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Abstract

:

With the rapid development of urbanization, China is facing problems, such as uncoordinated regional development, imbalanced land space development, and ecological environment pollution. This poses a huge threat to the sustainable development of China’s economy and society. Therefore, there is an urgent need to determine how to coordinate the relationship between the space exploitation, economic development, and ecological environment (SEE) of urban areas. In this study, taking the Henan Province as an example, long time-series data (2000–2020) were used, at a city scale. Then, we developed a logical framework to reveal the interrelationship and intrinsic mechanism between SEE. Next, we explored the spatiotemporal coupling characteristics of SEE using a linear weighting method and a coupling coordination analysis. We found that, from 2000 to 2020, the comprehensive level of SEE showed an obvious trend of change, and different cities have different coupling coordination degrees. However, the overall coupling coordination level is steadily developing and tending to improve. Furthermore, with the spatial autocorrelation method, we analyzed spatial correlation patterns and collaboration/trade-off relationships for SEE. Through the analysis, positive correlation types (HH, LL) cluster significantly and negative correlation types (HL, LH) have low clustering. Meanwhile, we found significant spatial differences in cooperation/trade-off relationships between different years. This research can serve as a reference and as methodological guidance for achieving coordination and sustainable development of the economy, space, and environment.
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1. Introduction


Since the industrial revolution, the space of central cities around the world has been continuously expanding, and the speed of land expansion is faster than the rate of population growth. In the process of global urban spatial development, space exploitation, economic development, and ecological environment protection have become important propositions in development, and they are inseparable [1]. Space exploitation, economic development, and ecological environment (SEE) are important characteristics of regional development. These three aspects are both independent from and closely related to each other, and they have different characteristics and development laws [2]. Space exploitation mainly reflects the investment intensity of a region, including land development, population agglomeration, and investment in capital factors. It is an important indicator of whether a region is developing well [3]. Economic development represents the output characterization of regional development, primarily manifested in the speed, quality, scale, and output efficiency of economic development [4,5]. In short, space exploitation and economic development (SEcon) represent the development degree of a region, and the process of SEcon significantly affects the evolution of the ecological environment, which in turn constrains SEcon [6]. To a certain extent, the interaction of SEE reflects the synergy and rationality of regional development. Therefore, studying the interactive relationship and collaborative development model between the elements of SEE has significance for the healthy development of many countries.



Territorial space is a complex spatiotemporal system of human land linkages that is dynamic and multidimensional [7]. Unrestrained free market forces in the 1950s resulted in the emergence of urban spatial sprawl in the United States. On the one hand, the expansion and exploitation of space relieved living pressure in metropolitan areas, but it also brought challenges, such as traffic congestion, farmland occupancy, and major environmental harm [8,9]. In the 1960s, the problem of urban spatial sprawl was quite serious in European countries. For example, from 1800 to 2000, the built-up areas of London expanded 63 times, while the population only grew 10 times, which resulted in large-scale suburbanization [1,10]. In addition, there is also a widespread phenomenon of urban spatial expansion in Japan. Since the 1970s, urban production and living spaces in Japan have expanded rapidly, which threatened most of the ecological space at a huge cost and weakened Japan’s sustainable development capacity [11]. Spatial sprawl has brought numerous comforts to people’s lives as an unsustainable economic growth model, but we cannot ignore the fact that the imbalances in land spatial development and spatial pattern disorder have become bottlenecks that hinder the sustainable development of many countries around the world [8,12].



Furthermore, after realizing the importance of reasonable space exploitation, Chinese and foreign scholars began to investigate reasonable paths for land space development from perspectives such as optimization or rational layout of land space [13,14,15]. The sensible layout of land use in terms of quantity and space reflects the goal of optimizing land space. Meanwhile, the optimization results are mostly visible as land use spatial allocation plans [6,16,17]. Traditional land use optimization mainly focuses on achieving comprehensive social, economic, and ecological benefits, while land spatial optimization is conducive to identifying regional collaborative development characteristics from a spatial perspective [18,19,20]. According to Rahman and Szabo [17], the most prevalent goals in urban land use optimization are to maximize spatial compactness. To achieve a healthy balance of spatial production and biological conservation. Bourque [21] used the conservation planning software Marxan to boost agricultural production while maintaining biodiversity, emphasizing the importance of strategic and transparent land use decisions. Parry [22] optimized Indian urban service planning using the AHP model and land use appropriateness assessment approach. In addition, in order to explore the impact of spatial exploitation on the environment, many scholars have used nonlinear relationships to explore the relation between urbanization and environmental systems based on the “Environmental Kuznets Curve (EKC)” [23,24,25]. EKC reveals that, with the acceleration of urban development, environmental quality will begin to decline, and after the economy reaches a certain level, environmental quality will improve with the deepening of the development level [26,27]. As a result, the academic community continues to pay close attention to the synergy between space exploitation and the ecological environment (SEcol) [28].



As the world’s third largest country in terms of land area and population, China’s sensible use of land space and environmental impact issues have long been a focus in political and academic circles. Since the reform and opening up, the scale of construction zones in China has rapidly increased from 0.7 thousand km2 in 1981 to 6.2 thousand km2 in 2021. As a result, the rate of spatial development is rapid. In response to the current development status of space in China, scholars have discussed various aspects, such as changes in land use structure [29,30], spatial differentiation characteristics [31], and influencing factors [32,33]. Some scholars have also discussed the coupling and coordination relationship between SEcol from micro to macro perspectives [34,35]. In addition, research on the interaction between spatial development and resource environment is growing [36]. For example, spatial exploitation and ecological environment response [37], ecological environment pressure level [38], resource and environmental carrying capacity [39], and so on. At the same time, the resource consumption and environmental issues caused by economic development are also research directions that cannot be ignored. Long [40] observed that total consumption of China’s water resources continues to rise year after year and used the LMDI (Logarithmic Mean Divisia Index) approach to examine the impact of urban scale on water resource consumption. Zhang [41] investigated the important elements that contribute to changes in land space resource consumption using the structural path decomposition method. In addition, other countries have adopted different approaches to space development, economic development and ecological environment. Qayyum [42] used the EKC framework to examine the impact of urbanization and informal economy on the ecological footprint of selected South Asian countries. Elgin and Oztunali [43] analyzed the association between the size of the shadow economy and air pollution-causing factors. The results show that there is an inverse U-shaped relationship between shadow economy size and environmental degradation. Azam and Khan [44] have inspected the role of urban growth in CO2 emissions for SAARC countries.



In conclusion, research on topics related to space exploitation, economic development, and the environment is constantly deepening, and there have been many achievements [45,46]. However, existing research has focused on studies examining subjects such as changes in spatial structure, development and utilization of land space, optimization of land spatial layout, and the environmental impact of space exploitation [47]. Currently, the research on the relationship between SEE is limited. It is necessary to further focus on the research perspective and explore the coupling relationship, spatiotemporal evolution characteristics, and internal mechanisms of SEE. Based on this, this study selects Henan Province as the research area, expanding the research perspective to the coupling relationship between SEE while simultaneously introducing the concept of coordination and integration, exploring the evolution, spatiotemporal coupling characteristics, and collaboration/trade-off relationships of SEE in Henan Province from 2000 to 2020. Finally, providing theoretical support and practical experience for the coordinated development of cities, economy, and environment. The main objectives of this research include the following: (1) to analyze the evolution trend of SEE; (2) to explore the coupling coordination characteristics of spatiotemporal sequences of SEE; (3) to analyze the spatial correlation patterns and collaboration/trade-off relationships of SEE; and (4) to offer a methodological direction for high-quality collaborative development in various regions.




2. Materials and Methods


2.1. Theoretical Framework


There is an objective symbiotic and coordinated relationship between SEE. On the one hand, by constructing a reasonable spatial pattern, it can promote the rational flow and efficient agglomeration of various elements within the land space. Furthermore, the resource consumption generated by economic growth will decrease, the ecological quality will be improved, and government departments will pay attention to ecological protection [48]. On the other hand, excessive development of space and rapid economic development can lead to frequent problems, such as environmental pollution, resource waste, and forest destruction [49,50]. The decline in ecological quality means that the carrying capacity of resources and environment and the land intensive level are weakened, which in turn restricts the development of high-quality spatial patterns (Figure 1).



This study defines the relationship between the SEE as a coupling coordination relationship and a trade-off relationship. Coupling coordination represents interdependence and collaboration among the SEE. Trade-off represents a balanced and undisturbed development state between SEE. By analyzing the coupling coordination and trade-off relationship between SEE, it can promote the formation of a spatial pattern of high-quality development and ecological civilization in the region.




2.2. Case Study


Henan Province is located in the middle of China near the lower reaches of the Yellow River. The total administrative area is 1.67 × 105 km2 (Figure 2). The terrain of Henan Province is high in the west and low in the east, with complete types of landforms, such as mountains, hills, plains, and basins. Moreover, the land space’s natural endowment advantages are prominent [51]. As the core area of industrialization and urbanization development in central China, Henan Province has gathered a large number of factors and resources and has achieved rapid progress in urbanization and industrialization. The total GDP of Henan Province accounted for about 5.07% of the national economy in 2022, and the urbanization rate has reached 57.07% [52]. However, in recent years, the rapid development of economic construction activities, as well as the impact of the economic environment, industrial structure, industrial models, institutional mechanisms, etc., has led to a tightening of natural resource constraints and an increasing pressure on the ecological environment in Henan Province. Meeting the needs of urban construction and economic development, while also protecting the ecological environment, has become the key to achieving sustainable development. Therefore, in this situation, it is extremely important to study the interactive relationship and collaborative development direction between SEE of urban areas in Henan Province.



By the end of 2020, Henan Province contained 18 cities. Compared to county-level units, different urban units have certain differences in economic development level, industrial structure, and ecological resource endowment. Therefore, studying the interactive relationship between SEE in 18 cities in Henan Province is very important for the interconnection and collaborative development between cities.




2.3. Data Acquisition


The data employed in this study include the following. (1) Land use data and natural statistical data were derived from the Resource and Environmental Science Data Center (https://www.resdc.cn [accessed on 3 November 2023]). (2) Social data and economic data were obtained from statistical yearbooks of Henan Province and cities, as well as the statistical bulletin of the national economy and social development of Henan Province and cities. (3) Environmental data were provided by the environmental status bulletin and water resources bulletins of Henan Province and cities. The missing data of individual years in some cities are based on the data of adjacent years, supplemented by moving average and trend extrapolation methods.




2.4. Methodology


Firstly, an urban symbiotic system of SEE was constructed, as well as an evaluation index system. Secondly, a linear weighting method was applied to analyze the development trends of space exploitation, economic development, and ecological environment level. Afterwards, the coupling coordination degree model was introduced to measure the coupling and differentiation characteristics between SEE. Finally, using spatial autocorrelation analysis, the collaboration and trade-off relationships between SEE were explored (Figure 3).



2.4.1. Establishing Evaluation System


The main purpose of the index system is to clearly show the connotation and characteristics of the system. Considering the principles of systematicity, scientificity, data accessibility, and referring to existing research results [34,53], the comprehensive evaluation index system for SEE was constructed. The space exploitation system is composed of the spatial development degree, spatial development investment, and spatial carrying capacity level (Table 1). Spatial development degree represents the level of regional land development and population agglomeration. Spatial development investment represents the level of capital and factor investment on land, while spatial carrying capacity represents the degree of land development in a region [2].



We attempted to construct an economic development evaluation system based on economic development benefits, economic scale degree, and social living standards (Table 2). Among these, economic development benefits represent benefit output, the economic scale degree represents the quality and quantity of regional economic development, and social living standards represent the social life development level [54].



Ecological environment pressure, ecological environment status, and ecological environment response are all components of the ecological environment system (Table 3). Among these, ecological environment pressure reflects the resource consumption and pollution within the region, ecological environment status reflects the carrying level of the regional ecological environment, and ecological environment response represents the measures taken to respond to environmental pressure [55].




2.4.2. Data Processing


The attributes of multi-dimensional evaluation indicators are clearly different. In order to unify the comparison scale and increase the accuracy of the evaluation, the dimensionless method is employed to standardize the positive and negative indicator data [56].


   X  i j   =      x  i j   − min (  x  i j   ) / max (  x  i j   ) − min (  x  i j   )     max (  x  i j   ) −  x  i j   / max (  x  i j   ) − min (  x  i j   )      



(1)




where i is the indicator, j is the year, Xij is the standardized value, xij is the original value, and max (xij) and min (xij) represent the maximum and minimum value of the indicator i in all of the years studied.



After standardization, the entropy method is used to calculate the information entropy and information utility values of the indicators, and then calculate the weight of the indicators [56]. The effective amount of information provided by the data can be measured by entropy. If the evaluation object’s values differ significantly from the indicator, the entropy value will be small, and the weight of the indicator will be large. On the contrary, if the difference in values of a certain indicator is smaller and the entropy value is larger, it indicates that the weight of the indicator should be smaller. Therefore, the entropy method is an objective weighting method. The equation for calculation is as follows:


   y  i j   =    X  i j    /   ∑   X  i j        



(2)







Further calculation to obtain indicator weights:


   H i  = − k   ∑  i = 1  n   (  y  i j     ln  y  i j   ) , k =  1 /  ln n    



(3)






   h i  = 1 −  H i   



(4)






   w i  =    h i   /    ∑  i = 1  n    h i       



(5)




where hi represents the information entropy of the i evaluation index, wi represents the weight of the i evaluation index (0 ≤ wi ≤ 1), n represents the number of research units. The weight results of various indicators are shown in Table 1, Table 2 and Table 3.




2.4.3. Comprehensive Evaluation


Calculate the index values of each subsystem using the comprehensive index weighting method based on the values and corresponding weights of each indicator within the evaluation framework [57]. The equation for calculation is as follows:


  S E S =   ∑  i = p  q    w i    ×  s i   



(6)






  E D S =   ∑  i = p  q    w i    ×  s i   



(7)






  E E S =   ∑  i = p  q    w i    ×  s i   



(8)




where si represents the index of each indicator. SES, EDS, and EES, respectively, represent the level of space exploitation, economic development, and ecological environment. p and q represent the start and end sequence numbers of each indicator in the n subsystem.




2.4.4. Coupling Coordination Model


Introducing a coupling coordination model of SEE [58,59]. Then measure the degree of interaction between SEE and each other. The equation for calculation is as follows:


  D =          k i  ×  j i  ×  s i        (  k i  ×  j i  ×  s i  ) / 3    3         1 3    ×   α  k i  + β  j i  + λ  s i       



(9)




where D is the coupling degree of SEE. ki, ji, and si, respectively, represent the space exploitation level index, economic development level index, and ecological environment level index. α, β, and λ are the undetermined coefficient. Due to the fact that space exploitation is the foundation for economic development and ecological environment (EE), its changes will have a significant impact on the other two aspects. After taking this into account, set α = 0.4, β = λ = 0.3.



Next, the article establishes coupling coordination models between “SEcon”, “SEcol”, and “EconEcol”, respectively. The calculation formulas are as follows:


   D  k j   =          k i  ×  j i        (  k i  +  j i  ) / 2    2         1 2    ×   α  k i  + β  j i       



(10)






   D  k s   =          k i  ×  s i        (  k i  +  s i  ) / 2    2         1 2    ×   α  k i  + λ  s i       



(11)






   D  j s   =          j i  ×  s i        (  j i  +  s i  ) / 2    2         1 2    ×   β  j i  + λ  s i       



(12)




where Dkj is the coupling coordination degree between SEcon, Dks is the coupling coordination degree between SEcol, Djs is the coupling coordination degree between EconEcol. The undetermined coefficients of α, β, and λ are all assigned 1/2. Based on relevant research results, the coupling coordination degree among the three systems is divided into 3 major categories and 10 subcategories (Table 4).




2.4.5. Spatial Autocorrelation Analysis


To further determine the spatial synergistic characteristics and trade-off relationship between SEE, the spatial autocorrelation analysis is introduced for measurement [47]. Spatial correlation analysis can reflect a certain geographical phenomenon on a regional unit or the correlation degree between an attribute value and the attribute value of adjacent regional units. Spatial autocorrelation analysis is generally divided into Global Moran’s I and Local Moran’s I. The calculation method as follows:


  G M I =   n   ∑ i     ∑ j    w  i j   (  Y i  −  Y ¯  ) (  Y j  −  Y ¯  )       (   ∑  i ≠ j     w  i j   )   ∑ i     (  Y i  −  Y ¯  )  2         



(13)






  L M  I i  =    Y i  −  Y ¯     S 2      ∑  j ≠ 1  n    w  i j   (    Y j  −  Y ¯  )  



(14)






   S 2  =  1 n   ∑  (  Y i    −  Y ¯   ) 2   



(15)




where GMI represents the Global Moran’s I index, and the value range of GMI is [−1,1]. LMIi represents the Local Moran’s I index. Yi and Yj represent the values of variables in adjacent paired space units. wij represents spatial weight matrix elements. S2 is the statistical variance.






3. Results and Analysis


3.1. Comprehensive Level Analysis of SEE


According to the constructed index system of SEE, apply the comprehensive evaluation method to analyze the trend of SEE in Henan Province from 2000 to 2020. As shown in Figure 4.



From 2000 to 2020, the space exploitation level of various cities in Henan Province showed three changes: increasing, decreasing, and relatively stable (Figure 4). Zhengzhou City and Jiyuan City are experiencing a fluctuating and increasing trend in the level of space exploitation. The level of space exploitation in Kaifeng City and Luoyang City has not changed significantly. The space exploitation level of other cities, such as Pingdingshan City, AnyangCity, Hebi City, and Luohe City is showing a fluctuating downward trend. Among the cities with significant improvement, Zhengzhou’s growth rate is relatively significant, increasing from 0.719 to 0.760. Among cities experiencing a downward trend, Luohe’s performance is particularly evident, dropping from 0.609 to 0.301. Overall, Zhengzhou City has the highest level of space exploitation. In terms of space exploitation, Hebi City, Xinxiang City, Jiaozuo City, and Jiyuan City are in second place. The level of space exploitation in Xinyang City is relatively low.



According to analysis from the perspective of their economic development level, various cities in Henan Province showed obvious differentiation characteristics from 2000 to 2020. Among them, cities such as Zhengzhou, Luoyang, Jiaozuo, Xuchang, and Jiyuan have high economic development levels and relatively stable fluctuation trends, which is related to the sound development of the social and economic environment in these regions. The economic development level of cities such as Nanyang, Shangqiu, Xinyang, Zhoukou, and Zhumadian ranks relatively low and shows a slow upward trend. The reason for this is that agriculture in these regions is the focus of development, so the economic advantages are relatively less obvious. Overall, the changes in economic development are closely related to the socio-economic and natural environment, as well as the support and inclination of regional governments.



In terms of ecological environment level, there was a slight difference in the overall ecological environment level of Henan Province from 2000 to 2020. Cities like Luoyang, Sanmenxia, Nanyang, and Xinyang have a high ecological environment level, which is mainly due to the situation of local resource endowment. In addition, cities with higher levels of economic development have relatively low levels of ecological environment due to energy consumption and environmental pollution. Such as Zhengzhou City, Jiaozuo City, Xuchang City.




3.2. Spatiotemporal Characteristics in Coupling Coordination Degree of SEE


Using the coupling coordination model, analyze the spatiotemporal changes in the coupling coordination degree of SEE in Henan Province from 2000 to 2020. As shown in Figure 5 and Figure 6.



From a chronological perspective, the SEE of Henan Province were in different coordinated states from 2000 to 2020 (Figure 5). The majority of cities are in a barely coordinated state and are on the verge of imbalance. However, the coordination status in Zhengzhou City is good, constantly changing between good coordination and intermediate coordination. Among the 18 cities, Zhengzhou, Luoyang, Jiaozuo, Xuchang, and Jiyuan have a coupling coordination degree that is higher than the provincial average. According to the development trend, the coupling coordination in most cities has shown a downward trend but, overall, it remains at a coordinated level or is on the verge of imbalance. Small overall changes and slight improvements have been observed in certain cities, such as Zhengzhou’s growth from 0.790 to 0.836.



From a spatial perspective, the evolution of the coupling coordination degree between SEE in Henan Province has obvious regional differentiation characteristics (Figure 6)



	
By analyzing the comprehensive coordination degree (Figure 6a), it was discovered that, in 2000, the comprehensive coordination degree of SEE was between 0.501 and 0.790. Except for Zhengzhou City and Luohe City, which are in intermediate coordination, other cities are in a primary and barely coordinated state. In 2005 and 2010, compared to 2000, there were some changes, and there were significantly fewer cities in a barely coordinated state. For example, cities such as Zhoukou, Zhumadian, Shangqiu, and Nanyang have begun to transition from barely coordinated to on the verge of imbalance. The overall situation in 2015 was similar to that in 2010, but the pattern of primary coordination changed. In 2020, the number of cities on the verge of imbalance decreased, while the number of cities in a barely coordinated state increased, and the overall coordination state gradually improved.



	
From the perspective of coupling coordination between SEcon (Figure 6b), the overall pattern shows a high coordination degree in the central areas and a low coordination degree in the surrounding areas, but there are slight changes within the scope of the pattern. The majority of cities in 2000 were in a barely coordinated state and on the verge of imbalance, with significant overall differences. In 2005, the number of primary coordinated cities decreased and changed to intermediate or barely coordinated states. The overall pattern in 2010 was similar to that in 2005, with some cities experiencing slight changes. In 2015, the cities with mild imbalance added Xinyang, while the cities on the verge of imbalance added Sanmenxia and Pingdingshan. In 2020, the overall coupling state improved, with an increase in the cities at a barely coordinated state and on the verge of imbalance, and the state of primary coordination added Xuchang City.



	
In 2000 and 2005, there were significant differences in the spatial pattern of the coupling coordination degree between SEcol (Figure 6c). Most cities in the central and western regions are in a primary and intermediate coordination state. The eastern cities of Kaifeng, Zhoukou, and Zhumadian are in a barely coordinated state. In 2010, there was a decrease in the number of cities in a state of primary coordination. As of 2020, there were only three cities in the primary and intermediate coordination states, while the barely coordinated cities significantly increased. Overall, the degree of coordination between SEcol is gradually decreasing. The reason is that the extensive development and occupation of land have led to imbalances between SEcol.



	
By analyzing the coupling coordination degree between economic development and the ecological environment (EconEcol) (Figure 6d), it was found that the overall pattern changed significantly from 2000 to 2020. In 2000, cities on the verge of imbalance, in barely coordinated states, and in states of primary coordination showed a clear pattern of East–Central–West. In 2005, the pattern was similar to that of 2000, but there were changes in certain cities. In 2010, the number of cities in states of intermediate coordination increased, while the number of cities in states of primary coordination decreased. In 2020, the coordination status was mainly composed of well-coordinated cities, cities in a state of primary coordination, and barely coordinated cities, forming a pattern of low in the west and high in the middle and east, with an overall trend towards improvement.







3.3. Collaboration/Trade-Off Pattern of SEE


3.3.1. Spatial Correlation Pattern of SEE


Using the spatial autocorrelation model, we analyzed the interrelationship and distinguished the spatial correlation of each individual system between SEE. As shown in Figure 7, the Global Moran’s I index calculation results confirm that the three systems have significant spatial positive correlation, namely the strong interaction between adjacent units and clustering spatial phenomena. Specifically, from 2000 to 2020, the agglomeration characteristics of the ecological environment system were relatively significant, while the space exploitation system and economic development system were relatively weak (Figure 7). The Moran’s I index for space exploitation and economic development systems generally fluctuates and decreases at intervals of 2010. The Moran’s I index of the ecological environment system drops first and then increases, with minimal overall variation. Overall, the Moran’s I index of space exploitation system ranges from 0.154 to 0.308. The Moran’s I index of economic development system varies from 0.179 to 0.381, whereas the ecological environment system’s Moran’s I index ranges from 0.180 to 0.451.



Based on the global autocorrelation of these three systems, we used the LISA diagram for local spatial autocorrelation analysis to explore the spatial heterogeneity of local regions (Figure 8). The findings show that the spatial differentiation characteristics of SEE are visible in Henan Province. Specifically, (1) in terms of space exploitation, changes have occurred in the past 20 years, with a decline in HH agglomeration units. Meanwhile, the concentration area shrank from the central north to the north. There is no major change in the quantity of the LH area, and the spatial position has been changed from Kaifeng City to Xinxiang City (Figure 8a). (2) In terms of economic development, the HH agglomeration unit did not reduce from 2000 to 2020, but its location moved northward. LL units were added in 2005 and reduced to one unit by 2020, but LH units have not changed significantly (Figure 8b). (3) In terms of ecological environment, the number of LL units did not change from 2000 to 2020, but there were differences in the clustering locations during different years (Figure 8c). In 2000 and 2020, LL units were concentrated in the Northeast region. In 2010 and 2015, LL units were transferred to Xinxiang City, Zhengzhou City, and Xuchang City in the north and central regions, respectively, while HL units were added in 2020.



Overall, the SEE of Henan Province are constrained by regional differentiation regulations while also matching the stage of societal development. Over time, positive correlation types (HH, LL) cluster significantly and exhibit the “aggregated” distribution, whereas negative correlation types (HL, LH) exhibit low clustering and a “scattered” pattern.




3.3.2. Spatial Relationship of Collaboration/Trade-Off between SEE


To make a quantitative analysis on spatial heterogeneity and correlation between SSE, it is necessary to diagnose the collaboration/trade-off relationship of SSE from a spatial perspective. Therefore, we used GeoDa software and a spatial autocorrelation model to calculate the bivariate LISA values of SEE from 2000 to 2020, based on 18 cities as basic units. The specific spatial relationship between collaboration and trade-off is as follows.



	
As shown in Figure 9a, the collaborative relationship was concentrated in LL (Xinxiang City, Jiaozuo City, Zhengzhou City) in 2000, while the trade-off relationship was concentrated in Pingdingshan City. By 2005, Zhoukou City and Zhumadian City had been added to the trade-off relationship. In 2020, the regional distribution of collaboration/trade-off relationships was scattered. The collaborative relationship was mainly located in Jiaozuo City in the north and Zhoukou City in the east. In addition, the trade-off relationship area was scattered in Xinxiang City, Kaifeng City, and Pingdingshan City.



	
As shown in Figure 9b, the collaborative relationship was concentrated in Xinxiang City and Hebi City in 2000, while the trade-off relationship was concentrated in Anyang City and Kaifeng City. In 2005, the distribution of trade-off relationship was scattered. The collaboration/trade-off pattern in 2010 and 2015 was similar, both concentrated in the central and northern regions. In 2020, the collaborative relationship expanded to the north, while the trade-off areas were scattered Hebi City and Zhengzhou City.



	
As shown in Figure 9c, most of the collaborative relationships were in the northern regions in 2000. In 2005, collaborative relationships were mainly concentrated in HH (Luoyang City) and LL (Xinxiang City, Puyang City). In 2010 and 2015, the collaboration/trade-off pattern was similar, with the collaborative relationship mainly manifested as LL aggregation and trade-off relationship concentrated in Hebi City and Zhengzhou City. By 2020, the collaborative relationship areas were transferred to Anyang City and Puyang City.









4. Discussion


4.1. The Coupling Coordination Characteristics at Different Stages Are Obvious


This study found that there are significant trend changes in SEE in Henan Province within the research range. Especially in different stages of development, such as from 2000 to 2010, the degree of coupling coordination fluctuated significantly. After 2010, the degree of coupling coordination gradually stabilized, which is related to the government’s policy orientation. In addition, some cities with better economic development have better coupling coordination degrees, such as Zhengzhou City, Jiaozuo City, and Jiyuan City. This indicates that the coordination between SEE is also closely related to urban development. This conclusion is consistent with the research of many scholars [60,61,62]. Some scholars believe that the coordination between urban expansion and ecological environment depends not only on economic development, but also on policy preferences [63]. In addition, through analysis, this study further emphasizes the symbiotic characteristics between SEE. The research perspective and achievements enrich the existing exploration of the coordination level between urbanization development and ecological environment.




4.2. The Coupling Coordination Pattern between SEcol Has Undergone Significant Changes


As the foundation of urban development, land space often accompanies the instability of the ecological environment during the development process. Space exploitation is an important foundational activity to promote regional economic development [1]. Ecological environment is an important guarantee for social and economic development. The degree of coupling coordination between SEcol is crucial for urban development. This study measures the coupling coordination degree between SEcol and finds that, over time, the coordination degree between SEcol gradually weakens, transitioning from a primary coordination to a barely coordinated state. The reason is that 44.3% of the land space in Henan Province is mountainous and hilly, with strong ecological sensitivity, and the land suitable for cultivation and urban industrial construction is gradually decreasing [64]. More importantly, with the expansion of construction land, agricultural and ecological spaces are constantly being squeezed, leading to ecosystem imbalances [65,66]. This is similar to the research of Ren [67], who believed that socio-economic and policy factors are the key factors in determining whether the ecological quality of Henan Province is good or not. The research on the coupling and coordination relationship between SEcol in this study is also applicable to other countries. Scholars from other countries believe that the development of cities cannot be separated from a good ecological environment and adopt a series of methods to explore the relationship between urban development and ecological environment [68,69].




4.3. Rationality of the Collaboration/Trade-Off Relationship between SEE


Exploring the collaboration/trade-off relationship between SEE is the key to coordinating internal relationships within cities and improving regional competitiveness. Traditional methods for exploring collaborative relationships often use coupling coordination analysis and correlation analysis [70]. Regarding collaboration/trade-off relationship, some scholars have conducted research on ecosystem service, spatial function, urban development, and other aspects [71,72,73]. Zheng [74] believed that the trade-off index could be used to quantify the degree of collaboration between different ecosystem services. Kang [75] took the mechanical equilibrium model to measure the collaboration/trade-off relationship of the “production-living-ecological” functions. Compared to previous studies, this study explores the collaboration/trade-off relationship between SEE through autocorrelation analysis, providing a new perspective for clarifying the interactive relationship between SEE.



Research has shown that there is a clear spatial differentiation characteristic in the collaboration/trade-off between urban SEE in Henan Province. The alternating changes in the collaboration/trade-off relationship over time reflect the dynamic development process of SEE, which is consistent with the regional urbanization process. This is similar to the research of Li [76], who believed that the collaboration/trade-off relationship of cross changes in different functions follows the law of regional differentiation and socio-economic development status.




4.4. Policy Implications and Limitations


In order to achieve coordinated development of urban space, it is necessary to focus on the overall coordination of SEE in the future, and improving the driving capacity, production efficiency, and resource utilization level of cities. Furthermore, it is necessary to promote the transformation of cities with an imbalance in SEE towards coordinated development and, thus, achieve an overall improvement in urban quality. Meanwhile, the government should systematically increase regional capital and technology investment, promote industrial structure optimization, improve the quality of urbanization development, and accelerate the development of ecological and green industries. Afterwards, we need to consider the symbiotic benefits of space, strengthen institutional construction, refine industrial policy systems for different urbanization areas, and promote coordinated development of national spatial economy, society, and ecology. Finally, it is necessary to choose a spatial management mode and follow the path of spatial management transformation from a single, flat management style to a three-dimensional management style, that is based on the collaborative relationship between SEE, and design governance systems and innovative policies that are in line with the urban space of Henan Province. Then, with the help of big data platforms, it will be possible to improve the spatial management system through technological collaboration, institutional mechanism innovation, and other means, providing a basis for ensuring the high-quality development of urban space.



However, this study only measures the coupling coordination degree and trade-off relationship between SEE. Therefore, subsequent research needs to consider the interactive mechanisms and influencing factors between different dimensions. In addition, more case areas can be selected to enhance the operability of research experience promotion.





5. Conclusions


This study constructs an indicator system for SEE from three dimensions. At the same time, a linear weighting method, coupling coordination analysis, and spatial correlation analysis are applied to quantitatively analyze the coupling differentiation characteristics and collaboration/trade-off relationship between SEE in Henan Province from 2000 to 2020. The following conclusions can be obtained: (1) With the passage of time, the comprehensive level of SEE shows an obvious trend of change. From 2000 to 2020, there were significant spatial differences in the coupling coordination degree of SEE among different cities, all of which were in varying degrees of coordination or on the verge of imbalance. However, the overall of coupling coordination level is steadily developing and tends to improve. (2) From the perspective of spatial correlation, SEE are constrained by the regional differentiation laws and social development stages. Over time, positive correlation types (HH, LL) cluster significantly and exhibit an “aggregated” distribution, and negative correlation types (HL, LH) have low clustering and exhibit a “scattered” pattern. (3) There is a spatial collaborative relationship between SEE. From 2000 to 2020, there was a trend of collaboration/trade-off fluctuations, with significant spatial differences in collaboration/trade-off relationships during different years.
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Figure 1. Logical framework of urban system of space exploitation, economic development, and ecological environment (SEE). 
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Figure 2. Geographical location of Henan Province. 
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Figure 3. Research process and framework. 
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Figure 4. Evolution trend of SEE during 2000–2020. 
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Figure 5. Temporal variation in coupling coordination degree of SEE during 2000–2020. 
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Figure 6. Spatial variation in coupling coordination degree of SEE during 2000–2020. (a) Comprehensive coordination degree. (b) Coordination degree between space exploitation and economic development (SEcon). (c) Coordination degree between space exploitation and ecological environment (SEcol). (d) Coordination degree between economic development and ecological environment (EconEcol). 
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Figure 7. Moran’s scatter plot of coupling coordination degree of SEE during 2000–2020. 
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Figure 8. Local spatial correlation of coupling coordination degree of SEE from 2000 to 2020. (a) Local spatial correlation of coupling coordination degree of space exploitation. (b) Local spatial correlation of coupling coordination degree of economic development. (c) Local spatial correlation of coupling coordination degree of ecological environment. 
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Figure 9. Spatial relationship of collaboration/trade-off between SEE from 2000 to 2020. (a) Spatial relationship of collaboration/trade-off between SEcon. (b) Spatial relationship of collaboration/trade-off between SEcol. (c) Spatial relationship of collaboration/ trade-off between EconEcol. 
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Table 1. The evaluation index system of space exploitation.
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Target Level

	
Criteria Layer

	
Index Layer

	
Unit

	
Direction

	
Weight






	
Space exploitation

	
Spatial development degree

	
Proportion of construction land area to total area

	
%

	
−

	
0.0761




	
Traffic land density

	
%

	
+

	
0.0923




	
Population density

	
capita/km2

	
−

	
0.0932




	
Spatial development investment

	
Number of employees in non-agricultural industries per area

	
person/km2

	
+

	
0.0850




	
Urban fixed assets investment per area

	
yuan/km2

	
+

	
0.1185




	
Investment in municipal public facilities per area

	
yuan/km2

	
+

	
0.1634




	
Expenditure on scientific and technological expenses per area

	
yuan/km2

	
+

	
0.1127




	
Spatial carrying capacity level

	
Proportion of urban land

	
%

	
+

	
0.1032




	
Proportion of rural land

	
%

	
+

	
0.0751




	
Built-up area per ten thousand persons

	
km2/person

	
−

	
0.0805








Note: “+” means a positive index, “−” means a negative index.













 





Table 2. The evaluation index system of economic development.
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Target Level

	
Criteria Layer

	
Index Layer

	
Unit

	
Direction

	
Weight






	
Economic development

	
Economic development benefits

	
Per capita total profit of industrial enterprises above designated size

	
yuan/person

	
+

	
0.0980




	
Average financial income

	
yuan/person

	
+

	
0.1008




	
Per capita disposable income ratio of urban and rural residents

	
%

	
−

	
0.0752




	
Economic scale degree

	
Proportion of output value of secondary and tertiary industries

	
%

	
+

	
0.0930




	
Economic density

	
yuan/km2

	
+

	
0.0746




	
GDP growth rate

	
%

	
+

	
0.0743




	
Gross industrial output value per area

	
yuan/km2

	
+

	
0.0892




	
Social living standards

	
Per capita total retail sales of social consumer goods

	
yuan/person

	
+

	
0.1008




	
Proportion of employees in secondary and tertiary industries

	
%

	
+

	
0.0814




	
Number of college students per ten thousand persons

	
person

	
+

	
0.1310




	
Number of hospital beds per ten thousand persons

	
person

	
+

	
0.0819








Note: “+” means a positive index, “−” means a negative index.













 





Table 3. The evaluation index system of ecological development.






Table 3. The evaluation index system of ecological development.





	
Target Level

	
Criteria Layer

	
Index Layer

	
Unit

	
Direction

	
Weight






	
Ecological development

	
Ecological environment pressure

	
Per capita industrial wastewater discharge

	
t/person

	
−

	
0.0802




	
Per capita industrial sulfur dioxide emission

	
t/person

	
−

	
0.0747




	
Per capita comprehensive water

	
t/person

	
−

	
0.0862




	
Ecological environment status

	
Forest coverage

	
%

	
+

	
0.1349




	
Per capita total water resources

	
m3/person

	
+

	
0.1251




	
Per capita ecological land area

	
km2/person

	
+

	
0.1417




	
Green coverage rate in built-up areas

	
%

	
+

	
0.0820




	
Ecological environment response

	
Harmless treatment rate of domestic waste

	
%

	
+

	
0.0777




	
Comprehensive utilization rate of industrial solid waste

	
%

	
+

	
0.0773




	
Proportion of total environmental investment

	
%

	
+

	
0.1202








Note: “+” means a positive index, “−” means a negative index.













 





Table 4. Classification of coupling coordination types between SEE.






Table 4. Classification of coupling coordination types between SEE.





	
Category

	
Interval

	
Sub-Category






	
Coupling coordination stage

	
0.9 < D ≤ 1

	
Advanced coordination




	
0.8 < D ≤ 0.9

	
Well coordination




	
0.7 < D ≤ 0.8

	
Intermediate coordination




	
0.6 < D ≤ 0.7

	
Primary coordination




	
Coordination transition stage

	
0.5 < D ≤ 0.6

	
Barely coordination




	
0.4 < D ≤ 0.5

	
Verge of imbalance




	
Maladjusted recession stage

	
0.3 < D ≤ 0.4

	
Mild imbalance




	
0.2 < D ≤ 0.3

	
Moderate imbalance




	
0.1 < D ≤ 0.2

	
Serious imbalance




	
0 < D ≤ 0.1

	
Extreme imbalance
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