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The coordinated relationship between urban population–land spatial patterns (UPLSPs) and ecological efficiency (EE) is conducive not only to the rational utilization of resources and environment and the sustainable development of society, but also to the provision of a living environment that benefits public health. Identifying the coupling relationship of urban development and EE can provide critical information for urban planning. Previous studies have mainly focused on the coupling relationship between urban population and land, urbanization, and ecological development, while ignoring that between UPLSPs and EE. This study integrates several models to construct a novel framework for coupling UPLSPs and EE. Taking Hubei Province as the research area, we calculate the UPLSPs, EE, and their coupling coordination degree for 12 cities from 2000 to 2019. The paper offers several conclusions. (1) the urban population–land spatial matching degree increased, but the overall matching level was not high; the average value of EE showed an “N”-shaped change trajectory, and its overall level was low, with small changes and obvious regional differences. (2) The average value of the coupling coordination degree between UPLSPs and EE was a slow upward trend, with a radial distribution high in the middle and low in the periphery. There was conflict between the spatial patterns and EE, and the former restricted the development of the latter. (3) There were strong correlations between coordination degree and various indicators of UPLSPs and EE. While we should revitalize the stock of construction land and optimize the upgrading of the industrial structure, we also must coordinate human and land resources and the ecological environment, and narrow regional development differences. This study provides a new framework for urban environmental assessment and urban planning decision-making.
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INTRODUCTION

Urbanization has become an important trend in global development (1). Currently, 55% of the world's population lives in urban areas, a proportion that is expected to increase to 68% by 2050. Overall growth could add another 2.5 billion people to urban areas by 2050, with close to 90% of this increase taking place in Asia and Africa (2). China has experienced the largest and fastest urbanization process in the history of the world. At the end of 2019, China's urbanization rate reached 60.60%, an increase of 49.96 percentage points since 1949, and an average annual increase of 0.71 percentage points (3). Urbanization is undoubtedly an important driving force for China's economic development (4). However, the rapid development of cities has also spawned some inevitable problems, such as the reduction of biodiversity, the unreasonable allocation of urban resources, deterioration of the ecological environment, and urban emergencies (5–10), and so on, which have placed enormous pressure on China's public health, social economy, resources, and environment. To solve these problems, it is necessary to guide urban construction with the concept of ecological civilization, and to coordinate the relationship between urban development and ecological efficiency (EE).

The most important aspects of urbanization are population and land (11, 12). The urban population–land spatial patterns (UPLSPs) is the form of spatial agglomeration of urbanization elements. EE is the efficient use of ecological resources to meet human needs. It involves not only the unity of economic benefits and resources with environmental benefits, but also the essential embodiment of green and sustainable development (13). As an important grain production base and ecological barrier in the central region, Hubei Province has a superior location and a strong economy. It is a strategic support in the rise of central China. However, the contradictions between population agglomeration, urban land expansion, and ecological environment and economic development in this region have become increasingly prominent, threatening public health and the sustainable development of the city. How to deal with the relationship between the UPLSPs and EE and realize the rational utilization of resources and the sustainable development of society is an important task. What is the relationship between the UPLSPs and EE in Hubei Province? Is it one of conflict or coordination? These issues deserve in-depth study.

The concept of EE was first put forward by Schaltegger and Sturm in (14), and its original meaning was the ratio of economic value added to environmental impact. Subsequently, the World Business Council for Sustainable Development expanded the meaning to include obtaining products and services that could meet the needs of human life at the cost of minimizing resource consumption and environmental impact. At present, much research on urbanization and EE has been carried out, but these studies mainly focus on a single dimension of the topic. Most scholars believe that current urbanization features uncoordinated growth and is excessive (15). Relevant research mainly focuses on three aspects: (1) the spatial distribution differences of urban populations and land (16); (2) the calculation of coupling coordination degree between urban populations and land; and (3) uncoordinated factors of urban populations and land. Moreover, research on the coordination between population and land urbanization uses the coupling coordination model (17–20), the elastic coefficient model (21), and the Tapio decoupling model (22), among others. Scholars have proposed that location factors, economic development level, household registration systems, and land financialization (23, 24) all have important impacts on urban populations and land.

Moreover, academic research on EE has been growing and mainly focuses on three aspects. First, some studies explore the measurement index system and method of EE, mainly by using measurement index systems, such as “input + desirable output + undesirable output” (25, 26) and “resource consumption input + environmental impact input + output” (27, 28). Scholars also use the data envelopment analysis (DEA) method (29–31), slacks-based measure (SBM) model (32, 33), stochastic frontier approach (34, 35), Malmquist productivity index approach (36, 37), and ecological footprint model (38, 39) to calculate EE; among these, the DEA method and the SBM model are the most widely used. Second, scholars have analyzed evolution in the spatiotemporal patterns of EE across regions using methods such as spatial autocorrelation, Markov chain models, and the Theil index (40, 41). Third, research has applied Tobit models, spatial econometric models, system GMM methods, and other approaches to study the effects of urbanization, technological innovation, industrial structure, energy consumption, natural resource endowments, environmental regulation, foreign direct investment, economic development level (27, 42–44), and other factors on EE.

The research on both urbanization and EE mainly focuses on their spatiotemporal coupling characteristics (45, 46) and the impact of urban construction on EE (44). The unit of analysis of most studies is typically a whole country, urban agglomerations, or provinces. For example, at the scale of the whole country, Liu et al. (6, 45) analyzed the comprehensive urbanization level, energy EE, and their coupling coordination degree in 281 prefecture-level cities in China over the past 11 years. At the scale of urban agglomerations, Zhou et al. (47) focused on the impact of urbanization level and population urbanization lags on EE in the Bohai-rim urban agglomeration. At the province level, Yao et al. (44) used the spatial Durbin model to explore the multi-dimensional impact mechanism of urbanization in 30 provinces in China from 2008 to 2017, along with the internal structural effect of each dimension on EE. However, these studies have paid little attention to the relationship between the UPLSPs and EE.

Therefore, taking Hubei Province as the research area, this study first calculates the UPLSPs, EE, and their coupling coordination degree for 12 cities in Hubei Province from 2000 to 2019 by constructing a spatial matching evaluation model, super-efficiency SBM model, and coupling coordination degree model. Then, spatial autocorrelation and gray relational analysis methods are used to explore the spatiotemporal evolution and driving factors of the coupling coordination degree between the UPLSPs and EE. Finally, on this basis, policy recommendations are made for new urbanization development and ecological civilization construction in Hubei Province. Further, this study provides a new framework for urban environmental assessment and urban planning decision-making. The research framework is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Research framework.




STUDY AREA

Hubei Province is located in the middle of China (Figure 2) and spans east longitude 108°21'42”−116°07'50” and north latitude 29°01'53”−33°6'47”. It is about 740 kilometers from east to west and 470 kilometers from north to south. Hubei Province has 12 prefecture-level cities, three provincial municipalities, one autonomous prefecture, and one forest district. By the end of 2019, the permanent resident population of Hubei Province was 59.27 million, accounting for 4.23% of the national population. The total land area of the province was 185,900 square kilometers, accounting for 1.94% of the nation's total area (3).


[image: Figure 2]
FIGURE 2. Study area (Source of base map: the open source map data service provided by the National Platform for Common GeoSpatial Information Services: https://www.tianditu.gov.cn).


Hubei Province has superior geographical conditions and is a powerful economic province in China. As an important part of the national development strategy of the Yangtze River Economic Belt and the rise of central China, it is necessary to actively promote the construction of new urbanization and ecological civilization. However, with the accelerated development of urbanization and industrialization, the contradiction between humans and land, economic development and environmental protection, in Hubei Province becomes more apparent. Therefore, this paper selects Hubei Province as the research area, and the findings have reference value for other cities. Moreover, due to the functional attributes of the city and the suitability of the research, this study considers 12 prefecture-level cities in Hubei Province.



DATA AND METHODS


Data Sources and Processing

The data come from the China Urban Construction Statistical Yearbook (2000–2019), the China City Statistical Yearbook (2001–2020), and the Hubei Statistical Yearbook (2001–2020). Based on the data on adjacent years, the missing data for individual cities are reconstructed using the moving average and trend extrapolation methods.

The EE indicators constructed in this paper include input, desired output, and undesired output, as shown in Table 1. The input indicators include capital, labor, land, energy, and water resources; the desired output indicators are captured with regional gross domestic product (GDP) and deflating GDP, with 2000 identified as the baseline to eliminate the impact of price factors. The undesired output indicators include both waste gas and waste water. In addition, since the capital stock cannot be obtained directly from the statistical yearbook, this paper uses the capital stock, calculated through the continuous inventory method, as the capital investment; the formula is as follows:

[image: image]

where K represents the capital stock, i represents the region, t represents the period, δ represents the depreciation rate, and I represents the total investment in fixed assets in the whole country. Following prior research (50), the depreciation rate is 9.6%. The total investment in fixed assets in the whole country in 2000 is divided by 10% as the initial capital stock K_0. According to the investment in fixed assets price index, the total investment in fixed assets in the whole country is converted into the constant price based on the year 2000.


Table 1. Evaluation index system of EE.
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In the multi-index evaluation system, each evaluation indicator usually has different dimensions and orders of magnitude, owing to its different attributes. Therefore, this paper uses the min-max normalization method to standardize the original data (51, 52), as follows:
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where Zij is the standard value of the index j in the ith year, Xij is the original data of the index j in the ith year, and max(Xij) and min(Xij) are the maximum and minimum values of the jth index, respectively.



Methods
 
Spatial Matching Evaluation Model

Referring to the research on spatial matching and spatial agglomeration (53), this paper constructs the urban population–land spatial matching evaluation model, and uses the spatial density of the urban population and land to describe the coordinated relationship between people and land in the urbanization system. The model is as follows:

[image: image]

where Matchi is the urban population–land spatial mismatching degree in the ith area, and Popi and Landi are the evaluation values for the urban population and urban land in the ith area. The urban population and land measures are constructed using urban population size data and data on the built-up area, respectively; all data are obtained from the China Urban Construction Statistical Yearbook.

The absolute value of Matchi illustrates the urban population–land spatial matching degree, and abs(Matchi)∈[0, +∞). When the value of abs(Matchi) gradually increases, the urban population–land spatial matching degree tends to weaken; this means that the urban population and land in this region are uncoordinated in the spatial dimension. In contrast, when abs(Matchi) gradually decreases, the urban population–land spatial matching degree tends to increase; this indicates that the urban population and land in this region are coordinated.

According to the sign on Matchi, the types of UPLSPs can be divided into “urban population concentration,” “urban land concentration,” and “urban population–land relative matching.” Urban population concentration indicates that the urban population is more concentrated than the land in this area, while urban land concentration suggests the reverse. Finally, urban population–land relative matching indicates that the spatial distribution of the two components is balanced. To judge the strength of the urban population–land spatial matching degree, the grades of UPLSPs are divided into “relative matching,” “low mismatch,” “moderate mismatch,” and “high mismatch,” as shown in Table 2.


Table 2. Types and grades of UPLSPs.

[image: Table 2]

Based on the above urban population–land spatial matching evaluation model, the regional comprehensive mismatching degree evaluation model is defined as:

[image: image]

where Zmatch is the urban population–land comprehensive mismatching degree of the upper-level region, and Matchi is the same for the lower-level region. Zmatch is a comprehensive measure of the degree of urban population–land mismatching in the upper-level region containing the lower-level region. For Zmatchϵ [0, +∞, the larger the Zmatch value, the higher the comprehensive mismatch of the upper region, and the more unbalanced the spatial distribution of the urban population and land in this region.



Super-Efficient SBM Model

The common EE measurement method is the DEA model. However, traditional DEA models are mostly radial or angular and do not consider the problem of factor relaxation. Therefore, Tone proposed a non-radial and non-angular SBM model (54, 55), which considered not only the proportional improvement between the current state of the invalid DMU and the strong target value, but also the relaxation improvement. However, it is still a problem that the effective units cannot be further sorted and distinguished. Therefore, this study adopts the super-efficiency SBM model; that is, the SBM model is extended by considering the changes in production technology that occurred each year during the study period (56). The efficiency is estimated in a non-ray manner. Equation (6) shows this expression:
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\where ρ denotes EE; xhk, yrk, and [image: image] denote the hth input factor, the rth desired output, and the hth undesired output of the kth prefecture-level city, respectively; [image: image], [image: image], and [image: image] denote slack variables of the input factors, desired output, and undesired output, respectively; λ1 denotes the constraint condition; and h = 1, 2, …, q1; t = 1, 2, …, q2; and l = 1, 2, …, n(j ≠ k).



Coupling Coordination Degree Model

Coupling coordination degree refers to the degree of benign coupling in the interaction relationship; it can be used to characterize whether the functions promote each other at a high level or restrict each other at a low level (57, 58). This study uses it to measure the coordinated relationship between the UPLSPs and EE.


Coupling Degree Model

Based on the relevant research results (59, 60), the coupling degree model of UPLSPs and EE is constructed as follows:

[image: image]

where C is the coupling degree between UPLSPs and EE, and C∈[0, 1]. When the value of C is smaller, the mutual interaction between UPLSPs and EE is lower, and vice versa. When C = 1, the optimal coordination state of the two is achieved. The functions f(x) and g(y) are UPLSPs and EE, respectively.



Coupling Coordination Degree Model

The coupling coordination index is introduced to construct the coupling coordination degree model of UPLSPs and EE, and the model is as follows (61, 62):
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where D is the coupling coordination degree of UPLSPs and EE, C is the coupling degree of UPLSPs and EE, T is the comprehensive coordination index of UPLSPs and EE, and α and β are the contributions of UPLSPs and EE to urban development, respectively. Considering the same contribution, α = β = 0.5.

As in previous studies (63, 64), the coupling coordination degree of UPLSPs and EE is divided into three intervals (imbalanced recession interval, transitional harmonic interval, and coordinated development interval) and ten types, as shown in Table 3.


Table 3. Classification of the coupling coordination degree.
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Spatial Autocorrelation Analysis Model

Spatial autocorrelation is an important indicator that tests whether the attribute value of a certain element is significantly associated with the attribute value of its adjacent spatial points. It is divided into global spatial autocorrelation and local spatial autocorrelation (65, 66). Global spatial autocorrelation is used to measure whether there is agglomeration or dispersion in the spatial distribution of element attribute values. It is usually expressed by the global Moran's I index, the calculation of which is as follows (15, 44, 67):

[image: image]

where I is the global Moran's I index; n is the number of prefecture-level cities; xi and xj are the coupling coordination degrees of UPLSPs and EE in regions i and j, respectively; [image: image] is the average value of the coupling coordination degree of UPLSPs and EE; S2 is the sample variance; and [image: image]. Wijis the spatial weight matrix of regions i and j (when regions i and j are adjacent, Wij =1; when regions i and j are not adjacent, Wij =0). The value of Moran's I index is in the range of [−1,1]. Moran's I index values greater than zero indicate a positive spatial correlation, less than zero indicate a negative spatial correlation, and equal to zero indicate no spatial correlation.

Local spatial autocorrelation is used to measure the correlation of each spatial element attribute in the local position. It is usually expressed by the local Moran's I index, the calculation of which is as follows (68):

[image: image]

where Ii is the local Moran's I index; the meanings of n, xi, xj, [image: image], S2, and Wijare shown above. A value of Ii >0 indicates the spatial aggregation of similar values (high–high or low–low) around the unit in the area, and a value <0 indicates the spatial aggregation of dissimilar values (high–low or low–high).



Gray Relational Analysis Method

Gray system theory is a method proposed by Deng (69) in the 1980's to study the uncertainty problem with little data and poor information. Gray relational analysis is a quantitative method used to judge whether the corresponding sequences are closely related according to the geometric similarity of sequence curves, which can measure the degree of association between factors. The calculation steps are as follows (70, 71):

(1) Determine the reference sequence and comparison sequence, and use the mean normalization method for data standardization. This study selects the coupling coordination degree of UPLSPs and EE in Hubei Province as the reference sequence, denoted as XO(k), and the driving factors as the comparison sequence, denoted as Xi(k). The normalized reference sequence and comparison sequence are [image: image] and [image: image].

(2) Calculate the relational coefficient ζi(k).
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where [image: image] is the minimum absolute value of two levels of two sequences, [image: image] is the maximum absolute value of two levels of two sequences; ρ is the resolution coefficient; and ρ = 0.5.

(3) Calculate the relational degree ri:

[image: image]

The value range of the relational degree ri is [0, 1]; the larger the value of ri, the greater the correlation between the indicators and the stronger the coupling. In addition, as in the literature (72, 73), the relational degree of the coupling coordination degree of UPLSPs and EE is divided into six types, as shown in Table 4.


Table 4. Classification of the relational degree.

[image: Table 4]





RESULTS


Spatiotemporal Evolution of UPLSPs in Hubei Province

This study uses cross-sectional data from 2000, 2005, 2010, 2015, and 2019 to analyze the UPLSPs of Hubei Province along the time and space dimensions based on the spatial matching evaluation model. The results are shown in Table 5. The comprehensive mismatching degree of Hubei Province shows an overall downward trend, from 0.3228 in 2000 to 0.2530 in 2019, and the type of UPLSPs is always urban population concentration. This indicates that the level of urban population–land spatial matching has been gradually increasing. The main reason for this is because, with the development of the social economy and the improvement of living standards, more people have moved from rural areas to cities, resulting in an increase of the urban population and population density.


Table 5. UPLSPs in Hubei Province from 2000 to 2019.

[image: Table 5]

At the city level, the urban population–land spatial matching degree in Hubei Province from 2000 to 2019 increased in Wuhan, Shiyan, Xiangyang, Ezhou, Jingmen, Huanggang, Xianning, and Suizhou. It decreased in Huangshi, Yichang, Xiaogan, and Jingzhou. In 2000, Shiyan, Yichang, Xiangyang, Ezhou, Jingmen, Xiaogan, Huanggang, and Xianning were classified as urban land concentration, Wuhan and Suizhou were urban population concentration, and Huangshi and Jingzhou were urban population–land relative matching. In 2019, Shiyan, Yichang, Ezhou, Huanggang, Xianning, and Suizhou were urban land concentration; Wuhan, Huangshi, Xiaogan, and Jingzhou were urban population concentration; and Xiangyang and Jingmen were matched. The UPLSPs type in Hubei Province is mainly urban land concentration, and there has been a transformation from concentrations of urban land to urban populations.

Figure 3 shows the evolution of the spatial pattern of UPLSPs. There were seven cities with a moderate mismatch in 2000, which reduced to four in 2019. Three cities has a low mismatch in 2000, which increased to six in 2019. The number of matched cities was relatively stable, with two in 2000, 2010, and 2019, and only one in other years. This indicates that urban population–land spatial matching has spatial heterogeneity. Moreover, the overall matching level is not high but shows an upward trend annually.


[image: Figure 3]
FIGURE 3. (A–E) Spatial distribution of UPLSPs in Hubei Province from 2000 to 2019 (Source of base map: the open source map data service provided by the National Platform for Common GeoSpatial Information Services: https://www.tianditu.gov.cn).




Spatiotemporal Evolution of EE in Hubei Province

This study uses the super-efficiency SBM model and MATLAB software to calculate the EE of 12 cities in Hubei Province in 2000, 2005, 2010, 2015, and 2019. According to Table 6, the average value of EE in Hubei Province increased from 0.6459 in 2000 to 0.6618 in 2019, with an average annual growth rate of 0.1281%. The change is “N”-shaped—first rising, then decreasing, and then rising—and the overall level of EE is low, but the changes are not large.


Table 6. EE in Hubei Province from 2000 to 2019.

[image: Table 6]

At the city level, the EE values for Huangshi, Shiyan, Ezhou, Jingmen, and Jingzhou increased slightly from 2000 to 2019, and the average annual growth rates of Huangshi and Ezhou were higher, at 3.0152% and 4.8789%, respectively. The EE values of Wuhan, Yichang, Xiangyang, Xiaogan, Huanggang, Xianning, and Suizhou decreased from 2000 to 2019, and the average annual growth rates of Xiaogan, Huanggang, Suizhou, and Xianning were higher: −2.2396%, −2.3611%, −1.9344%, and −1.8018%, respectively.

Subsequently, using the natural breaks method, the EE value of Hubei Province is divided into five types: 0–0.4 is low, 0.4–0.6 is medium-low, 0.6–0.8 is medium, 0.8–1.0 is medium-high, and 1.0–2.0 is high. Figure 4 depicts the results, and the level of EE shows a gradual upward trend. There were three cities with a high level of EE in 2000; this increased to four by 2019. No city was included in the medium-high group in 2000, but this increased to one in 2019. Five cities were at the medium-low level of EE, which reduced to two by 2019. A the low level of EE, there were four cities in 2000 and five by 2019. In addition, there are obvious regional differences in EE across Hubei Province, with high levels found in the center of the region and low levels around the periphery. In 2000, only Wuhan, Jingmen, and Suizhou in central Hubei Province had high level of EE. In 2019, Wuhan, Ezhou, Jingmen, and Suizhou were coded high, and the EE levels of other cities were low, with a radial distribution from the center to the surrounding areas. The main reason for this may be that the cities in the central plain have a higher level of economic development, better transportation options, and higher levels of technological innovation, which promote the improvement of EE.


[image: Figure 4]
FIGURE 4. (A–E) Spatial distribution of EE in Hubei Province from 2000 to 2019 (Source of base map: the open source map data service provided by the National Platform for Common GeoSpatial Information Services: https://www.tianditu.gov.cn).




Spatiotemporal Evolution of the Coupling Coordination Degree Between UPLSPs and EE in Hubei Province

The results obtained using the coupling coordination degree model are shown in Table 7 and Figure 5. Based on Table 3, the relationship between UPLSPs and EE is classified into conflict and coordination. If the coupling coordination degree is <0.7, the relationship is considered conflictual; if it is >0.7, the relationship is considered one of coordination.


Table 7. The coupling coordination degree between UPLSPs and EE in Hubei Province from 2000-2019.

[image: Table 7]


[image: Figure 5]
FIGURE 5. The coupling coordination degree between UPLSPs and EE in Hubei Province.


The average coupling coordination degree of UPLSPs and EE in Hubei Province from 2000 to 2019 exhibits a slow upward trend, increasing from 0.5820 in 2000 to 0.6938 in 2019. This translates to a shift from primary coordination to intermediate coordination, with an average annual growth rate of 0.9294%. In addition, there is a conflictual relationship between UPLSPs and EE in Hubei Province, and the population–land spatial matching degree is lower than the EE. Therefore, the UPLSPs of Hubei Province restricted the development of EE during this period.

At the city level, the coupling coordination degree of UPLSPs and EE shows an overall upward trend from 2000 to 2019, including in Wuhan, Huangshi, Shiyan, Yichang, Xiangyang, Ezhou, Jingzhou, Xianning, and Suizhou. The areas with a downward trend include Jingmen, Xiaogan, and Huanggang. From 2000 to 2019, Jingmen had the highest average value of coupling coordination (0.8343), which is considered high-quality coordination; Huanggang had the lowest average value (0.5356), which is considered primary coordination. In 2009, only Jingmen had a coordination relationship, while the other cities were classified as exhibiting conflict, and the population–land spatial matching degrees were all lower than the EE values. Clearly, the UPLSPs in regions other than Jingmen constrained the development of EE. In 2019, the UPLSPs and EE of Wuhan, Huangshi, Shiyan, Ezhou, Jingmen, and Suizhou featured coordination relationships, while Yichang, Xiangyang, Xiaogan, Jingzhou, Huanggang, and Xianning exhibited conflictual relationships. The population–land spatial matching degree of Xiaogan was higher than the EE value, indicating that EE in this area restricted the development of UPLSPs. The patterns in the other cities were the opposite.

Figure 6 indicates that from 2000 to 2019, the coupling coordination degree of UPLSPs and EE in Hubei Province has improved: in 2000, there were eight cities with primary coordination, three with intermediate coordination, and one with high-quality coordination. In 2019, once city had barely harmonic coordination, three had primary coordination, two had intermediate coordination, two had good coordination, two had high-quality coordination, and two had extreme coordination. The spatial distribution of the coupling coordination degree of UPLSPs and EE is similar to that of EE; that is, higher values are found in the middle, with lower values found around the periphery. In 2000, Jingmen, in the central region of Hubei Province, had the highest coupling coordination degree, which involved high-quality coordination. By 2019, Suizhou and Ezhou featured extreme coordination, and Wuhan and Jingmen were coded as high-quality coordination. The main reason for this may be that the spatial distributions of population and land in these areas are relatively balanced, and the level of EE is high. UPLSPs and EE promote and influence each other, showing a high state of coupling.


[image: Figure 6]
FIGURE  6. (A–E) Spatial distribution of the coupling coordination degree between UPLSPs and EE (Source of base map: the open source map data service provided by the National Platform for Common GeoSpatial Information Services: https://www.tianditu.gov.cn).


Using Geoda software, the spatial autocorrelation analysis of the coupling coordination degree of UPLSPs and EE in Hubei Province is carried out using the geographical distance spatial weight matrix. The results are shown in Table 8. The global Moran's I index of the coupling coordination degree of each city was negative from 2000 to 2019. Except for 2015, the results are statistically significant at the 5% level, showing a significant negative spatial correlation. That is, the spatial distribution illustrates that cities with high coupling coordination are surrounded by cities with low coupling coordination, while cities with low coupling coordination are surrounded by those with high coupling coordination. Specifically, the global Moran's I index shows a trend of first decreasing, then increasing, and again decreasing, from −0.361 in 2000 to −0.438 in 2019. This reflects the gradual growth of spatial dispersion of coupling coordination degree across cities, as well as the gradual expansion of the difference in this degree.


Table 8. Moran's I index of the coupling coordination degree between UPLSPs and EE from 2000-2019.

[image: Table 8]

The global Moran's I index only reveals the overall agglomeration type of the study area, and it is necessary to further identify the local spatial correlations and the spatial pattern distribution of the coupling coordination degree using a Moran scatterplot. The Moran scatterplot classifies the coupling coordination degree of UPLSPs and EE into four types, which fall in different quadrants. Quadrant I is the high–high agglomeration (H-H), indicating that the level of coupling coordination between the region and its surrounding areas is relatively high, and the degree of spatial difference between the two is small. Quadrant II is the low–high agglomeration (L-H), indicating that the region has a low level of coupling coordination, the surrounding areas are higher, and the degree of spatial difference between the two is relatively large. Quadrant III represents the low–low agglomeration (L-L), indicating that the level of coupling coordination between the region and the surrounding areas is low, and the spatial difference between the two is relatively small. Finally, Quadrant IV is the high–low agglomeration (H-L), indicating that the level of coupling coordination in the region is relatively high, while the surrounding areas are relatively low, and the degree of spatial difference between the two is relatively large.

According to Figure 7 and Table 9, most cities in Hubei Province fell into Quadrants II and IV in 2000 and 2019. This suggests a significant negative spatial correlation between the coupling coordination degree of UPLSPs and EE, which has the characteristics of a discrete distribution; that is, the cites with high coupling coordination are adjacent to those with low coupling coordination. Cities in Quadrant II are L-H, indicating that the natural resource endowments of each city have strong heterogeneity and the gap in economic development is large, so the spatial connection is weak. Cities in Quadrant IV are H-L, indicating that these areas do not have a strong driving effect on the surrounding cities, and they even absorb the advantageous resources around them to vigorously develop themselves.


[image: Figure 7]
FIGURE 7. Moran scatterplot of the coupling coordination degree between UPLSPs and EE in Hubei Province from 2000-2019.



Table 9. Agglomeration pattern of the coupling coordination degree between UPLSPs and EE in Hubei Province.

[image: Table 9]

Based on the gray relational model, this study calculates the driving factors of the coupling coordination degree between UPLSPs and EE in Hubei Province, as shown in Table 10. The relational degree between the coupling coordination degree and the indicators of UPLSPs and EE is basically above 0.5, which indicates the close relationship between them. According to Table 10, the driving factors of coupling coordination in Hubei Province are ranked from strong to weak: total water resources > built-up area > industrial wastewater discharge > number of employees at the end of the period > GDP > industrial SO2 emissions > annual electricity consumption > industrial smoke (powder) dust emissions > UPLSPs > total investment in fixed assets in the whole country. This shows that the key factor restricting the coupling coordination of UPLSPs and EE in Hubei Province is the total water resources.


Table 10. The correlation between coupling coordination degree and UPLSPs?EE in Hubei Province.
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At the city level, Wuhan, Ezhou, and Suizhou have the highest correlations between the coupling coordination degree and the number of employees at the end of the period, which are 0.8873, 0.9425, and 0.9294, respectively. Huangshi and Jingmen have the highest correlations between the coupling coordination degree with the built-up area: 0.8940 and 0.8649, respectively. Shiyan, Yichang, Jingzhou, Huanggang, and Xianning have the highest correlations between the coupling coordination degree with the total water resource: 0.9175, 0.8136, 0.9035, 0.9035, and 0.8767, respectively. Xiangyang has the highest correlation between the coupling coordination degree and the UPLSPs, equal to 0.8334. Finally, Xiaogan has the highest correlation between the coupling coordination degree and industrial smoke (powder) dust emissions, which is 0.8975.

In view of the factors restricting the coordinated development of UPLSPs and EE in Hubei Province, Wuhan, Ezhou, and Suizhou should promote the orderly flow of labor elements, deepen the reform of the household registration system, smooth the social flow channels of labor and talents, strengthen the introduction of employees, and improve the level of labor market allocation. Huangshi and Jingmen need to pay attention to make full use of the existing land resources, optimize the structure of urban land use and improve the level of the intensive use of land resources. Shiyan, Yichang, Jingzhou, Huanggang, and Xianning ought to highly value regional water resources protection, enhance residents' awareness of environmental protection, prevent water pollution, and promote the rational allocation of water resources, conservation, and management protection. Xiangyang requires leaders to focus on the spatial distribution of the urban population and land. The city is classified as urban population–land relative matching, so a mechanism should be established to assess the spatial pattern of the urban population and land. Xiaogan demands that we strengthen the protection of the ecological environment. Its EE is low, so it should optimize upgrading the industrial structure and take a green and low-carbon development path.




DISCUSSION

The results of this study showed that from 2000 to 2019 in Hubei Province, UPLSPs exhibited a medium-low mismatch and urban population concentration, and EE was at a medium-low level. The coupling coordination degree between the two was slowly increasing, but it was still low, with strong heterogeneity across regions. The total water resources were the most important factor affecting the coupling coordination between the two. In addition, UPLSPs and EE in Hubei Province had a conflictual relationship, and UPLSPs restricted the development of EE.

First, the UPLSPs of Hubei Province from 2000 to 2019 is classified as urban population concentration, but most cities are considered urban land concentration. There is a phenomenon of urban land concentration transforming to urban population concentration, which is consistent with some previous research (74). This may be because, in the process of urbanization, most local governments have equated urbanization with urban construction, overemphasized the expansion of the urban built-up area, and ignored the implementation of urban population agglomerations and social security after agglomeration, resulting in problems such as the land urbanizing faster than the population. However, to promote the development of new urbanization is essentially to shift from the “land urbanization” mode, which relies on land finance, construction of industrial development zones, and industrial and real estate development in new urban areas, to “population urbanization,” which is oriented to the settlement of the migrating population. Therefore, the evaluation mechanism of urban population–land spatial matching should be established to optimize the flow of elements between the two systems (7, 73). In addition, different measures can be used for different types of cities. For cities that feature an urban land concentration, such as Shiyan, Yichang, Ezhou, Huanggang, Xianning, and Suizhou, we should revitalize the stock of construction land and strictly control its incremental expansion to meet the land demands of urban development and to curb the horizontal expansion of the urban scale. For cities with an urban population concentration, such as Wuhan, Huangshi, Xiaogan, and Jingzhou, we should optimize the upgrading of industrial structure and promote the equalization of public services to meet the land demands of urban population growth and avoid the deterioration of the urban environment through growing traffic congestion caused by increasing limitations on space.

Second, the overall level of EE in Hubei Province is low but with little variation, and there are obvious regional differences, which is consistent with previous research (48). This may be because, with the continuous expansion of the economy and the continuous increase of the population in Hubei Province, the consumption demand for energy resources in the region is increasing, and the production of various pollutants is also increasing, resulting in the increase of ecological pressure and prominent environmental problems; therefore, the level of EE is low. Upgrading the industrial structure should be optimized, and green and low-carbon development needs to be pursued (26). As for cities with high EE, such as Wuhan, Jingmen, and Suizhou, we should actively play the leading role and promote the improvement of EE in surrounding cities by sharing the experiences of ecological environment governance.

Finally, UPLSPs and EE are in conflict, and the UPLSPs of urban land concentration constrains the development of EE, which is consistent with some previous findings (72). This is likely because, with the rapid urbanization of Hubei Province, many people are gathering in cities, urban population density is increasing, and the demand for resources by urban residents have damaged the environment, thus limiting the level of EE. Therefore, it is necessary to strengthen the regional coordination mechanism, clarify the resource endowment advantages and main functions of each city, and vigorously promote the free flow and optimal allocation of production factors within the region (75). Cities with high coupling coordination, such as Suizhou and Wuhan, should give play to the spatial spillover effect, and promote the synergistic development of surrounding cities; cities with low coupling coordination, such as Xiaogan and Huanggang, should transform their development models and take the needs of economic development and the ecological environment into consideration.

The main contributions of this study are several. First, it discusses the dynamic relationship between UPLSPs and EE. Second, the urban population–land spatial matching evaluation model and super-efficient SBM model are constructed to measure UPLSPs and EE, respectively. Finally, the gray relational analysis method is used to analyze the driving factors affecting the coupling coordination degree of UPLSPs and EE in Hubei Province to provide a theoretical reference for regional governments to implement differentiation strategies. However, there are some research limitations. (1) This study constructs the index system of EE based on “input + desired output + undesired output,” but the index selection of the EE input–output system may also contain some other indicators that need to be further explored. This is an aspect that needs detailed research in the future. (2) This study examines the coupling coordination degree between UPLSPs and EE at the city level, and does not investigate the urban agglomeration or county levels. In future research, more in-depth studies need to be carried out along multiple scales and dimensions.



CONCLUSION

This study takes Hubei Province as the research area to explore UPLSPs, EE and their degree of coupling coordination in 12 cities from 2000 to 2019. These measures are calculated by constructing a spatial matching evaluation model, super-efficiency SBM model, and coupling coordination degree model. Then, spatial autocorrelation analysis and gray relational analysis methods are used to explore the spatiotemporal evolution characteristics and driving factors of the coupling coordination between UPLSPs and EE. The purpose of this is to guide the rational allocation of urban populations and land and the construction of ecological civilizations in Hubei Province. The results include a few important points. First, the urban population–land spatial matching degree shows a gradual upward trend from 2000 to 2019, but the overall matching level is not high; the average value of EE takes an “N”-shaped trajectory, and its overall level is low, with obvious regional differences. Second, the average value of the coupling coordination degree between UPLSPs and EE exhibits a slow upward trend, with a radial distribution such that levels are high in the middle and low along the periphery. There is a conflictual relationship between UPLSPs and EE, and the former restricts the development of the latter. Finally, there is a strong correlation between the degree of coupling coordination and various indicators of UPLSPs and EE.
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