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Comprehending the change characteristics and controlling factors of regional cultivated land resources is one of the important preconditions for their healthy development. The main objective of this study is to analyze the spatial–temporal variation characteristics of cultivated land and controlling factors in the Yangtze River Delta region. Thus, the mathematical–statistical, land use dynamic degree model, principal component analysis, and geographically weighted regression model were used to analyze the change in cultivated land area and social–economic factors in the Yangtze River Delta region from 2009 to 2018. The results showed that the cultivated land area and per capita cultivated land area had a decreasing trend from 2009 to 2018, decreasing by 8.5 × 104 ha and 0.0039 ha, respectively. From the perspective of spatial patterns, the rapidly decreasing areas of cultivated land were mainly distributed in the southeast, while the slowly decreasing areas of cultivated land were becoming concentrated in the northwest, and the slowly increasing areas presented as scattered distribution, which was also the same spatial distribution for the per capita cultivated land area in the Yangtze River Delta region. Among these factors, population (POP) and the total power of agricultural mechanization (TPAM) had a positive spatial correlation with cultivated land. The gross domestic product (GDP) had a negative spatial correlation with cultivated land, which revealed that cultivated land was intensely affected by human activities. Moreover, the spatial distribution and influence degree of the controlling factors differed in regions. Our research is expected to reveal the relationship between economic development and cultivated land protection for providing references for strengthening regional cultivated land management, maintaining the healthy development of regional resources, and rational utilization of cultivated land.
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1 INTRODUCTION
Cultivated land is the most precious natural resource of mankind. It is also an important material basis for maintaining social order and stability, ensuring ecology and food security, and promoting urban–rural coordination (Li X. L. et al., 2021). The economic construction of China has made great progress since the implementation of the reform and opening-up policy, but the rapid progress of urbanization and continuous growth of population have brought great pressure to the existing cultivated land, as well as the contradiction between the supply and demand of cultivated land is increasing (Fu and Liu, 2013). Therefore, protecting cultivated land resources and coordinating their relationship with economic development have become an important task in China. The Yangtze River Delta region is the largest economic zone and a fast-growing urban agglomeration in China. However, due to the high degree of economic agglomeration and population density in this region, human activities have the strongest impact on the transformation of land resources, which has caused a series of environmental problems such as disorderly expansion of construction land, high-quality farmland becoming eroded, and the rapid deterioration of the ecological environment.
Most scholars have not studied single cultivated land but land use from different perspectives within a certain time series for the whole or central urban agglomeration of the Yangtze River Delta region (Shi et al., 2019; Wang H. Y. et al., 2021; Yang et al., 2021; Zhao et al., 2021). For example, some scholars have focused on the relationship between the ecological environment and land use change in the Yangtze River Delta region (Shi et al., 2019; Wang W. J. et al., 2021; Yang et al., 2021). Zhao et al. (2021) used the TOPSIS analysis method to quantitatively evaluate the land use benefits of 26 prefecture-level cities in the Yangtze River Delta region. Song and Chen (2021) have established the Super-EBM model to evaluate the eco-efficiency of land use in the Yangtze River Delta region from 2005 to 2016. However, some scholars have studied land use in a specific area of the Yangtze River Delta region. Chen and Yu (2019) explored the driving mechanism of land use changes in Jiangsu, Zhejiang, and Shanghai from 1985 to 2015. Wang et al. (2020) used the kernel density method to analyze the evolution of land use patterns in the Yangtze River Delta Coastal Zone from 1980 to 2018.
Although research on cultivated land has been strengthened, the focus has mainly been on the small scale research of the Yangtze River Delta region, where the functions of the cultivated land, the degree of intensive utilization, ecological security, and other attributes for the provincial, municipal, or county level have been studied (Zhao et al., 2021; Yin et al., 2020; Dong and Zhao, 2019; Xing et al., 2019; Cao, 2018; Chen and Wu, 2018; Zhao et al., 2019; Cai et al., 2020). Some studies have quantitatively revealed the multifunctional trade-offs and synergy of cultivated land in Zhejiang, Jiangsu, and Shanghai (Dong and Zhao, 2019; Yin et al., 2020; Zhao et al., 2021). Xing et al. (2019) studied the driving factors of the intensive utilization level of cultivated land from the provincial perspective. Cao (2018) suggested a significant relationship of coupling and coordination between the intensive utilization of cultivated land and the development of new urbanization. Chen and Wu (2018) evaluated the efficiency of cultivated land use in the Anhui province. Additionally, some research studies were concerned about cultivated land ecological security; Zhao et al. (2019) assessed the ecological security level of cultivated land and analyzed its temporal and spatial evolution patterns at the provincial level. Cai et al. (2020) focused on the landscape ecological security of cultivated land and explored its temporal and spatial variations and controlling factors at the city level.
At present, research studies on land use in the Yangtze River Delta region mostly discuss the variations of all land types, while targeted discussion of cultivated land is relatively less. Meanwhile, most research studies have focused on the functions, utilization, ecology, and other attributes of cultivated land at a smaller scale and still lack comprehensive analysis of the spatial–temporal variations of the characteristics of cultivated land and controlling factors in the Yangtze River Delta region.
The principal component analysis (PCA) provides the most important and meaningful variables that reduce the dimension of some related variables while maintaining maximum variability in data (Voukantsis et al., 2011). This technique has been applied to study the driving factors, which include groundwater pollution (Salim et al., 2019; Zhang et al., 2020; Lee et al., 2021), the quality of land (Akinyemi and Speranza, 2021; Pessoa et al., 2022), the quality of air (Halim et al., 2020), and the development of urban land (Wang et al., 2021). Additionally, the geographically weighted regression (GWR) model was considered as a powerful tool to study spatial variation (Kashki et al., 2021; Zhang et al., 2021; Jiang et al., 2022). Compared with the traditional multiple linear regression, the GWR model has been proven to be a more effective method (Zhu et al., 2020a; Permai et al., 2021). Thus, we identified the primary factors on cultivated land variations using PCA first, and then established the GWR model by the primary factors for spatial variation analysis, which was beneficial in minimizing the uncertainty of model simulation.
Therefore, we mainly focused on the research contents of two aspects in this study. The first is the research scale. We took the whole region of the Yangtze River Delta as the research object and explored the change characteristics of cultivated land comprehensively in order to avoid one-sidedness of research results from the micro perspective. The second is the differences in the spatial effects of the influencing factors. The traditional multiple linear regression could not reflect the spatial nonstationarity between variables, which results from the change of geographical location. Based on establishing the GWR model, the spatial nonstationarity of major socioeconomic factors on cultivated land area can be effectively analyzed for reaching more comprehensive conclusions (Brunsdon et al., 1996; Wang et al., 2017).
Consequently, we attempted to analyze the change in cultivated land and identify its controlling factors in the Yangtze River Delta region from 2009 to 2018 by using the mathematical–statistical, land use dynamic degree model, principal component analysis, and geographically weighted regression model. Since the drivers of cultivated land change are closely related to social–economic development, this study aims to explore how the spatial relationships between social–economic factors and cultivated land change in order to reveal the differences in the spatial effects of the influencing factors and provide a theoretical basis for not only the establishment of a new development paradigm between ecology and economy but also the formulation of protection policies to adjust to local conditions in the Yangtze River Delta region.
2 MATERIALS AND METHODS
2.1 Study area
The Yangtze River Delta region is located in the middle and lower reaches of the Yangtze River in China, bordering the East China Sea and the Yellow Sea, with a total area of 35.8 × 104 km2 and abundant inland water systems (Figure 1). The overall terrain of the Yangtze River Delta region has a stair-like trend of decreasing from the southwest to northeast, with plains in the northern and central regions, whereas the hilly terrain is mainly distributed in the southwest region. The plain area accounts for 54.58% of the total area, and the main hilly area is located in the south region of Zhejiang and the west and south regions of Anhui in the Yangtze River Delta region. The main crops are paddy and wheat in the Yangtze River Delta region, which is mostly distributed in the northern plains (Wang M. M. et al., 2020). More than 50% of the total area is subtropical evergreen broad-leaved forest in the hilly area of the south region of Zhejiang. Besides, this area has a subtropical monsoon climate, with four distinct seasons and sufficient rainfall. The mean maximum temperature in summer can reach up to 28.3°C, while the mean minimum temperature in winter is 5.5°C and the mean annual rainfall exceeds 1,300 mm (Kong et al., 2021). The sufficient rainfall makes the Yangtze River Delta region have plentiful lakes and abundant water resources. Because of large areas of plains and suitable climatic conditions, the Yangtze River Delta region has extensive cultivated land areas and provides good geographical conditions for research.
[image: Figure 1]FIGURE 1 | Location and topographic layout of the study area.
2.2 Data sources
The data used in this study mainly include basic geographic, cultivated land, and socioeconomic data. The basic geographic data include administrative division data of China and the digital elevation model. The administrative division data include the vector map of China’s provinces and cities in 2021. The digital elevation data were mainly obtained from the Resource and Environmental Science and Data Center of the Chinese Academy of Sciences (http://www.resdc.cn/, accessed on 11 October 2021). The cultivated land data were obtained from the official website of the Natural Resources Department. The socioeconomic data were mainly obtained from the Statistical Yearbook and the National Economic and Social Development Statistical Bulletin, which include Shanghai, Zhejiang, Jiangsu, and Anhui provinces from 2009 to 2018.
2.3 Methods
2.3.1 Workflow
The core part of this study is to use the PCA to identify the main controlling factors on cultivated land variations and use the GWR model to explore how these factors contribute to cultivated land variations. Figure 2 shows an overview of the workflow.
[image: Figure 2]FIGURE 2 | Research flowchart.
2.3.2 Land use dynamic degree model
The quantitative change of land use types can be represented by a single land use dynamics model. Therefore, the model can be used to quantitatively analyze the change rate of cultivated land in the the Yangtze River Delta region The specific formula is as follows:
[image: image]
where Ki is a dynamic degree that represents the change rate of i-type land use. Uia and Uib are the quantities of i-type land use in the first year and last year of the study period, respectively. Ti is the duration of study time. When Ti was set as years, Ki is the annual change rate of i-type land use in the study area (Wang and Bao, 1999).
2.3.3 Principle component analysis
Utilizing a single variable to analyze a certain problem may cause one-sided conclusions. However, when considering more variables, there is a problem of colinearity among various factors. Therefore, the basic idea of the principal component analysis (PCA) is to achieve the purpose of dimension reduction while preserving as much original information as possible, simplifying the problem, and grasping its main contradiction (He, 2004). The principle is to make a linear change to the original variables that may have colinearity, and then to transform them into new mutually independent variables and rank them according to their variances. The new variable with the larger variance contains more original information, which will be recognized as the more significant variable. According to the variance value, we will find the first principal component, the second principal component, and the third principal component, etc. (Li and Zhang, 2017). In this study, we used the PCA to explore and identify the main controlling factors on the variations of cultivated land in the Yangtze River Delta region.
2.3.4 Spatial autocorrelation
Before performing geographically weighted regression analysis, the dependent variable should be tested for spatial autocorrelation because the results of whether the dependent variable has a certain degree of gathering in spatial distribution must be taken into consideration (Li J. H. et al., 2020). Therefore, this study used the Moran’s Ⅰ index to test the spatial correlation of the cultivated land area in the characteristic years. This is calculated as follows:
[image: image]
where Wij is the space weight function calculated by the Gaussian function. Xi and Xj are the values of X on the corresponding spatial units. [image: image] is the mean value of X, n represents the sum of space units, and i represents the unit.
2.3.5 Geographically weighted regression
Compared with the traditional global regression model that only generates one global regression coefficient, the geographically weighted regression (GWR) model can combine the geographic features with the regression model, reflecting the spatial distribution of regression parameters (Qin et al., 2005). Therefore, the GWR model can clearly show the spatial distribution of the regression coefficients of 41 prefecture-level cities in the Yangtze River Delta region. The specific formula is as follows:
[image: image]
In this equation, the dependent variable is yi. (ui, vi) is the coordinate of the sample point i. [image: image] represents the kth regression parameter on the sample point i. The number of independent variables is p, and xik is the value of the independent variable xk at point i. The random error of this equation is εi.
3 RESULT
3.1 Temporal variation characteristics
The temporal variation characteristics of the cultivated land from 2009 to 2018 are shown in Table 1 and Figure 3. The cultivated land area shows a fluctuated change in the Yangtze River Delta region, but the overall trend is declining (Table 1 and Figure 3), a total decrease of 8.6 × 104 ha from 2009 to 2018, with a mean annual decrease of 0.86 × 104 ha (or 0.68%). Meanwhile, the cultivated land area of the three provinces and one city decreased to different degrees from 2009 to 2018, with the maximum decrease (3.9 × 104 ha) occurring in Jiangsu, whereas the cultivated land of Shanghai, Zhejiang, and Anhui decreased by 1.2 × 104 ha, 1.3 × 104 ha, and 2.1 × 104 ha, respectively (Table 1).
TABLE 1 | Cultivated land area in the Yangtze River Delta from 2009 to 2018.
[image: Table 1][image: Figure 3]FIGURE 3 | Change trend of total cultivated land area and per capita cultivated land area in Yangtze River Delta region.
Previous studies have shown that the protection policies of cultivated land have matured basically from 2009 to 2013 (Wang Z. et al., 2018). Furthermore, these have become the policy system of cultivated land with more systematization normalization from 2013 to 2018 (Wang W. X. et al., 2020). Thus, we have divided it into two stages for analyzing the change process of cultivated land area in the Yangtze River Delta region. As shown in Figure 3, in the first stage (2009–2013), the cultivated land area has declined by a large margin in the Yangtze River Delta region. Although there was a slight increase in 2011–2012, the overall decline has been relatively rapid. The cultivated land area decreased by 8.2 × 104 ha, with a mean annual decrease of 1.6 × 104 ha. Due to the ecological conversion of farmland in the Yangtze River Delta region and the construction of urban and rural infrastructure, a large amount of cultivated land has been invaded during this period. In addition, the cultivated land policy protection system of China was immature, resulting in the serious loss of cultivated land. In the second stage (2013–2018), the cultivated land area has decreased slightly in the Yangtze River Delta region, but the decline has slowed down when compared to the first stage. The cultivated land area decreased by 0.38 × 104 ha, with a mean annual reduction of 0.063 × 104 ha. The decline of cultivated land area was effectively inhibited due to the national and local governments put forward new requirements for the protection of cultivated land.
Due to the rapid population growth and the continuous decrease of cultivated land, the change of per capita cultivated land area showed a speedy downward trend from 2009 to 2018 in the Yangtze River Delta region. The per capita cultivated land area fell from 0.0631 ha in 2009 to 0.0592 ha in 2018, which is lower than the national per capita cultivated land area of 0.097 ha. Therefore, the man–land relationship in the Yangtze River Delta region is apprehensive, causing a more serious situation of cultivated land protection.
3.2 Spatial variation characteristics
3.2.1 Spatial distribution
Based on the aforementioned results, we analyzed the spatial distribution of cultivated land and per capita cultivated land area in the selected three characteristic years. As shown in Figure 4, the cultivated land area and per capita cultivated land area distributed more in the north and less in the south of the Yangtze River Delta region. First, the northern part of the Yangtze River Delta region is the main grain-producing area in the middle and lower reaches of the Yangtze River. Meanwhile, the prefecture-level cities with cultivated land above 40 × 104 ha and per capita cultivated land area above 0.05 ha were mainly concentrated in this area. Second, due to the rapid development of urbanization in the central and southern regions of the Yangtze River Delta region, most of the cultivated land area of prefecture-level cities in this region were below 20 × 104 ha. Furthermore, the per capita cultivated area of these cities were also below 0.05 ha. This indicates that the increase in population is causing great pressure on the cultivated land in the central and southern regions.
[image: Figure 4]FIGURE 4 | Spatial distribution of cultivated land area and per capita cultivated land area in 2009, 2013, and 2018. (A–C) represent cultivated land area in 2009, 2013, and 2018, respectively. (D–F) represent per capita cultivated land area in 2009, 2013, and 2018, respectively.
Through the comparative analysis of the spatial distribution of cultivated land and per capita cultivated land area in various stages and the overall time series, it can be found that there were obvious spatial variation characteristics in them (Figure 5). The cultivated land decreased by 8.2 × 104 ha from 2009 to 2013 in the Yangtze River Delta region (Figure 5A). Of all the cities, 32 cities showed a decreasing trend in cultivated land area, with a total decrease of 1.2 × 105 ha. Furthermore, Suzhou and Nantong of Jiangsu province and Ma’anshan of Anhui province decreased by more than 1.0 × 104 ha of cultivated land area. However, nine cities showed an increasing trend in cultivated land area, which was presented as a scattered distribution in the Yangtze River Delta region, with a total increase of 4.3 × 104 ha. Moreover, only Wuhu City, located in southern Anhui, increased more than 1.0 × 104 ha of cultivated land area, while the increase of cultivated land of the remaining eight prefecture-level cities did not exceeded 1.0 × 104 ha. Compared with the cultivated land change in 2009–2013, the per capita cultivated land area also showed a decreasing trend, with a total decrease of 0.063 ha (Figure 5D). First of all, 35 cities exceeded 0.001 ha, with a total decrease of 0.066 ha. Among these, the reduction of more than 0.002 ha of the per capita cultivated area mostly concentrated in the northern part of the Yangtze River Delta region. Suzhou and Ma’anshan whose cultivated land decreased by more than 1.0 × 104 ha also belong to this area. Only six cities showed that the per capita cultivated land area increased over 0.0001 ha, with a total increase of 0.003 ha. Meanwhile, Wuhu had the largest per capita cultivated land area of 0.0009 ha.
[image: Figure 5]FIGURE 5 | Changes in cultivated land area and per capita cultivated land area in different periods. (A-C) represent cultivated land area change in 2009-2013, 2013-2018, and 2009-2018, respectively. (D-F) represent per capita cultivated land area change in 2009-2013, 2013-2018, and 2009-2018, respectively.
During the time period 2013–2018, the cultivated land in the Yangtze River Delta region decreased by 0.4 × 104 ha, showing less decrease than during the time period 2009–2013 (Figure 5B). Of all the cities, 24 cities showed a decreasing trend in cultivated land area, with a total decrease of 6.4 × 104 ha, while the remaining 17 cities had a total increase of 6.0 × 104 ha. Compared with the time period 2009–2013, more cities showed increased cultivated land area and the spatial distribution was different. Furthermore, the distribution of increased area had extended up to the north of Jiangsu and Anhui provinces. However, the decreasing trend of per capita cultivated land area had become stronger than in the first period in the Yangtze River Delta (Figure 5E). Of all cities, the sum of the per capita cultivated land area of 30 cities had reduced by 0.173 ha. Most of these cities are located in the northern region of the Yangtze River Delta region. Only 10 cities showed an increasing trend of per capita cultivated land area, with a total increase of 0.033 ha. The sum of the decrease was reached 0.14 ha.
During the time period 2009–2018, the cultivated land in the Yangtze River Delta region decreased by 8.6 × 104 ha. Of all the cities, only 14 cities showed an increasing trend, with a total increase of 4.7 × 104 ha (Figure 5C). However, 27 cities had decreased by 1.3 × 105 ha, indicating that the situation of cultivated land resources was not optimistic in the study area. Therefore, exploring the controlling factors on the cultivated land change can effectively coordinate the relationship between cultivated land protection and economic development in order to provide reasonable reference suggestions for the sustainable utilization of cultivated land in the Yangtze River Delta region. As shown in Figure 5F, the relationship between population and cultivated land was very apprehensive in the Yangtze River Delta region. The per capita cultivated land area of most cities had shown a declining trend in 2009–2018, with a total decrease of 0.23 ha. The cities with an increase in per capita cultivated land area presented as a scattered distribution in the study area, with a total increase of 0.027 ha. This indicates that the increased range of the cultivated land area could not adapt to the rapidly increasing population in the Yangtze River Delta region from 2009 to 2018.
3.2.2 Spatial dynamic change characteristics
The results of the change rate of cultivated land area from 2009 to 2013 have shown a rapid decline in the Yangtze River Delta, with hotspots for reduction occurring in the central and southeast coastal areas (Figure 6A). The dynamic change rate of cultivated land ranged from −2.42% to −0.10%, and the decline of cultivated land was relatively rapid. In the northern part of the Yangtze River Delta region, the cultivated land area was decreased slowly in some agricultural-oriented cities, with a dynamic change rate from −0.09% to 0.00%. However, a few cities had slowly increased cultivated land area, but the increase rate has been slower, below 1%. This indicates that the protection policy of cultivated land was immature, reflecting that the phenomenon of economic development at the expense of cultivated land resources was serious in the Yangtze River Delta region during this period. During the time period 2013–2018, less decline in cultivated land area in the Yangtze River Delta region was seen because of the continuous improvement of the national farmland protection policy, especially for the central and northern cities that rapidly decreased from 2009 to 2013, showing a slower reduction of change rate from 2013 to 2018 (Figure 6B). Moreover, more than 40% of the urban cultivated land area slowly increased, indicating that most cities have gradually realized it is unsustainable to occupy cultivated land for blindly pursuing economic development. During the time period 2009–2018, there were obvious spatial differences in the dynamic rate of cultivated land change in the Yangtze River Delta region (Figure 6C). More than 60% of the cultivated land area has shown a decreasing trend to different degrees, which were mainly distributed in the southern and central regions of Jiangsu and Shanghai. However, the cultivated land has been slowly decreasing in the Anhui province, which includes the northern, central, and southern areas of the Anhui province. More importantly, the slowly increased regions of cultivated land area have shown no spatial aggregation, suggesting that the development situation of cultivated land was not optimistic in the Yangtze River Delta region.
[image: Figure 6]FIGURE 6 | Dynamic change rate of cultivated land area and per capita cultivated land area in different periods. (A–C) represent the dynamic change rate of cultivated land area in 2009–2013, 2013–2018, and 2009–2018, respectively. (D–F) represent the dynamic change rate of per capita cultivated land area in 2009-2013, 2013–2018, and 2009–2018, respectively.
The dynamic change rate of the per capita cultivated land area also showed a decreasing trend in different periods (Figures 6D–F). The dynamic change rate of most cities ranged from −0.99 to 0.00. However, a few cities have shown an increased dynamic rate and a spatial distribution that is scattered in the study area. When comparing Figures 6A–C, the cities with a dynamic change rate of over 0.01% belonged to the slowly increasing region of cultivated land. Moreover, the cities with a dynamic change rate below −1% and above 0.01% had the same spatial distribution, and they showed a scattered distribution as well in the Yangtze River Delta region.
This shows that although the reduction of cultivated land had been controlled by the implementation of the protection policy of cultivated land, the rapid increase of population had threatened the carrying capacity of the cultivated land in the Yangtze River Delta region. Therefore, coordinating the relationship between population increase, economic development, and cultivated land reduction should be a critical task in the Yangtze River Delta region.
3.3 Controlling factors on cultivated land change
3.3.1 Determination of controlling factors
We used the method of the principal component analysis to quantitatively analyze the controlling factors by taking the cultivated land area as the dependent variable in the Yangtze River Delta region. Based on the development status of the study area, 12 indicators were selected as independent variables (Table 2), which included three aspects, namely, population, economic development, and agricultural technological progress. Meanwhile, there is no strong correlation between the variables if the related coefficient is less than 0.3, suggesting that the group of influencing factors is unsuitable for the principal component analysis (Xue, 2011). As shown in Table 3, except for X7, X10, and X11, there were strong correlations among variables. Therefore, the selected independent variables were suitable for the principal component analysis.
TABLE 2 | Influence factors.
[image: Table 2]TABLE 3 | Correlation matrix.
[image: Table 3]The common method that confirms the number of principal components is to select the components with a characteristic value greater than 1 and a cumulative contribution rate more than 85% (Lin and Zhang, 2005). As shown in Table 4, the characteristic values of the first and second components were 10.155 and 1.01, respectively. Meanwhile, the cumulative variance contribution rate of the two components had exceeded 85%, showing that these two components contained all the information of the 12 controlling factors. Therefore, the number of principal components was determined as two.
TABLE 4 | Total variance explained.
[image: Table 4]As shown in Table 5, the first principal component consisted of X1 (population), X3 (urbanization rate), X5 (added value of industry), X6 (total investment in fixed assets), and X12 (proportion of secondary and tertiary industries). The correlation between these controlling factors and the first principal component was above 0.95, showing the significant effects of population growth and economic development on the change of cultivated land area in the Yangtze River Delta region. The second principal component consists of X8 (total power of agricultural mechanization) and X10 (consumption of fertilizer), showing significant effects of technological progress on the change of cultivated land area in the Yangtze River Delta region.
TABLE 5 | Component matrix.
[image: Table 5]Based on the quantitative results of the principal component analysis (Table 5), we selected population (POP), gross domestic product (GDP), and the total power of agricultural mechanization (TPAM) as the independent variables of the GWR model. First, we used Moran’s I to test the spatial autocorrelation of the cultivated land area in 2009, 2013, and 2018. As shown in Figure 7, the cultivated land area of the three characteristic years had spatial agglomeration, which provided a foundation for the construction of the GWR model. Besides, we analyzed the correlation between the selected three independent variables in order to evaluate the possibility of collinearity problem (Table 6). The results showed that the correlation coefficients of the three variables were all less than 0.8 in different characteristic years, indicating that there was no multicollinearity for these indicators. Therefore, the GWR model can be built using these indicators. Moreover, we tested the spatial autocorrelation of the residual error of the GWR model (Table 7), which showed random spatial distribution. Therefore, further regression analysis can be performed on the selected independent and dependent variables using the GWR model.
[image: Figure 7]FIGURE 7 | Moran’s I index of 2009, 2013, and 2018.
TABLE 6 | Correlation coefficient of independent variables.
[image: Table 6]TABLE 7 | Spatial autocorrelation of residual error.
[image: Table 7]According to the aforementioned results, we used the spatial kernel function of FIXED for calculation. In addition, we applied the AICc method to determine the optimal bandwidth. It can be found that the values of R2 and adjusted R2 explained 84%, 84%, and 89% of the variations in 2009, 2013, and 2018, respectively (Table 8). The results had indicated that the GWR model can well simulate the influence of controlling factors on the change of cultivated land resources in the Yangtze River Delta region.
TABLE 8 | Parameter estimation and test results of GWR.
[image: Table 8]3.3.2 Result analysis of geographically weighted regression model
There was a positive correlation between the population and cultivated land (Figures 8A–C), suggesting that the growing population played positive effects in promoting the increase of cultivated land. It showed a stronger impact of population on the cultivated land in the northeast coastal area than in the southwest area, with a higher degree of differentiation in the southeast coastal areas. The spatial distribution of population regression coefficients gradually changed from 2009 to 2013, showing that a greater impact was not only concentrated in the coastal areas but also began to move to the north of the Yangtze River Delta region. Meanwhile, this positive effect also had a strong impact on some cities in the Anhui province. However, the distribution of the regression coefficient of the population showed of high in the north and low in the south in the Yangtze River Delta region from 2013 to 2018. The center of gravity for the spatial regression coefficient moved from the coastal area of the northeast to the inland area of the north in the Yangtze River Delta region. During this time period, the positive impact of the population had gradually extended to some inland cities in the northern Yangtze River Delta region. The perfect medical security system and infrastructure construction of some coastal cities in the Jiangsu province led to a large population moving in. However, it will inevitably raise the cost of living and employment in these cities because urban development reaches a certain degree of saturation, resulting in the population moving to small cities (Wang L. W. et al., 2018).
[image: Figure 8]FIGURE 8 | Spatial distribution of regression coefficients of GWR model in Yangtze River Delta from 2009 to 2018. (A–C) represent the spatial distribution of regression coefficients of POP in 2009, 2013, and 2018, respectively. (D–F) represent the spatial distribution of regression coefficients of GDP in 2009, 2013, and 2018, respectively. (H–G) represent the spatial distribution of regression coefficients of TPAM in 2009, 2013, and 2018, respectively.
There was a negative correlation between the GDP and cultivated land area in the Yangtze River Delta region, with significant spatial change (Figures 8D–F). The negative effect of the GDP on the cultivated land area gradually increased from the north to south region to the central to eastern region in 2009, which was especially obvious in the eastern coastal and central regions of the Yangtze River Delta region, attributing to the impact of the macro-control of national policies. For example, the Anhui province put forward the economic development strategy of “developing the Wanjiang River and calling for Pudong” in the 1990s. Furthermore, it also attended the forum of major leaders of the Yangtze River Delta region in 2008 (Zhang et al., 2019), suggesting that the form of regional cooperation and development in the Yangtze River Delta region extended to the Anhui province. The aggregation area of low value located in the coastal area of the Jiangsu province spread southward continually, showing that the restraining effect of the GDP on cultivated land area was continuously increasing in the coastal cities of the Zhejiang province and some inland cities. For example, the National Development and Reform Commission promulgated the “Regional Plan for the Yangtze River Delta” in 2010, a policy document that included eight prefecture-level cities in the Zhejiang province (Liu et al., 2020). Some cities in the Zhejiang province had developed because of the implementation of this policy that enabled the negative effects of the GDP to spread to the southern area of the Yangtze River Delta region from 2009 to 2013. In addition, the negative effects of the GDP also existed from 2013 to 2018, with a stronger effect in the northeast and weaker effect in the southwest.
The regression coefficients of the TPAM region were all positive in the Yangtze River Delta region, suggesting positive effects of TPAM on the cultivated land (Figures 8G–I). In 2009, the center of gravity of the regression coefficient of TPAM gradually moved to the central area of the Yangtze River Delta region. However, spatial distribution of the regression coefficients of TPAM in the Yangtze River Delta region moved from the central area to the southeast coastal area from 2009 to 2013, with a stronger positive effect in the southeast, whereas a weaker one in the northwest. In 2013–2018, the spatial distribution of regression coefficients showed higher values in the south and lower values in the north. The center of gravity for the high-value gathering area moved to the south, mainly getting distributed in the hilly and coastal areas of the Zhejiang province. This phenomenon may be attributed to the investment of agricultural mechanization conducted by the government of the Zhejiang province in 2013 (Gao, 2014). Besides, the Zhejiang province has promoted the development of agricultural mechanization in hills and mountainous areas by renovating scattered and fragmented hilly cultivated land in recent years, leading to a stronger positive impact of this factor.r in the southern area than in the northern area in the Yangtze River Delta region (Liu et al., 2019).
4 DISCUSSION
At present, the analysis of the controlling factors of cultivated land change mainly focuses on natural and socioeconomic factors (Wang et al., 2020). Natural factors usually play a role over a long period of time, while socioeconomic factors have a great influence over a short period of time. Moreover, due to the implementation of the reform and opening-up policy, the influence of natural factors on the change of cultivated land resources has gradually decreased, but the influence of human economic activities has been increasing (Li Q. et al., 2020). Yuan et al. (2021) analyzed the regional evolution of China’s cultivated land resources from 2009 to 2018, showing that the Yangtze River Delta region was a key area of cultivated land loss. The same results were also found in our study, which showed a decreasing trend of the total cultivated land area and the per capita cultivated land area in the Yangtze River Delta region from 2009 to 2018. Meanwhile, the cultivated land area in most prefecture-level cities of the Yangtze River Delta region decreased from a spatial perspective. Of all the cities, the cultivated land area in Ma’anshan, Shanghai, and Nantong had decreased by more than 10,000 ha. On the one hand, due to the continuous acceleration of urbanization and new rural construction, industrial and mining construction as well as water conservancy facilities had occupied a large amount of cultivated land (Wei and Zhang, 2019). On the other hand, in order to protect and improve the ecological environment, some cities had begun to gradually implement the policy of returning farmland to forests and grasslands, which also caused the loss of cultivated land resources to some extent (Chen et al., 2021).
Some scholars applied natural factors to the qualitative analysis of the change in cultivated land area, which included elevation, precipitation, and temperature (Levers et al., 2018; Li Y. S. et al., 2021). However, these factors are often difficult to quantitatively analyze. Therefore, most scholars choose socioeconomic factors for discussion. Fu et al. (2020) pointed out that the proportion of secondary and tertiary industries, fixed assets per land, and urbanization rate had a negative effect on the transformation of the cultivated land of the Beijing–Tianjin–Hebei region, while population density and peasants per income had positive effects to some extent. Cao et al. (2016) established an auto-logistic model to explore the controlling factors of cultivated land changes in the Pearl River Delta region, suggesting that the population density change, fixed asset investment, and the changes in per land GDP played positive, negative, and positive contribution on the changes in cultivated land in the Pearl River Delta region, respectively. Liu et al. (2019) conducted a comprehensive analysis of the controlling factors of the change of cultivated land in 12 major urban agglomerations in China, and the results showed that TPAM had a significant positive correlation with cultivated land in coastal urban agglomerations (Yangtze River Delta, Pearl River Delta, Beijing–Tianjin–Hebei, etc.). Therefore, compared to the studies conducted in the Pearl River Delta and Beijing–Tianjin–Hebei regions, it can be found that POP and TPAM had positive effects on the three major economic circles, which revealed that the concentration of population will increase the demand for agricultural products as a result of stimulating the increase of cultivated land to some extent. In addition, the investment of agricultural technology had a positive effect on cultivated land, especially for the hilly area in the Yangtze River Delta region. However, fixed asset investment, GDP, urbanization, and other controlling factors that are related closely to economic development generally have negative effects on the changes of cultivated land.
According to the analysis of the controlling factors, it revealed that pursuing economic growth blindly at the early and middle stages of urban development of the Yangtze River Delta region depleted plenty of cultivated land. Although the positive effect of POP and TPAM offset the negative effect caused by GDP to some degree, the phenomenon of occupation of cultivated land for economic development still existed. Therefore, this indicates that exploring the social-economic controlling factors on the cultivated land change is beneficial in balancing the relationship between economic development and cultivated land, which can also provide regional references for ensuring food security and sustainable development of the man–land relationship (Wei et al., 2019; Liu et al., 2019).
In recent years, other research studies have also shown similar results that social–economic factors have significant effects on land use change (Maimaitijiang et al., 2015; Dadashpoor et al., 2019; Chidi et al., 2021; Zhang et al., 2022). Dadashpoor et al. (2018) found that urbanization effected changes in landscape patterns of the Tabriz metropolitan area from 1996 to 2016, which was analyzed by the GWR model. Maimaitijiang et al. (2019) used two methods of ordinary least squares (OLS) and GWR model to analyze the magnitude and direction of the relationship between land use changes, urbanization, and changes in landscape patterns, finding that built-up land changes were positively correlated with population changes during the 1970–2010 time interval. Chidi et al. (2021) explored land use intensity dynamics in the Andhikhola watershed, Middle Hills of Nepal, showing that depopulation in recent decades was a major driving factor on land use intensity change, but physical suitability, accessibility, and availability of natural resources had strong impacts on the spatial variability of land use intensity. Zhang et al. (2022) analyzed the land use and land cover (LULC) change patterns and population dynamics in Collin County, Texas, and the results of the GWR model indicated that population growth can explain 75.15% of the built-up area change in Collin County during 2010–2019. The rapid progress of urbanization and population growth has brought great pressure on land use, which was not only found in the Yangtze River Delta region of China but also found in other parts of the world. This indicates that we should be highly concerned about the situation and find an appropriate method to deal with it.
5 CONCLUSION
This research analyzed spatial-temporal variation characteristics of cultivated land and controlling factors in the Yangtze River Delta region from 2009 to 2018 by using multiple methods, including the mathematical-statistical, land use dynamic degree model, principal component analysis, and geographically weighted regression model. The principal conclusions are as follows.
The cultivated land area and the per capita cultivated land area showed an overall decreasing trend from 2009 to 2018 in the Yangtze River Delta region. Compared with 2009–2013, the decline range of the cultivated land area had slowed down in 2013–2018. However, the reduction of the per capita cultivated land area had been rapid from 2009 to 2018.
Prefecture-level cities with a reduction of cultivated land area below 10,000 ha had occupied a dominant position in the spatial distribution of cultivated land resources in the Yangtze River Delta region. Agriculture-dominated cities mostly distributed in the northwest area of the Yangtze River Delta region. Thus, this area was a gathering region with slow reduction in cultivated land area and per capita cultivated land area. The cultivated land area had been compressed, attributing to the development of urbanization, the adjustment of industrial structure, and the increase of construction land, which led to the southeast coastal areas becoming rapidly reduced in regions of cultivated land area and per capita cultivated land area. However, the distribution of the rapidly increasing regions of cultivated land area and per capita cultivated land area was scattered because of differences in agricultural technology investment of local governments and the different reclamation degrees of cultivated land resources.
The population had a positive effect on the cultivated land area in the Yangtze River Delta region, with the influence degree gradually increasing from the southwest to northeast. However, the eastern coastal area was more sensitive to GDP than the inland areas in the Yangtze River Delta region, causing a stronger negative effect on the economic development of the cultivated land area than the inland cities. The spatial regression coefficient of TPAM constantly moved from the central to southern areas. This phenomenon may be attributed to the influence of local policies. Thus, there existed strong regional characteristics about the distribution of the spatial regression coefficients of the controlling factors on cultivated land change in the Yangtze River Delta region. Therefore, protection policies for cultivated land based on reality should be established, utilizing cultivated land resources in a reasonable way, developing agricultural technology in accordance with local conditions, and reforming the land supply mechanism for construction land. In addition, this study can provide references for the protection and sustainable development of regional cultivated land resources.
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Note: AIC is the bandwidth of minimum information criterion. R is the goodness of
fit; R? adjusted is the adjusted goodness of fit.
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