0313)

09853

SDM(3)

-0.0624""* (0.0177)
0.2400™ (0.0932)
0.5441** (0.1641)
0.3300"** (0.0272)
0.2964"** (0.0200)
0.1542*** (0.0280)
0.6208*** (0.0902)
0.0722*** (0.0079)
0.0223* (0.0096)

-0.3274*** (0.0317)

0.9671

dencle significance at the 10%, 5%, and 1% levels. respeciively. Clustering robust standard emors are in parentheses.

SDM(4)

-0.0499"* (0.0152)
02173 (0.0937)
0.7763"" (0.2200)
0.3322" (0.0274)
0.2907" (0.0200)
0.1517"** (0.0282)
0.5488"" (0.0891)
00719 (0.0079)
0.0238"** (0.0094)
-0.3118"* (0.0317)
09768

SDM(5)

-0.829"" (0.0222)
03486 (0.1273)
06024 (0.2275)
0.2566""" (0.0318)
03014 (0.0221)
0.1489"* (0.0321)
03821 (0.0991)
0.0600"** (0.0108)
0.0481"** (0.0107)
-0.3445"* (0.0345)
09470
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DM test /C test
A-Bond test/S test

Two-Way Causality

SDM(1)

-00764"" (0.0342)
02175 (0.0469)
05237 (0.2368)
0.3234"** (0.0265)
0.2667" (0.0222)
0.1534 (0.0223)
05654 (0.0875)
0.0046™ (0.0181)
0.0239" (0.0101)
-0.2441* (0.0392)

[0.6742)0.7221]

SDM(2)

-0.0457"" (0.0023)
0.2486" (0.0170)
0.2850"" (0.24543)
0.2396™ (0.0351)
0.2594* (0.0203)
0.2019"* (0.0567)
0.4871*** (0.0918)
0.0815"* (0.0126)
0.0341*** (0.0052)
-0.1982""* (0.0287)

0.4769*** (0.0892)

0.3451)/[0.8723)

Missing Variable

SDM(3)

-0.0613"" (0.0167)
02497 (0.0975)
1.0778"* (0.3370)
03505 (0.0262)
0.3266" (0.0199)
0.1589"** (0.0285)
04212 (0.0893)
0.0791*** (0.0079)
0.0180"* (0.0090)

-0.2906™* (0.0307)
07498 (0.2264)
0.8465™ (0.2264)
0.7926™ (0.1602)
13564 (05212)
02901 (0.0702)

0.1186 (0.0956)
-0.4737 (0.4284)

0.9450

dencle significance at the 10%, 5%, and 1% levels. respeciively. Clustering robust standard emrors are in parentheses.

SDM(4)

~0.0512"** (0.0167)
02491 (0.0978)
0.7436" (0.3081)
0.3524" (0.0259)
0.3364""* (0.0196)
0.1728"* (0.0280)
0.4017*" (0.0892)
00771 (0.0078)
00178" (0.0091)

~0.2857"** (0.0308)
0.7836"" (0.2273)
0.8537"** (0.1437)
08692 (0.1572)
1.1061** (0.4946)

0.9576





OPS/images/fenvs-10-894328/fenvs-10-894328-t002.jpg
Variable Type Name Average Value Median Standard Deviation Explanation

Dependent variable Gdp 18981.28 14066.49 18380.03 Gross domestic product
gdp2 42643.66 37826.5 28310.57 Per capita gross domestic product
Independent variable R 33.72579 2965213 17.36254 Resource dependence (frst five principal components)
R 33.22663 30.565038 17.40142 Resource dependence (first four principal components)
Control variable Tech 1.340081 1.172934 0.737566 Energy efficiency: GDP /standard coal consumption
K 5024164 39702.42 60396.19 Fixed capital stock
L 499.0257 427.2281 3472116 Employed population
He 9551887 9.494300 1.291949 Human capital stock
N 15471.94 7247.237 22737.09 Energy production
Open 7370.233 1865.451 12769.09 Opening level
G 02172414 0.198220 0098357 Degree of government intervention
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Moran Index

2004
2006
2006
2007
2008
2009
2010
2011
2012

Gdp

01781
0.1742
0.1694*
0.1657*
0.1615*
0.1642*
0.1669*
0.1658"
0.1640"

gdp2

0.2963"*
0.3056***
0.3097***
0.2915™*
0.2904*
0.2886"*
0.2944**
0.2893*
0.2798*

Moran Index

2013
2014
2015
2016
2017
2018
2019
2020
Average

gdp

0.1679"
0.1679*
0.1737*
0.1864"
01717
0.1636"
0.1762*
0.1792*
0.1821*

denote significance at the 10%, 5%, and 1% levels, respectively.

gdp2

0.2740™*
0.2604"*
0.2593**
0.2634*
0.2756™*
0.2588"*
0.2692"*
0.2733
0.2871**
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No

it ot e

Acquisition date

06 Feb 1990
05 Feb 1998
02 Feb 2006
27 Jan 2014
16 Mar 2021

Sensors

Landsat TM
Landsat TM
Landsat TM
Landsat OLI
Landsat OLI

Path/row

130/043
130/043
130/043
130/043
130/043

Cloud (%)

1.7
4.07
3.14
1.02
243
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Year

1990-1998

2006-2014

2006-2014

2014-2021

Notes: Change levelincludes -4, - 3, - 2, and.

trand.

Change arearkm?
Percentage/%
Change arearkm?
Percentage/%
Change arearkm?
Percentage/%
Change area/km®
Percentage/%

Improvement obvious
(+4, +3)

0.0
0.0%
0.0
0.0%
0.0
0.0%
0.0
0.0%

Improvement slight
(+2, +1)

0.04
3.59%
0.07
6.60%
0.23
26.64%
0.17
16.70%

Invariability (0)

0.51
51.38%
0.72
71.59%
0671
67.14%
0.64
64.38%

Deterioration slight
-1,-2)

0.45
44.86%
022
21.48%
0.06
6.21%
0.19
18.75%

Deterioration obvious
(-3, -4)

0.0
0.0%
0.0
0.0%
0.0
0.0%
0.02
0.20%

- 1and reflects diferent degrees of degradation, 0 indicates that there was no change of ecological leveland 1, 2, 3, and 4 reflect an increasing
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Data GEE Platform Layer Selection

Landsat 5, radiance at the sensor from Band 6 LANDSAT/LT06/C01/T1
Landsat 5, surface reflectance product LANDSAT/LTO06/C01/T1_SR
Landsat 8, radiance at the sensor from Band 10 LANDSAT/LC08/C01/T1
Landsat 8, surface reflectance product LANDSAT/LC08/CO1/T1_SR

NCEP/NCAR 3 h temporal resolution of the total column water vapor from a single band NCEP_RE/surface_wv
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Year

1990

1998

2006

2014

2021

Indicators

NDVI
WET

NDSI

LsT

Eigenvalue
Percent eigenvalue
NDVI

WET

NDSI

LsT

Eigenvalue
Percent eigenvalue
NDVI

WET

NDSI

LsT

Eigenvalue
Percent eigenvalue
NDVI

WET

NDSI

LsT

Eigenvalue
Percent eigenvalue
NDVI

WET

NDSI

LsT

Eigenvalue
Percent eigenvalue

PC1

0.576
0.22
-0.437
-0.224
0.031
62.28%
0.744
0.346
-0.315
-0.139
0.034
67.09%
0.766
0.681
-0.572
-0.349
0.026
67.15%
0.487
0.824
-0.504
-0.312
0.025
63.42%
0792
0.424
-0.453
-0.381
0.035
71.65%

PC2

0.374
0.571
-0.349
0.759
0.007
35.56%
0.599
0.367
-0.411
0.403
0.008
22.96%
0.715
0.762
-0.346
0.188
0.009
27.95%
0.462
0.438
-0.206
0.746
0.006
28.54%
0.599
0.701
-0.518
0.725
0.005
24.3%

PC3

0.442
-0.188
0.613
-0.2
0.001
1.49%
0.621
-0.051
0.634
-0.355
0.002
8.74%
0.728
0.728
0671
-0.303
0.001
4.28%
0.488
-0.461
0.203
-0.849
0.002
7.49%
0.676
-0.507
0.322
-0.629
0.003
3.69%

PC4

0.489
-0.219
0.685
0.503
0.000
0.67%
0.662
-0.361
0.565
0513
0.000
1.21%
0.803
0.803
0.476
0.542
0.000
0.62%
0.589
0.525
0.529
0.806
0.000
0.55%
0.637
0.436
0.321
0.321
0.000
0.36%
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Industrial land Industrial land Industrial land Development Environmental

development optimization employment conditions pollution
dimension dimension dimension support control
dimension dimension

Province 2008 2020 2008 2020 2008 2020 2008 2020 2008 2020
Beijing 022 0.60 0.67 113 064 0.89 042 088 048 137
Tianjin 0.96 058 0.76 071 081 0.68 028 053 0.09 041
Hebei 0.89 132 057 036 082 093 021 092 0.02 009
Shanghai 0.50 051 1.03 097 058 L1 065 086 028 092
Jiangsu 0.79 102 0.89 083 089 097 028 090 0.04 013
Zhejiang 0.82 095 043 046 108 120 036 098 003 017
Fujian 0.80 132 093 050 116 1.08 027 052 001 0.02
Shandong 087 065 0.43 040 038 0.70 029 056 0.04 013
Guangdong 071 076 119 102 096 124 049 108 0.06 022
Hainan 029 054 110 076 0.60 0.62 019 034 0.60 044

Average score 0.69 0.83 0.80 071 0.84 0.94 034 076 0.16 039





OPS/images/fenvs-10-884440/fenvs-10-884440-t004.jpg
RSEI
level

Bad/(0-0.2)
Fair/(0.2-0.4)

Moderate/(0.4-0.6)

Good/(0.6-0.8)
Excellent/(0.8-1)

Area
(km?)

4253
245.89
424.93

10,982.8
11,7919

Pct.
(%)

0.18
1.05
181
46.76
50.2

Area
(km?)

10.55
336.06
13215

19,265.3
2,554.68

Pct.
(%)

0.04
143
5.63
82.02
10.88

Area
(km?)

3.865
17358
3,667.04
18,682.1
961.54

Pct.
(%)

0.02
0.74
15.61
79.54
4.09

Area
(km?)

713
17361
1,355.6

17,985.1
3,966.6

Pct.
(%)

0.03
0.74
577
76.57
16.89

Area
(km?)

37.86
3919
2,139.3
16,460.6
4,458.4

Pct.
(%)

0.16

1.67
9m
70.08
18.98
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Province 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Beijing 242 246 258 271 274 275 297 319 339 4.04 438 461 487
Tianjin 289 279 291 3.08 323 332 317 313 293 244 249 277 291
Hebei 251 247 253 281 322 344 353 320 3.08 337 3.10 343 362
Shanghai 3.04 281 286 279 279 284 275 286 297 230 354 3.66 437
Jiangsu 289 292 3.00 310 3.69 371 372 3.66 375 3.80 3.87 4.07 386
Zhejiang 272 256 2.68 281 2.99 3.00 297 ER Y 327 331 338 345 375
Fujian 315 307 310 310 325 334 335 337 354 332 339 333 344
Shandong 251 252 249 252 2.64 271 261 248 266 273 238 219 246
Guangdong 342 317 327 362 3.68 355 339 349 366 3.93 4.13 415 432
Hainan 279 258 271 297 2.99 332 330 257 266 278 291 295 269

Average score  2.84 274 281 295 312 320 318 3 319 3.30 336 346 363
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Indicator system for measuring industrial
land transformation effect in the eastern
province

Dimension
Industrial land

development dimension

Industrial land
optimization dimension

Industrial land
employment dimension

Development conditions
support dimension

Environmental pollution
control dimension

Indicator

Industrial land economic density X,

Industrial land growth density X.

Industrial industry contribution X;
Proportion of industrial technology X,
Comprehensive industrial energy consumption X;
Industry comparative labor productivity X,

Proportion of output value of foreign-invested
enterprises (including Hong Kong, Macao and
Taiwan-invested) X,

Industrial land employment density X,

Industrial employment specialization X,

Industrial industry employment elasticity X,
Industrial land infrastructure investment X,

Industrial technology R&D investment X,

Density of scientific research institutions in
industrial land X,

Quality of industrial science and technology
personnel X,

Industrial wastewater emissions X;5

Industrial smoke (dust) emi

ions X

Industrial sulfur dioxide emissions X,

Indicator calculation

Total industrial assets/industrial land area
Gross industrial product/industrial land area

Gross industrial product/regional gross
domestic product (GDP)

High-tech industry main business income/
industrial enterprises main business income

Total energy consumption/gross industrial
product

Proportion of gross industrial product/
proportion of industrial labor force

Total industrial assets of forcign-invested
enterprises/total industrial assets

Number of industrial employees/industrial
land area

Number of personnel in R&D institutions of
industrial enterprises/number of industrial
employees

Employment growth rate/production value
growth rate

Industrial fixed assets investment/industrial
land area

Expenditure on R&D institutions of industrial
enterprises/main business income of
industrial enterprises

Number of R&D institutions in industrial
enterprises/industrial land area

Proportion of industrial enterprises with
master's degree or above in scientific research
institutions

Industrial wastewater emissions/industrial
land area

Industrial smoke (dust) emissions/ industrial

land area

Industrial sulfur dioxide emissions/ industrial
land area
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Index Name Description

Input Land outsourcing level Outsourcing land area/total cultivated land area
Economic efficiency Outsourcing land income/farmer self-run land income

Output Labor supplement efficiency Income from outsourced land/labor efficiency of self-run land/quantity of outgoing labor
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Type  Coding Description Area (km”)  Percentage (%)
T1 A1B1(B6) C7D5 Cultivated crops in mountain areas with medium fluctuation (MMF) ~ 9,109.1 49
T2 Al (A2){BIB2}{C3C7}(C5)DS (D4) Mixed vegetation in MMF 5577.0 30
T3 AIBIC3DS Forest and bush in MMF 9,109.1 49
T4 {A1A2}(A5)B1(B6)C3{D3D4} Forest and bush in hills 100386 54
T5 A6B1(B6){C3C7)(C5){D4DS} Forest and bush in mountain areas with low fluctuation (MLF) 12,2694 66
T6 Al (A3)B1(B6)C5(C7){D3}(D2D4D5) Coniferous forest in terrace 11,3399 61
17 (A3A5A8){B3B6}(B4B5)C7D1 (D2) Cultivated crops in plains and lakes 1859.0 10
T8 {AS}(A1A6)B6(B1)C7D2 Cultivated crops in terrace 22,308 120
T9 Al (A2)BIC2(C3)D5 (D4) Broad-leafed forest in MMF 7,064.2 38
T10 A2B1(B6){C3C7}D5 Bush and grass in MMF 7,436.0 4.0
T1l Al (A2)B1{C3}(C2C7)D6 Forest and bush in mountain areas with high fluctuation (MHF) 12083.0 65
T12 A2B1(B6){C7}C5{D4}(D3D5) Coniferous forest in MLF 6,506.5 35
T13 Al (A6)B1(B6)C6{D5}(D4D6) Cash crops in mountain areas 7,250.1 39
T14 Al (A5)B1(B6)C7D4 Cultivated crops in MLF 68783 37
TI5 {A1A5}{B1B6}C7D3 (D2) Forest and cultivated crops in hills 13,570.7 73
Tl6 A3 (A5)B6(B4)C7D1 Farmland in plains and rivers 143143 77
T17 A5 (A1)B6(B1)C3D2 (D1) Farmland and bush in terrace 63206 34
T18 {AB}(A3A5){B3}(B1B6){CIC7}D1 (D2)  Rivers and lakes in plains 10,968.1 59
T19 ASB6(B3)C7D1 Cultivated crops in plains 11897.6 64
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Year Eftch Techch Pech Ttpch
2003-2004 1300 0773 1.149 1131 1005
2004-2005 1.036 1.106 0979 1.057 1.146
2005-2006 0782 1444 1016 0769 1129
2006-2007 0932 1.032 0.868 1.073 0.962
2007-2008 1.146 0856 0986 1163 0982
2008-2009 1.109 1202 1060 1046 1333
2009-2010 1.027 0.686 0959 1071 0705
2010-2011 0928 1.055 1.020 0.909 0978
2011-2012 0978 0925 0947 1033 0905
2012-2013 0.956 1.138 0995 0961 1088
2013-2014 0.945 0.975 0.955 0.989 0921
2014-2015 0.847 1.264 1034 0819 1071
Mean 0.990 1.017 0.995 0.995 1.008
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2005 2015
Frim Crste Vrste Scale Crste Vrste Scale
1 (eastern) 0.549 0612 0.896 irs 1 1 1
2 (central) 0205 1 0205 irs 0.167 0469 0357 irs
3 (western) 1 1 1 - 0916 1 0916 irs
Mean 0585 0871 0700 0.694 0823 0757

crste means the technical efficiency from CRS DEA; vrste means the technical efficiency from VRS DE.

R N~ )
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Variable

Explained variables

Explanatory variables

Name

Land_out
Agri_mach

In labor
Company
Income_landout

Age manager

Definition

Area of outsourced land/total area of cultivated land

Agricultural machinery investment per unit area

Labor inflow/total labor force

Number of cooperatives or companies/number of participating villages
Annual land outsourcing income/annual total income of farmers

Under 45 years of age/total number of management personnel in village organization

Mean

0.077
0.545
0.042
0510
0.369
0.667

Sd

0.029
0.285
0.021
0.095
0.134
0.101
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UCM dataset
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AID

Classes
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100
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Resolution

256 x 256
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Size

2,100
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Source

Aerial scene images
Google Earth
Google Earth

Multisource
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Datasets Classes per class Resolution Size

CIFAR-10 10 6,000 32%32 60,000
MNIST 10 7,000 28 %28 70,000
ImageNet 1,000 1,300 range 13,000,000
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Unstandardized coefficients Standardized T-test Significance
coefficients value
Regression Standard Regression
coefficient error coefficient
Mixed (Constant) 13225 11.862 4115 0.000
mode FIN 2.564° 2,099 0793 5222 0.009
SUB -1.082% 0.868 -1.235 -4.247 0.001
POL 1274% 0.690 0451 1.848 0.000
ASS 0.884° 0515 1734 2718 0.000
PRO -0326* 0.120 ~0.747 -1.912 0.000
R&D 3775 4780 0.488 2045 0.000
Control Controlled
variables

Note: * and **, respectively, represent that the data are significant at the 5% and 10% confidence intervals.

Dxisenides varhle: Tioid s Buantiin: i th Rt e fnduty e s
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Government behavior
model

(Constant)
FIN

SUB

POL

Control
variables

Unstandardized coefficients

Regression Standard error
coefficient

5377 0546

7.108** 0294

0.175* 0.065

~2361% 0.105

Controlled

Standardized
coefficients

Regression
coefficient

2198
0.199
~0.836

T-test value

9.849
24.188
2689
-22.552

Significance

0.044
0.026
0.002
0.028

Note: * and **, respectively, represent that the data are significant at the 5% and 10% confidence intervals. Dependent variable: Land misallocation in the high-tech industry (land

piisallicilion).
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R R* Adjusted R*  Error DW test value  F-test value  Significance
of standard estimation

Government Behavior Model 0994 0989 0984 0.109 1713 177.693 0.008
Enterprise Behavior Model 0840 0750 0733 1.105 2189 2573 0.000
Mixed Mode 0933 0871 0813 1.8486 1.989 3374 0.003

Predictive value: (Constant), fiscal decentralization index (FIN), local government financial subs
(PRO), research and development (R&D) expenditure-to-income ratio (R&D), asset-]
niieallocation):

s for high-tech industries (SUB), high-tech industry land-use policy (POL), profitability
iability ratio (ASS). Dependent variable: Land misallocation in the high-tech industry (land
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Variable name Mean Minimum Maximum Standard Observed
value value value deviation value

Misallocation The index of land misallocation in the high- 45328 32808 52625 1.0023 1545
Index tech industry
Government FIN 02671 07411 0.7068 07423 50
behavior suB 224128 228917 223190 03072 1545

POL 02000 0.0000 1.0000 05292 50
Enterprise ASS ~0.8826 -0.9568 -0.7838 0.0868 1545
behavior R&D 09051 25393 47140 19108 1545

PRO ~0.6052 ~0.6826 37327 25271 1545
Control variables  net population inflow 3.0301 12528 35639 12100 50

urban population density 60827 47473 6.6875 09928 50

prefecture-level city GDP 10.6496 104959 10.7648 0.1349 50

the number of college graduates 125413 124702 12,5957 0.0630 50
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Mismatch Index

Variable name

The index of the land misallocation in high-tech industry

Index composition

traditional industrial land area/high-tech industrial land area

Variable unit

Government behavior ~ FIN Fiscal revenue/Fiscal expenditure =
SUB Financial subsidies for investment in high-tech enterprises yuan
POL Yes=1,No=0 B

Enterprise behavior  ASS (total liabilities/total assets) x 100% %
R&D R & D investment/total profit -
PRO (net profit/total assets) x 100% %

Control variables net population inflow Net population inflow person
urban population density Population in municipal districts person
prefecture-level city GDP prefecture-level city GDP 100 million yuan
the number of college graduates the number of college graduates person
the number of granted patents the number of granted patents pieces
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Unstandardized coefficients Standardized T-test value Significance
coefficients
Regression Standard error Regression
coefficient coefficient
Enterprise behavior (Constant) 0.145 1713 2085 0.005
model, PRO -0.292* 0.125 ~0.669 -2336 0.008
R&D ~0.556* 6023 0527 -1753 0.000
ASS 0.178% 0.161 0349 2103 0012
Control Controlled
variables

Note: * and **, respectively, represent that the data are significant at the 5% and 10% confidence intervals.
the igh-vech indwetey (nsd missBocstion).
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Test index

Test method

t-statistic

p-valve

LM Test

Robust LM Test

LR Test

Wald Test

Hausman Test

LM lag test

LM error test

robust LM-lag test
robust LM-error test
LR-SDM — SAR test
LR-SDM — SEM test
LR-SDM — SAR test
LR-SDM — SEM test

59.877
35.837
28.800
4.760
61.63
11224
2117
38.46
26.04

0.000
0.000
0.000
0.029
0.000
0.000
0.002
0.000
0.017
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Variable

pGDP
popu
indu
road

tech
fina

Evaluation indicator

Per capita GDP (10,000 yuan)

Proportion of urban population (%)

GDP ratio of urban tertiary industry to secondary industry (%)

Road network density in built-up area (km/km?)

Science and technology expenditure per square kilometer land (100 million yuan/km?)

Ratio of government expenditure to revenue (%)

Min

0.9068
29.1
032
392
0.0030
071

Max

19.9017
89.6
275
18.81
0.3904
377

Mean

6.8400
60.6088
1.0618
87659
0.0611
15717

Std. dev

38421
12.2786
0.3862
31126
0.05917
05522

3.60
4.90
145
110
1.83
222
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Year 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Moran’s I 0317 0.309 0.287 0315 0324 0.304 0.359 0.370 0.401 0397 0391
Z-score 4.979 4916 4567 4.998 5222 5.004 5.991 6.136 6.370 6385 6317
p-value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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Year

2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020

Observations

41
41
41
41
41
41
41
41
41
41
41

Min

0.165
0.177
0.188
0.194
0.201
0.202
0.233
0.238
0.253
0.264
0.278

0.472
0.505
0.528
0.557
0.615
0.657
0716
0.744
0712
0.748
0.760

Mean

0.266
0279
0.298
0316
0330
0346
0359
0370
0387
0.403
0410

Median

0257
0267
0286
0298
0316
0340
0349
0363
0375
0383
0389

0.064
0.065
0.069
0.071
0076
0079
0.085
0.090
0.088
0.089
0.090

02411
0.2349
02312
0.2263
02314
02293
02371
0.2436
0.2266
02212
02185
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System layer

Land investment degree

Land saving utilization

land eco-utilization

Economic benefits of
land use

Social benefits of
land use

Evaluation indicator

Investment in fixed assets per square kilometer land
(10,000 yuan)

Employment density (people)

Proportion of built-up area (%)

Per capita urban construction land area ()
Per capita residential land area ()

Green coverage rate of built-up area (%)
Per capita park green area ()

Industrial SO, emission per square kilometer land (t)

Industrial wastewater discharge per square kilometer land ()

Industrial smoke emission per square kilometer land (t)

Comprehensive utilization rate of industrial solid waste (%)

GDP of secondary and tertiary industries per square kilometer

land (10,000 yuan)

Fiscal revenue per square kilometer land (10,000 yuan)

Per capita disposable income of urban residents (yuan)

Population density (people)
Hospital beds per 10,000 people (beds)

Indicator calculation

Investment in fixed assets of the whole society/
Urban built-up area

Employment/Urban land area

Urban built-up area/Urban land area

Urban construction land area/Urban population
Urban residential land area/Urban population
Green coverage area/Urban built-up area

Park green area/Urban population

Industrial SO, emission/Urban built-up area

Industrial wastewater discharge/Urban built-up
area

Industrial smoke emission/Urban built-up area

Proportion of comprehensive utilization of
industrial solid waste

GDP of secondary and tertiary industries/Urban
built-up area

Fiscal revenue/Urban built-up area

Disposable income of urban residents/Number of
urban residents

Urban population/Urban land area

Number of beds in hospitals and health centers/
Urban population

‘Weight
00873

0.1645
0.0093
00395
00190
0.0095
00395
00164
0.0082

0.0085
00116

0.1372

0.1471
0.1137

0.1092
00793

Attribute
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Type

Ecological space
Woodland
Grassland
Water

Desert

The distance the
barycenter moves (meters)

14083.8
124448
116592
269814
56409.6

40()

088
-690
477
717
-10.47

AXStdDist (m)

-1513.43
~70005.22
102603.76
~27883.80
13184.80

AYStdDist (m)

16032.61
30568.61
13391.39
83624.06
~14685.44
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Year Type CenterX CenterY XStdDist(m) YStdDist(m) o()

2000 Ecological space 12251831 402194355 159225646 1048240.27 93.71
Woodland 998696.96 3646692.92 993162.03 150947338 4234
Grassland -138731.72 401522254 825772.24 1399485.92 8281
Water 41541131 417219058 1033448.73 1845005.75 79.88
Desert land ~528046.36 443781362 1254987.58 599274.10 97.09

2015 Ecological space 13563281 4027078.11 1593769.89 1032207.66 92.83
Woodland 902459.11 372559522 1063167.25 1478904.77 4924
Grassland -220179.14 409864882 723168.48 1386094.53 78.04
Water 545335.37 3935717.66 1061332.53 1761381.69 87.05
Desert -581147.67 441877970 124180278 613959.54 107.56
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Province ‘Woodland Grassland Water Desert
Area Ratio (%) Area Ratio (%) Area Ratio (%) Area Ratio (%)

Guangxi 133095 7994 1113 6.67 75.80 455 147.03 8.83
Chongqing 38071 86.09 3265 7.38 25.52 577 336 076
Sichuan 221586 5833 1221.96 3216 160.14 422 201.20 530
Guizhou 89392 79.60 158.88 14.15 2229 198 47.89 426
Yunnan 230204 8331 299.98 10.86 65.86 238 95.47 345
Inner Mongolia 232364 2279 5899.95 57.86 27032 265 1703.90 1671
Shannxi 1119.45 77.69 28536 19.80 27.49 191 870 060
Gansu 60993 1747 1419.36 40.65 80.86 232 1381.27 39.56
Ningxia 76.69 23.04 20933 62.89 10.90 327 3592 1079
Xinjiang 89634 597 4993.16 3328 48720 325 8627.11 57.50
Qinghai 35415 5.48 4209.38 65.13 31768 492 158155 2447
Tibet 1602.65 1347 843226 70.87 698.10 587 1164.58 979
Liaoning 56171 7435 107.88 14.28 84.03 1112 188 025
Jilin 885.49 8665 6754 6.61 66.57 651 235 023
Heilongjiang 218229 8123 20242 7.53 293.05 10.91 866 032
Shanxi 48573 5102 40791 4285 25.01 263 3334 350
Henan 34717 68.07 64.87 1272 78.96 15.48 19.00 373
Anhui 37499 7151 735 1.40 137.71 26.26 431 082
Jiangxi 103345 8830 27.84 238 105.69 9.03 337 029
Hubei 860.15 8040 28.17 2.63 173.05 1618 841 079
Hunan 122151 86.48 4761 337 129.05 9.14 1430 101
Beijing 7371 8217 851 9.48 594 6.62 155 173
Tianjin 549 2133 114 443 19.06 74.02 006 022
Hebei 46022 5319 27683 32.00 64.69 7.48 63.47 7.34
Shadong 148.95 4598 4432 13.68 117.27 36.20 1338 413
Jiangsu 2575 9.39 394 144 24332 88.69 133 048
Zhejiang 564.65 8623 954 146 77.46 11.83 321 049
Shanghai 4.67 1577 012 0.42 24.74 83.51 0.09 030
Fujian 83364 91.08 2352 2.57 49.67 543 846 092
Guangdong 100343 8476 3260 2.75 13640 1152 1137 096
Hainan 119.89 7895 470 3.09 2678 17.64 048 032
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Province Area of ecological Ratio of ecological Ratio of ecological

space (10,000 ha) space in China space in respective
(%) jurisdictions (%)
Guangxi 1664.92 227 70.06
Chongqing 44224 0.60 53.69
Sichuan 3799.16 519 78.15
Guizhou 112298 153 63.77
Yunnan 276335 377 7211
Inner Mongolia 10197.80 1392 89.02
Shannxi 1441.00 197 70.08
Gansu 3491.42 477 8198
Ningxia 33284 045 64.14
Xinjiang 15003.80 2049 91.96
Qingh: 646276 8.82 92.77
Tibet 11897.59 1625 98.97
Liaoning 75550 103 5090
Jilin 1021.96 140 53.45
Heilongjiang 2686.42 367 5936
Shanxi 95199 130 60.75
Henan 51001 070 3079
Anhui 52437 072 37.42
Jiangxi 1170.35 1.60 70.11
Hubei 1069.77 146 57.53
Hunan 141247 193 66.68
Beijing 8971 012 54.68
Tianjin 2575 004 21.61
Hebei 86521 118 45.88
Shadong 32392 044 2051
Jiangsu 27434 037 25.74
Zhejiang 654.85 0.89 62.04
Shanghai 2963 0.04 3541
Fujian 91529 125 73.83
Guangdong 1183.80 1.62 65.87

Hainan 151.85 021 43.15
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Variable Direct effect Indirect eftect Total effect
Coefficient t-statistic Coefficient t-statistic Coefficient t-statistic

pGDP 0.003*** (0.00) 353 0.005"* (0.04) 2.09 0.008"** (0.00) 379

popu ~0.002** (0.00) -6.14 0.001 (0:29) 1.06 -0.001 (0.67) -043

indu 0.009" (0.07) 181 0.042"* (0.03) 219 0.051°* (0.01) 245

road 0.001"* (0.03) 220 0.007** (0.01) 256 0.009"** (0.01) 272

tech 0.242°** (0.00) 7.72 0.096 (0.49) 0.69 0.338" (0.03) 222

fina ~0.018°** (0.00) -499 ~0.013 (0.38) -0.87 ~0.031** (0.05) -2.00

Note: Standard errors in parentheses, *p < 0.1, **p < 0.05, and ***p < 0.01.





OPS/images/fenvs-10-982734/fenvs-10-982734-t003.jpg
Type

Woodland ecological space
Forest land

Shrubland

Other woodland

Grassland ecological space
Natural grassland

Artificial grassland

Other grassland

Water ecological space

River surface

Lake surface

Reservoir surface

Pit pond water surface
Coastal beach

Inland beach

Glaciers and permanent snow
Marshland

Desert ecological space

Sand land

Bare land

Area (10,000 ha)

25299.20
18711.42
4328.66
2259.12
28640.20
21759.66
18241
6698.13
410063
79730
764.61
276.23
541.89
169.32
628.23
55274
37031
15197.00
5281.08
9915.92

Ratio (%)

34.54
25.55
591
3.08
39.11
2971
0.25
9.15
5.60
1.09
1.04
0.38
074
023
0.86
075
051
20.75
721
1354
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Variable Random effect Individual fixed eftect Time fixed effect Both fixed effect
Coefficient z-score Coefficient z-score Coefficient z-score Coefficient z-score
pGDP 0003 (0.00) 326 0.003*** (0.00) 316 0005 (0.00) 3.90 0.003*** (0.00) 334
popu ~0.001*** (0.00) -4.65 ~0.002*** (0.00) -5.86 0002 (0.00) 5.16 -0.002*** (0.00) -6.28
indu 0011 (0.04) 208 0.009* (0.09) 172 0028 (0.00) 460 0.007 (0.16) 141
road 0001 (0.06) 187 0.001* (0.09) 167 0004 (0.00) 633 0.001* (0.06) 1.86
tech 0265 (0.00) 814 0.251"** (0.00) 8.04 0472 (0.00) 1115 0.239"** (0.00) 7.59
fina ~0.019** (0.00) -491 ~0.018"** (0.00) -4.97 -0.001 (0.80) -025 ~0.018*** (0.00) -4.87
W*pGDP 0.002 (0.29) 105 0,002 (021) 125 0002 (0.42) 082 0.002 (0.19) 131
W popu 0.002** (0.00) 343 0.003*** (0.00) 411 0.000 (0.86) 018 0.001 (0.10) 1.63
Windu 0033 (0.00) 313 0,035+ (0.00) 343 0.003 (0.78) 028 0.026" (0.05) 1.99
Wroad 0.004** (0.05) 196 0.004"* (0.04) 206 0011 (0.00) 5.00 0.005* (0.02) 232
Wtech 0039 (0.68) 042 0.032 (0.73) 035 0.177 (0.22) 121 -0.002 (0.98) -0.02
Wfina ~0.005 (0.61) -051 ~0.008 (0.36) -0.92 00687 (0.00) 392 ~0.004 (0.70) -039
WrULIU 0467 (0.00) 749 0.476"** (0.00) 7.65 0225 (0.01) 266 0315+ (0.00) 401
R-squared 059 0.560 0806 0.568
sigma 00007 (0.00) 0.000°** (0.00) 0001 (0.00) 0.000°** (0.00)
log-likelihood 1,145.13 1,269.40 83433 127847
Observations 451 451 451 451
Wose: Stiiidaed sivors in: passithesss, *p < 0.1, 3¢ 0,05, and " 2 0.0L.
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Name Year ~ Type  Graphical Legend Geographic Processing software

scale coordinate
system
Land use data 2000 Vector 1:1000000 8 classes and 46 subclasses  Beijing 54 coordinate system;  ArcGIS 105
2015 o 12 classes and Gauss krueger projection
Land use statistics 20012014 xls 57 subclasses ArcGIS 105 and Origin pro

datas 2017
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Class

Woodland ecological
space

Subclass

Forest land
Shrubland

Other woodland

Meaning

Woodland with canopy closure greater than or equal to 20%.

Consists of shrub species. Forest land with a shrub coverage greater than or equal to 30%. Includes artificial
shrublands and natural shrublands.

‘Woodland except for forest land and shrubland.

Grassland ecological
space

Natural grassland
Atificial grassland

Other grassland

Mainly used for natural herbaceous plants and has not been modified for use as grassland for animal husbandry,
including grazing; mainly sparse forest grassland and shrub grassland.

Agro-technically cultivated grass. The purpose is to obtain high yields and quality pastures to supplement the lack
of natural grassland.

Grassland except for natural grassland and artificial grassland.

Water ecological space

River surface

Lake surface

Reservoir surface

Pit pond water surface

Coastal beach
Inland beach

Glaciers and permanent
snow

Naturally formed or artificially excavated surface of a river between the constant water levels of the river. Excludes
the surface of a reservoir formed after dam impoundment.

Naturally formed water areas, often below the shoreline.

Autificially built land with a total storage capacity of 100,000 cubic meters or more and below the normal water
storage level.

Atificially excavated or naturally formed water reserves of less than 100,000 cubic meters (without an aquaculture
water surface) and below the normal water level of the pond.

Tidal zone between high tide and low tide for the tide along the coast.
From the normal level of rivers and lakes to the flood levels.

Land covered by glaciers and snow cover year round.

Marshland Muddy area where water is soaked for a long time and the grass is lush.
Desert ccological space  Sand land Surface s covered with sand and basically no vegetation.
Bare land Bare ground without plants; the initial condition and place of community formation, development and succession.
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Variable Meaning Value method

T Bid value Value in the pay plan

Sex Sex 1: Male; 0: Female

Age Age 1:256; 2:46-55; 3:36-45; 4:26-35; 5:<25

Edu Education level 1: No formal education; 2: Primary schools; 3: Junior schools; 4: High schools (secondary schools;
5: Junior College; 6: Undergraduate and above

Inc. Annual income of the family (CNY) 1:£10,000; 2:10,000-20,000; 3:20,000-30,000; 4: 30,000-50,000; 5: 50,000~100,000; 6: Above
100,000

Job Current Job 1: None; 2: Temporary worker; 3: Stall-keeper; 4: Public servants

PA Attachment to the farmiand 1: Very strong; 2: Strong; 3: Average; 4: No

MJ Is enclosure and tillage of the public green land an 1: Totally not; 2: Not; 3: No judgement; 4: Yes; 5: Totall yes

uncivilized behavior
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Pay plan

1.(10,25,5)
2. (25,50,10)
3. (50,100,25)
4. (100,200,50)

Number and rate (%)
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Source of news

Chengdu Business
Hangzhou Local Treasure
NetEase News

People’s Network

Sohu News
Hainan Daily
Sohu News

Wuxi Media Network

Sohu News
China Community Online

Qianjiang evening news
North News

Tongliang Net

Gilu Evening News

Yinchuan Evening News
CCTV Network

Yunnan Network Radio and Television
Station
Jiamusi News Broadcast

Location

Chengdu
Hangzhou
Guangzhou
Shanghai

Tanjin
Haikou
Wuhan
Wuxi

Wuhan
Xinjiang
Hangzhou
Hohhot
Chongaing
Jinan

Yinchuan
Jinan

Kunming

Jiamusi

Headline

Using green land as vegetable land will be banned if it is not rectified
Unauthorized digging of green land will be fined

Green space for vegetable planting? Clean!

“Farmiand” to *Garden” Resident Autonomy Leads to the *Rebirth” of Green Space in Residential
Areas

Green vegetable planting destroys clean environments

Drying clothes on trees and planting vegetables in green areas. Punished!

Disputes over vegetable planting in pubiic green spaces in the inactive communities of elderly
residents

Urban Management Maintaining the Residential Environment and Cleaning Up Vegetable Planting
Violations in Residential Areas

Jiangxia people unexpectedly dig green space to grow vegetables

Twenty-three Community Renovation Communities with Private Occupation of Public Greenland
Vegetable Planting Phenomenon

Green land willbe leveled and reverted to green soon after it s ilegally converted into vegetable land
If planting vegetables in public green space. Remove!

Regulate the Behavior of Planting Vegetables in Greenland

Jinan legisiates for civiization. Public green space vegetable planting and other acts will be heavily
punished

Community enclosures and green spaces are tuming into private vegetable garden

The 1,500 square meters vegetable fild in Kuangshan District that occupied public green space and
planted vegetable trees was cleared up

The green spaces of the community are enclosed to grow vegetables

Residents suffer terribly from the change of green space into vegetable gardens.

Time

2012.10.9
2013.07.10
2015.12.09
2015.12.17

2016.06.09
2016.10.12
2016.10.17
2017.04.07

2017.07.01
2017.07.03

2017.11.24
2018.06.26
2018.06.13
2018.11.22

2019.02.06
2019.03.20

2019.06.02

2019.06.22
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Nie et al. (2008)

Gao et al. (2010)

Gao and Qiao (2011)

Cai and Yuan (2012)

Cai and Zhu (2013)

Li et al. (2015)

Peng and Bai (2016)

Shi (2016)

Gao and Qiao (2016)

Ding et al. (2017)

Indicator Composition and
Result*

Social security ™ed resuts
Family income and expenditure |
Living environment mxed resuits
Psychology|,

Application rights|
Economic situation]
Soial security]

Living conditionsT
Community life]
Environment|
Psychology|,

Economic situation|
Soial security]

Living conditionsT
Community life]
Environment .
Psychology|,

Economic situation|
Living conditionsT

Social security]
Environment|
Development spacel
Psychological status|
Economic situation|
Living conditionsT
Community environment .
Social security]
Psychological factor|.
Economic situation|
Social security]

Living conditionsT
Landscape environment]
Psychological factor|.
Economic situation
Social security

Living conditions
Environmental conditions
Psychological factors
Economic conditionsT
Dweling conditions
Community surroundingsT
Social security|
Psychological conditions |
Economic conditions|
Social security]
Development opportunities
Housing conditions
Living environment|
Social communication with leisure
Health ],

Social participation|

Economic status]

Social security

Living conditionsT

Social environment]

Natural environment |

Economic conditions|
Protective protection]

Housing condtions
Community Lifef

Psychological Feeling|
Economic conditions M results
Social Security]

Social OpportunitiesT

Living ConditionsT

Living conditions m>ed resuts

mixed rosuts

mixod rosults

Overall Welfare Level*

mixed results

Specific measuring indicators
of Psychological dimension*

Psychological identity

Economic satisfaction

Affection between husband and wife

City attribution
Interpersonal relations

Residential comfort
Economic satisfaction
Entertainment satisfaction
Life satisfaction
Emotional satisfaction
Degree of emotional loss

Degree of emotional loss

Domestic relations,
Living pressure
A sense of achievement

Land coompensation satisfaction
Life pressure

Quality of life

Willingness to be expropriated

" means ascending | means descending, mixed reculfs means ascending and descending measurevnent resulfe.

Monetization measure

No

No

No

No

No

No

No

No

No

No

No

No
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