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Abstract

:

The interaction between urbanization and the eco-environment is usually viewed as an effect–feedback framework. Its coupling system is composed of urbanization and eco-environment subsystems. In this paper, the coupling degree (CD) and the coupling coordinated degree (CCD) are used to reflect the coupling interaction and coupling coordination between the urbanization subsystem and the eco-environment subsystem. Based on the dynamic relative quantities of urbanization and eco-environment data in the Pearl River Delta, CD and CCD values were calculated, and the spatiotemporal evolution trend of coordination was analyzed. The results show that (1) from 2000 to 2015, the nine cities in the Pearl River Delta had high CD values and CCD values. Though they had different performances in different periods, they were all in a coordinated class, including good coordination (GC), moderate coordination (MC), and bare coordination (BC). (2) In terms of temporal evolution, the coupling coordination between urbanization and the eco-environment in the entire Pearl River Delta greatly improved. (3) From the perspective of spatial distribution, the coupling coordination of the central region was higher than that of the peripheral regions, and that of the west bank of the Pearl River was higher than that of the east bank of the Pearl River. These results can help local policy makers enact appropriate measures for sustainable development.
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1. Introduction


Rapid urbanization, one of the most important socioeconomic phenomena in the contemporary world, has profoundly impacted the eco-environment. Urbanization is a process of social and economic transformation. It includes not only the decrease in the agricultural population, the continuous expansion of the urban population, and the expansion of urban land to the suburbs, but also the process of urban social, economic, and technological changes entering the countryside [1,2]. The eco-environment refers to the integration of natural factors that affect human survival and development, including the integration of other environmental factors, such as water, soil, atmosphere, resources, energy, and other organisms [3]. While urbanization has brought developmental momentum, it has also brought many problems. Urbanization has led to rapid population growth and rapid economic development, resulting in the exhaustion of resources and the consumption of large amounts of energy. This has led to unreasonable land use and overburdened land. The eco-environment is being severely damaged; at the same time, the destruction of the eco-environment has also led to constraints on urban development. Therefore, the coupling relationship between urbanization and the eco-environment becomes a prominent topic faced by human society and regional economic development.



The interactive coupling relationship between urbanization and the eco-environment exists objectively. Rapid urbanization has greatly improved life and society. On the other hand, it has also produced eco-environmental effects and incipient crises in food, water and energy availability, from air pollution to declining public health standards [4,5]. This phenomenon will put the future achievement of "sustainable development" in jeopardy. To cope with the challenges faced in achieving sustainable development, the Sustainable Development Goals (SDGs) were set as Global Goals by 2030, which were adopted by all United Nations Member States in 2015 [6]. Quantification of the coupling coordination between urbanization and the eco-environment is a critical step to reaching these goals. It is hoped that our findings will accurately identify the spatial distribution pattern of the coupling coordination between urbanization and the eco-environment, which will assist policymakers to promote the coordination of these two factors and, ultimately, to realize future sustainable development.



Many studies have focused on the topic of the coupling relationship between urbanization and the eco-environment from qualitative and quantitative perspectives. Several methods have been used, including the coupling coordination model [7], the gravity model [8], the ecological footprint and comprehensive development index [9], and so forth. For example, Li, et al. [7] evaluated sustainability among economic, social and environmental subsystems using the coupling coordination model. Wu et al. [8] adopted the gravity center model to analyze the overall coupling situation between urbanization and changes in the eco-environment. The coupling coordinated model is the most popular method for its simplicity and objectivity. It has been applied at different scales, such as to cities [1,7,10], urban agglomerations [8,11], regions [12,13], countries [14], and the world [5]. For example, Fan et al. [10] examined the coupling coordinated development situation among vital urban areas; in China’s 31 provincial capital cities, they found Beijing, Hangzhou, etc., showed the best coupling coordinated degrees, presenting a harmonious relationship between advanced social economy and sound eco-environment. Wang et al. [11] focused on the interactive coercing relationship and coupling coordination degree between urbanization and the eco-environment in the Beijing–Tianjin–Hebei region by using an interactive coercing model followed by a dynamic coupling coordination degree model to estimate the relationship. Zhao et al. [5] established an integrated evaluation index system and a dynamic coupling coordination degree model in order to investigate the global coupling relationship between urbanization and the environment system based on the data collected from the World Bank for 209 countries and regions all over the world.



In previous studies, the Pearl River Delta is a region which gained much attention. As a rapidly urbanizing area, the Pearl River Delta faces a contradiction between urbanization and the eco-environment, which is manifested by the decline in the quantity and quality of natural resources, the increase in urban environmental pollution, and the deterioration of the natural eco-environment, which has severely restricted the sustainable development of the region [15,16,17,18].Thus, some studies have addressed the spatial differentiation characteristics of the coordination between urbanization and the eco-environment in the Pearl River Delta [8,13]. However, coordination is generally calculated based on the status quo data, and not on incremental data. The status quo data reflect the attributes of a certain time, while incremental data reflect the attributes of a process. Since urbanization and eco-environmental change are both dynamic processes, research that considers incremental data can better demonstrate the coordination of these changes. In view of this fact, an evaluation of the coupling coordination between urbanization and the eco-environment based on incremental data will be produced. Specifically, the Pearl River Delta is the area under investigation. Our objectives were multifold as follows: (1) to establish the indicators of the urbanization subsystem and the eco-environment subsystem based on incremental data; (2) to quantify the coupling degree (CD) and the coupling coordinated degree (CCD) between urbanization and the eco-environment in the different periods of 2000–2005, 2005–2010, 2010–2015; (3) to analyze the spatiotemporal evolution trend of coupling coordination in the Pearl River Delta, and compare this with the results of previous studies.



The rest of this paper is organized as follows. Section 2 describes the materials used in this paper and the methodology, including the selection and the weights of indicators under the subsystems and the implementation of CD and CDD models. Section 3 presents the results of the coupling coordination based on the models proposed in Section 2. Discussions are then presented in Section 4 and the main conclusions of this paper are summarized in Section 5.




2. Materials and Methods


2.1. Study Area


The Pearl River Delta area, located in south China, is a humid, subtropical region. It was studied as an example area due to its dramatic urbanization over the past three decades. The concept of the Pearl River Delta was first proposed on 8 October 1994, and the Guangdong Provincial Party Committee proposed the construction of the Pearl River Delta Economic Zone at the Third Plenary Session of the Seventh Central Committee. The Pearl River Delta has 9 cities, including Guangzhou, Shenzhen, Zhuhai, Foshan, Zhaoqing, Huizhou, Jiangmen, Dongguan, and Zhongshan, with a total area of 56,000 km2, as shown in Figure 1. As of 2019, the GDP of the Pearl River Delta reached 8.68 trillion yuan. It is one of the regions with the highest economic vitality and openness in China and has an important strategic position in the overall development of the country. On 18 February 2019, the Central Committee of the Communist Party of China and the State Council issued the “Outline of the Guangdong–Hong Kong–Macao Greater Bay Area Development Plan”. According to the outline, 9 cities in the Pearl River Delta, the Hong Kong Special Administrative Region, and the Macao Special Administrative Region have jointly established the Guangdong–Hong Kong–Macao Greater Bay Area.




2.2. Methods


In order to evaluate the coupling coordination between urbanization and the eco-environment, the coupling degree (CD) and coupling coordinated degree (CDD) models have been used. Before these two models are applied, a comprehensive index system must be established. Here, we established the urbanization subsystem and the eco-environment subsystem based on incremental data.



2.2.1. Data Acquisition and Preprocessing


The data on urbanization and the eco-environment selected in 2000, 2005, 2010 and 2015 come from the statistical yearbooks of the nine local cities in the Pearl River Delta area. A total of 36 statistical yearbooks were used. Eleven indicators in the four aspects of population urbanization, economic urbanization, land urbanization, and social urbanization constitute the urbanization subsystem, and the five indicators selected in the eco-environment system focus on green space and environmental pollution. In this study, a total of 16 representative indicators were selected as the basic indicators for evaluation.



The dynamic relative quantity, a dynamic comparison of two values of the same index in different time periods, was used to demonstrate the incremental degree of the index. The calculation formula is:


  Q =    V b     V a    × 100 %  



(1)




where  Q  is the dynamic relative quantity, which is usually expressed as a percentage (%) or multiple, and    V a    and    V b    are the values of a specific index at the beginning of the time period and the end of the time period respectively. In this study, the dynamic relative quantities of 2000–2005, 2005–2010, 2010–2015 were calculated based on the original data (See Table A1, Table A2, Table A3, Table A4, Table A5, Table A6, Table A7, Table A8 and Table A9 in Appendix A).



The original data and the dynamic relative quantities had different dimensions and orders of magnitude. In order to exclude the influence of these factors, the data needed to be standardized. The smaller the environmental pollution index, the higher the eco-environment level. Compared with other indicators, this was a "negative index" and required special treatment. In this study, the dispersion normalization method was used to normalize the original data to the range of [0, 1], and the calculation formula is [1]:


    x ^   ij   =  {         x  ij     −   m i n  (   x j   )    m a x (  x j  )   −   m i n (  x j  )             Positive   indicator         m i n  (   x j   )    −    x  ij     m a x (  x j  )   −   m i n (  x j  )               Negative   indicator        



(2)




where     x ^   ij     is the value after standardization,    x  ij     is the value of index j in year I, and   m i n  (   x j   )    and   m a x (  x j  )    are respectively the minimum and maximum values of index j in all years.




2.2.2. Implementation of Methodology


The implementation method of this study includes two parts.



Part 1: Selection of indicators under the subsystems, giving weights.



Correct selection of evaluation indicators and reasonable measurements were the basis of systematic analysis and evaluation. With reference to the indicators used more frequently in previous studies, the evaluation index system for the coordination of urbanization and eco-environment was divided into the urbanization subsystem and the eco-environment subsystem. The urbanization subsystem, was divided into four aspects: population urbanization, economic urbanization, land urbanization, and social urbanization. The eco-environment subsystem was divided into two aspects: state of the eco-environment and environmental pollution level. Several representative indicators were selected as the basic indicators for evaluation. Here, the analytic hierarchy process [19] was used to calculate the weights of the indicators. The indicator system is shown in Table 1.



Part 2: Implementation of CD and CDD models.



The urbanization level and eco-environment improvement level were first calculated according to the normalized value and the weight of each index:


  u  ( x )  =   ∑   i = 1  n   a i   x i   



(3)






  e  ( y )  =   ∑   i = 1  n   b i   y i   



(4)




where u(x) and   e  ( y )    are the urbanization level and eco-environment improvement level, respectively,    x i    and    y i    represent the normalized index values of the urbanization subsystem and the eco-environment subsystem based on the dynamic relative quantities, and    a i     and    b i    represent the corresponding weights. According to the analysis of the concept of coordination, it is hoped that the smaller the difference between u(x) and e(y), the better. Here, coordination degree (CD) was introduced to measure the coordination degree of urbanization and the eco-environment [1,20,21]:


  C D =    {    u  ( x )  e  ( y )       [    u  ( x )  + e  ( y )   2   ]   2     }   k   



(5)




where k is the adjustment coefficient, k ≥ 2. Since we evaluated the coordination relationship between the urbanization system and the eco-environment system, k = 2. The value range of CD is [0, 1]; the larger the value, the higher the level of the coupling between urbanization and the eco-environment. When the maximum value of 1 is reached, this indicates the best coupling state; otherwise, it is less coupled. On the basis of the coupling degree, a coupling coordinated degree model was introduced to further reflect the coordination of urbanization and the eco-environment [10,12,22,23]:


  C D D =   C D × T    



(6)






  T = α u  ( x )  + β e  ( y )   



(7)




where CDD is the coupling coordinated degree, and T is the evaluation index of the comprehensive level of urbanization and the eco-environment. CCD can be used to quantitatively evaluate and compare the coupling coordination of urbanization and the eco-environment in different spatial units or different periods of the same unit;  α  and  β  are undetermined weights. Referring to previous related research, the urbanization of the cities in the Pearl River Delta was found to be consistent with the eco-environment. Thus,  α  =    β   = 0.5 in this paper.



In order to make a quantitative assessment of the coupling coordination of urbanization and the eco-environment, we divided the coupling coordination level of urbanization and the eco-environment into eight classes and 24 specific types according to the CDD value and the difference between u(x) and e(y). When the CDD value is above 0.5, it belongs to the class of coordinated development; otherwise, it belongs to the class of imbalanced development. If   u  ( x )  − e  ( y )  > 0.1  , the development of the eco-environment subsystem is lagging behind the urbanization subsystem; while if   e  ( y )  − u  ( x )  > 0.1  , the development of the urbanization sub-system is lagging behind the eco-environment subsystem; when the difference between u(x) and e(y) is less than 0.1, this means that the urbanization subsystem and the eco-environment subsystem develop synchronously. The specific classification criteria are shown in Table 2.






3. Results


3.1. CD of Urbanization and the Eco-Environment


According to the model of urbanization level and eco-environment development level, separate comprehensive evaluation results of the urbanization level and eco-environment development level were obtained. Further, the CD values of urbanization and the eco-environment of nine cities in the Pearl River Delta from 2000 to 2005, 2005 to 2010, and 2010 to 2015 were calculated, as shown in Table 3. The change trend is shown in Figure 2.



In terms of ranking, the cities in the Pearl River Delta rank from high to low as Zhuhai, Foshan, Shenzhen, Zhongshan, Zhaoqing, Jiangmen, Dongguan, Guangzhou, and Huizhou. The cities with an upward trend include Guangzhou, Zhuhai, Foshan, and Dongguan.



From the numerical point of view, the overall coupling degree of all cities in the Pearl River Delta was relatively high. Among them, the CD values of Shenzhen, Zhuhai, and Foshan were above 0.9. while Guangzhou, Zhaoqing, Huizhou, and Dongguan had a low coupling degree during 2000–2005. With the continuous development of the eco-environment, they exceeded 0.9 during 2010–2015. The coupling degree between Jiangmen and Zhongshan was high in 2000–2005 but later fell below 0.9.



From the perspective of spatial distribution (Figure 3), the number of cities with a CD value greater than 0.9 gradually increased, and almost full coverage was achieved in 2010–2015. Overall, from 2000 to 2005, the coupling degree of the west bank of the Pearl River was better than that of the east bank of the Pearl River. The four cities on the west bank of Foshan, Zhongshan, Zhuhai, and Jiangmen were the first to achieve coupling results with a CD value greater than 0.9, compared with only Shenzhen on the east bank of the Lower Pearl River, which was slightly inferior. From 2005 to 2010, cities with a CD value above 0.9 on the east bank of the Pearl River gradually improved to two, and the gap with the west bank was narrowing. By 2015, the coupling degree of all cities on the east bank was greater than 0.9, while the CD values of Zhongshan and Jiangmen on the west bank were slightly behind. On the whole, the CD value of urbanization and the eco-environment of most cities in the Pearl River Delta was greater than 0.9, and the coupling degree was very high.




3.2. CDD of Urbanization and the Eco-Environment


According to the CDD formula and the classification criterion, the CDD values and the types of coupling coordination of nine cities in the Pearl River Delta in different periods were obtained, as shown in Table 4, and the changes are shown in Figure 4.



Judging from the rankings, the cities in the Pearl River Delta rank from high to low as Zhongshan, Zhaoqing, Guangzhou, Zhuhai, Dongguan, Foshan, Huizhou, Shenzhen, and Jiangmen. All of the CDD values of the nine cities in the Pearl River Delta are above 0.5; that is, they all belong to the class of coordinated development.



Guangzhou: the CCD rank of Guangzhou rose from sixth place during 2000–2005 to third and second places, with CCD values of 0.57, 0.65, and 0.72, respectively. The initial specific type of the coupling coordination was ‘barely coordination’ for eco-environment lagging type (BC-EL), which progressed to ‘moderate coordination’ for urbanization lagging type (MC-UL) and ‘good coordination’ for urbanization lagging type (GC-UL).



Shenzhen: the class of the coupling coordination of Shenzhen continued to be ‘barely coordination’ (BC), with CCD values of 0.54, 0.55, and 0.59 in different times, respectively, while the type converted from synchronous development (SD) to eco-environment lagging type (EL).



Zhuhai: the CDD value of Zhuhai was relatively high, but it had regressed slightly over time, changing from good coordination (GC) to moderate coordination (MC), but the development of the eco-environment had become synchronous with urbanization since 2005.



Foshan: Although Foshan dropped from third to ninth place, and from MC to BC, its urbanization and eco-environment development tended to be synchronized.



Zhaoqing: this was the city with the largest increase in the coupling coordination, rising initially from fifth place to the top of the list, from BC to GC, and the development of the eco-environment changed considerably, from lagging behind urbanization to synchronizing with urbanization and finally surpassing urbanization.



Huizhou and Jiangmen: the coupling coordination of these two cities has always been in the stage of BC, with the eco-environment development gradually lagging behind urbanization.



Dongguan: this rose from seventh place to fourth place, from BC to MC, and the eco-environment evolved from lagging behind urbanization to synchronizing with urbanization.



Zhongshan: the average ranking of Zhongshan was the highest in the nine cities, and the coupling coordination was always above 0.65.



From a spatial perspective (Figure 5), the coupling coordination between urbanization and the eco-environment of cities in the Pearl River Delta is not spatially balanced. In general, the central region is higher than the peripheral regions, and the west bank of the Pearl River is higher than the east bank of the Pearl River. Guangzhou in the central region and Zhongshan and Zhuhai on the west bank of the Pearl River are higher, while Shenzhen and Dongguan on the east bank of the Pearl River are lower. Jiangmen and Huizhou in the outer regions have always been in a ‘barely’ coordination class, while Zhaoqing has a higher coupling coordination degree.



From 2000 to 2005, only the two west coast cities of Zhuhai and Zhongshan in the Pearl River Delta belonged to the GC class, Foshan belonged to the MC class, and others belonged to the BC class. From 2005 to 2010, only Zhaoqing belonged to the GC class, Guangzhou and Zhongshan were MC class, and other cities were BC class. From 2010 to 2015, the cities in the GC class were Guangzhou and Zhaoqing, and the number of MC-class cities had risen to three: Zhuhai, Zhongshan, and Dongguan. It can be seen that although the east bank has made great progress overall, there is still a gap between the coupling coordination degree of the east bank and the west bank.



Taking the Pearl River Delta as a whole, the average coupling coordination between urbanization and the eco-environment is shown in Figure 6. As time went on, the extent of difference between the level of urbanization and the eco-environment level gradually narrowed; as the former was decreasing, the latter was increasing. The CD value was 0.86, increasing to 0.90 and finally 0.95; the CCD values were 0.60, 0.61, and 0.63, respectively. Both the coupling interaction and the coupling coordination between urbanization and the eco-environment in the Pearl River Delta have greatly improved.





4. Discussion


The results of the current study show some similarities and differences with those in the literature. Mei et al. analyzed the temporal and spatial evolution of the coordinated development between the economy and the environment from 2000 to 2010 in the Pearl River Delta area [13]. Their results show that Shenzhen, Dongguan, and Guangzhou belong to the first level in the measurement of CD, while in this research, Zhuhai, Foshan, and Shenzhen are the cities with the highest CD values. In the measurement of CDD, the overall levels of Shenzhen, Guangzhou, Zhuhai, and Foshan are relatively high. According to the results of this paper, Zhongshan, Zhaoqing, Guangzhou, and Zhuhai have the highest CDD values. Obviously, these two results are not quite the same. On the one hand, the evaluation period is different; on the other hand, the two studies adopted different index systems. However, the central region of the Pearl River Delta has a higher level of coordinated development than the peripheral regions, which could be considered as a "center–periphery" structure in both studies.



Wu et al. also used the coordination index to determine the spatial differentiation characteristics of the coupling of urbanization and ecological environment changes in the Guangdong–Hong Kong–Macao Greater Bay Area from 2000 to 2018 [8]. According to their research, 620 township (street) units were divided into five categories: superiorly coupled, barely coupled, slightly uncoupled, moderately uncoupled, and seriously uncoupled. Although the evaluation scales of the two papers are different, there are many similarities in the results. Both studies proved that the overall coordination of the Pearl River Delta area showed an improving trend from 2000 to 2015. However, a decreasing number of coupled units in the entire region may occur when studying the coordination at a finer scale. This is because data obtained at a finer scale (such as remote sensing images) have greater spatial heterogeneity, while using statistical data treats the region as a whole and simply reflects the average coordination during a specific period.



According to the current findings, both Zhuhai and Shenzhen have high CD values, but it is obvious that the CCD value of Zhuhai is higher than that of Shenzhen. These two cities are both special economic zones and adjacent to Hong Kong and Macao. They have a high level of economic development and attract population migration and economic activities. However, Zhuhai seems to outperform Shenzhen in terms of eco-environment improvement [3,24]. The specific type of coupling coordination from synchronous development type (SD) to eco-environment lagging type (EL) indicated that Shenzhen has gradually failed to keep up with the speed of urbanization regarding its eco-environment improvement [24,25,26]. Although the CDD value of Zhuhai has regressed slightly, the development of the eco-environment was synchronized with urbanization. This could be attributed to the sustainable development strategy implemented across Zhuhai’s economy, society, population, resources, and environment [27,28]. As the provincial capital city, Guangzhou has made an enormous achievement in eco-environmental protection as well as construction, converting the class of coupling coordination from ‘barely’ coordination (BC) to good coordination (GC), and from eco-environment lagging type (EL) to urbanization lagging type (UL). On the whole, both the coupling interaction and the coupling coordination between urbanization and the eco-environment in the Pearl River Delta have been greatly improved. The greatest contribution to the continuous improvement of the coordination of the Pearl River Delta area is regional planning in the past, such as industrial park planning, greenway planning, high-quality life circle planning, and so on. The purpose of such planning is to effectively guide and reshape sustainable development and improve the quality of the eco-environment [29]. However, the eco-environment level is still lower than the level of urbanization, and the type of coupling coordination has always stayed at the MC stage, which could be continuously improved. During the implementation of planning, cities could change their development modes and follow the concept of scientific development. For example, they could adjust the overall urban planning and industrial layout in a timely manner, adhering to the unity of economic, social, and ecological benefits to achieve sustainable development. They could rationally adjust their industrial structure and focus on developing high-tech industries with high economic benefits and less pollution. They could rely on scientific and technological progress and pay close attention to the prevention and control of industrial pollution. They could continue to plant trees, return farmland to forests and grasslands, expand green areas, and ensure harmony between man and nature.



From the perspective of incremental indicators, this study quantitatively examined the coupling coordination of urbanization and the eco-environment. The selected indicators may be imperfect and need to be further explored; however, the study is a new attempt applied to the Pearl River Delta, which is a sensitive area of urbanization. This study analyzed the spatial pattern differentiation of the coupling coordination between urbanization and the eco-environment. However, the underlying reasons and driving forces of this differentiation remain to be further examined.




5. Conclusions


This study comprehensively used the coupling degree and coupling coordinated degree models to quantitatively evaluate the coupling coordination between urbanization and the eco-environment. It is different from most previous studies in that it innovatively used all incremental indicators in the indicator system, which is different from the current status quo values used in the past.



The main results of this study are as follows: (1) During the study period, the coupling interaction of nine cities in the Pearl River Delta showed different performances. The average coupling interaction of the entire Pearl River Delta was constantly rising. (2) There were no cities in an imbalanced state. The nine cities in the Pearl River Delta were all in a coordinated class, including GC, MC, and BC. The average coupling coordination of the entire Pearl River Delta has greatly improved, but most types belonged to EL, indicating that eco-environment improvement still lags behind the urbanization. (3) The coupling interaction on the west bank of the Pearl River was generally higher than that on the east bank in the early part of the study period. However, in the later period, the coupling interaction of the east bank surpassed that of the west bank. The spatial pattern of the coupling coordination in the Pearl River Delta is that the central region is higher than the peripheral regions, and the west bank of the Pearl River is higher than the east bank of the Pearl River.



In this study, the indicator system for evaluating the coupling coordination between urbanization and the eco-environment was built based on incremental data. The Pearl River Delta was taken as an example to quantify the coupling degree (CD) and the coupling coordinated degree (CCD) between urbanization and the eco-environment from 2000 to 2005, 2005 to 2010, and 2010 to 2015. In addition, their spatial and temporal characteristics and evolution law were analyzed. The results will help local policy makers enact appropriate measures for sustainable development. The balance between urbanization and the eco-environment should be created and maintained, especially at the high-speed stage of urbanization.
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Table A1. Original data of the indicators of Guangzhou.






Table A1. Original data of the indicators of Guangzhou.





	Specific Index
	2000
	2005
	2010
	2015





	Population of permanent residents (10,000 person)
	994.80
	949.68
	1270.96
	1350.11



	Registered population (10,000 person)
	700.69
	750.53
	806.14
	854.19



	Practitioners (10,000 person)
	496.26
	574.46
	711.07
	810.99



	Gross Domestic Product (GDP) (billion yuan)
	250.56
	518.79
	1085.93
	1831.38



	GDP per capita (million yuan)
	3.43
	6.93
	8.75
	13.62



	Tertiary industry output (billion yuan)
	137.68
	655.75
	655.75
	1214.75



	Built-up area (km2)
	430.70
	734.99
	952.03
	1237.25



	Road mileage (km)
	5179.00
	5493.00
	8975.00
	9320.00



	Total retail sales of consumer goods (trillion yuan)
	1121.13
	1905.84
	4476.38
	7987.96



	Amount of medical staffs (10,000 person)
	7.26
	7.94
	11.73
	15.39



	Amount of teachers (10,000 person)
	8.22
	11.96
	14.61
	16.41



	Green coverage area (km2)
	1104.05
	1306.26
	1407.68
	1529.42



	Green area (km2)
	1051.58
	1232.19
	1308.25
	1410.41



	Park area (km2)
	29.80
	45.30
	48.70
	51.93



	Industrial wastewater discharge (100,000 tons)
	1732.1
	2024.9
	2358.6
	2244.4



	Industrial sulfur dioxide emissions (10,000 tons)
	17.87
	14.50
	12.48
	9.90
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Table A2. Original data of the indicators of Shenzhen.
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	Specific Index
	2000
	2005
	2010
	2015





	Population of permanent residents (10,000 person)
	701.24
	827.75
	1037.2
	1137.87



	Registered population (10,000 person)
	124.92
	181.93
	259.87
	354.99



	Practitioners (10,000 person)
	474.97
	576.26
	758.14
	906.14



	Gross Domestic Product (GDP) (billion yuan)
	221.92
	503.58
	1000.22
	1801.41



	GDP per capita (million yuan)
	3.28
	6.80
	9.62
	15.80



	Tertiary industry output (billion yuan)
	108.58
	229.86
	524.63
	1028.83



	Built-up area (km2)
	136.45
	713.00
	830.01
	900.00



	Road mileage (km)
	1356.50
	1579.90
	1617.40
	1643.70



	Total retail sales of consumer goods (trillion yuan)
	735.02
	1441.61
	3000.76
	5017.84



	Amount of medical staffs (10,000 person)
	1.97
	3.16
	6.77
	9.27



	Amount of teachers (10,000 person)
	3.81
	7.70
	11.29
	16.03



	Green coverage area (km2)
	999.85
	976.05
	975.92
	998.41



	Green area (km2)
	990.05
	963.80
	963.68
	978.50



	Park area (km2)
	68.51
	159.86
	205.41
	219.55



	Industrial wastewater discharge (100,000 tons)
	536.20
	644.40
	830.80
	1193.70



	Industrial sulfur dioxide emissions (10,000 tons)
	4.08
	4.35
	3.39
	3.67










[image: Table] 





Table A3. Original data of the indicators of Zhuhai.
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	Specific Index
	2000
	2005
	2010
	2015





	Population of permanent residents (10,000 person)
	123.65
	141.57
	156.16
	163.41



	Registered population (10,000 person)
	73.91
	89.60
	104.74
	112.45



	Practitioners (10,000 person)
	78.88
	94.01
	103.02
	108.92



	Gross Domestic Product (GDP) (billion yuan)
	33.59
	64.05
	122.59
	206.64



	GDP per capita (million yuan)
	2.78
	4.53
	7.80
	12.47



	Tertiary industry output (billion yuan)
	14.43
	27.36
	51.64
	97.30



	Built-up area (km2)
	58.50
	105.55
	123.64
	123.64



	Road mileage (km)
	877.60
	1074.3
	1394.76
	1446.71



	Total retail sales of consumer goods (trillion yuan)
	121.17
	220.19
	486.03
	913.20



	Amount of medical staffs (10,000 person)
	0.50
	0.88
	1.45
	1.76



	Amount of teachers (10,000 person)
	1.34
	1.65
	2.09
	2.61



	Green coverage area (km2)
	273.51
	308.65
	324.56
	336.62



	Green area (km2)
	40.40
	51.03
	57.72
	102.38



	Park area (km2)
	0.10
	0.11
	0.25
	0.28



	Industrial wastewater discharge (100,000 tons)
	252.70
	282.40
	544.60
	552.40



	Industrial sulfur dioxide emissions (10,000 tons)
	3.24
	3.03
	3.21
	9.03
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Table A4. Original data of the indicators of Foshan.
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	Specific Index
	2000
	2005
	2010
	2015





	Population of permanent residents (10,000 person)
	534.05
	580.03
	719.91
	743.06



	Registered population (10,000 person)
	332.46
	354.48
	370.89
	388.97



	Practitioners (10,000 person)
	193.50
	348.69
	443.46
	438.41



	Gross Domestic Product (GDP) (billion yuan)
	105.04
	245.07
	568.54
	813.37



	GDP per capita (million yuan)
	1.06
	1.18
	1.09
	1.08



	Tertiary industry output (billion yuan)
	43.50
	86.80
	199.54
	302.80



	Built-up area (km2)
	36.91
	171.69
	151.53
	158.05



	Road mileage (km)
	3528.5
	3928.1
	4914.23
	4885.00



	Total retail sales of consumer goods (trillion yuan)
	337.55
	647.73
	1687.13
	2705.22



	Amount of medical staffs (10,000 person)
	1.70
	1.93
	3.35
	4.36



	Amount of teachers (10,000 person)
	3.63
	4.49
	4.92
	5.48



	Green coverage area (km2)
	50.26
	83.09
	117.37
	97.33



	Green area (km2)
	44.76
	51.18
	109.73
	93.44



	Park area (km2)
	6.20
	13.25
	15.08
	20.33



	Industrial wastewater discharge (100,000 tons)
	1102.00
	2493.70
	2904.20
	2039.60



	Industrial sulfur dioxide emissions (10,000 tons)
	11.82
	14.89
	13.26
	19.19
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Table A5. Original data of the indicators of Zhaoqing.
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	Specific Index
	2000
	2005
	2010
	2015





	Population of permanent residents (10,000 person)
	337.69
	367.60
	392.22
	405.96



	Registered population (10,000 person)
	386.60
	396.48
	422.41
	438.27



	Practitioners (10,000 person)
	202.63
	215.05
	213.05
	218.44



	Gross Domestic Product (GDP) (billion yuan)
	24.98
	43.60
	109.41
	198.40



	GDP per capita (million yuan)
	0.74
	1.19
	2.81
	4.87



	Tertiary industry output (billion yuan)
	10.49
	20.04
	44.06
	69.15



	Built-up area (km2)
	34.52
	55.9
	79.95
	117.45



	Road mileage (km)
	7457.70
	8296.00
	11,261
	14,128.01



	Total retail sales of consumer goods (trillion yuan)
	77.31
	142.29
	326.69
	632.36



	Amount of medical staffs (10,000 person)
	1.45
	1.45
	1.89
	2.62



	Amount of teachers (10,000 person)
	3.40
	3.76
	4.94
	5.15



	Green coverage area (km2)
	50.62
	83.56
	78.34
	119.20



	Green area (km2)
	31.69
	49.14
	49.48
	97.70



	Park area (km2)
	10.45
	37.46
	37.55
	2.97



	Industrial wastewater discharge (100,000 tons)
	664.00
	723.10
	1040.20
	1259.30



	Industrial sulfur dioxide emissions (10,000 tons)
	2.27
	2.33
	2.92
	3.27










[image: Table] 





Table A6. Original data of the indicators of Jiangmen.
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	Specific Index
	2000
	2005
	2010
	2015





	Population of permanent residents (10,000 person)
	395.24
	410.29
	445.08
	451.95



	Registered population (10,000 person)
	380.85
	386.24
	392.28
	391.41



	Practitioners (10,000 person)
	208.68
	214.53
	248.29
	242.92



	Gross Domestic Product (GDP) (billion yuan)
	50.47
	80.17
	158.15
	226.42



	GDP per capita (million yuan)
	1.29
	1.95
	3.56
	4.96



	Tertiary industry output (billion yuan)
	19.97
	30.37
	58.14
	98.08



	Built-up area (km2)
	34.96
	100.35
	128.66
	150.00



	Road mileage (km)
	6000.00
	8000.00
	9971.70
	10,018.20



	Total retail sales of consumer goods (trillion yuan)
	177.11
	309.82
	650.74
	1034.31



	Amount of medical staffs (10,000 person)
	1.41
	1.42
	1.73
	2.58



	Amount of teachers (10,000 person)
	3.30
	3.60
	3.92
	4.00



	Green coverage area (km2)
	84.60
	88.29
	95.37
	123.40



	Green area (km2)
	81.58
	84.31
	92.33
	120.08



	Park area (km2)
	4.84
	7.50
	10.11
	20.04



	Industrial wastewater discharge (100,000 tons)
	1088.20
	1199.30
	1438.40
	1441.30



	Industrial sulfur dioxide emissions (10,000 tons)
	2.40
	3.71
	6.71
	10.31
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Table A7. Original data of the indicators of Huizhou.
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	Specific Index
	2000
	2005
	2010
	2015





	Population of permanent residents (10,000 person)
	321.8
	370.69
	460.11
	475.55



	Registered population (10,000 person)
	277.80
	297.58
	337.28
	357.07



	Practitioners (10,000 person)
	186.7
	222.62
	260.14
	281.51



	Gross Domestic Product (GDP) (billion yuan)
	43.92
	80.51
	174.19
	317.87



	GDP per capita (million yuan)
	1.39
	2.19
	3.87
	6.62



	Tertiary industry output (billion yuan)
	12.17
	27.31
	61.34
	126.24



	Built-up area (km2)
	43.95
	95.66
	214.96
	238.89



	Road mileage (km)
	6986.00
	7538.00
	10,826.00
	13,476.00



	Total retail sales of consumer goods (trillion yuan)
	126.48
	252.01
	582.53
	1070.72



	Amount of medical staffs (10,000 person)
	1.06
	1.20
	1.82
	2.81



	Amount of teachers (10,000 person)
	2.61
	3.30
	4.23
	4.95



	Green coverage area (km2)
	16.91
	41.53
	65.28
	92.99



	Green area (km2)
	15.06
	37.25
	58.35
	83.58



	Park area (km2)
	1.87
	5.06
	9.59
	20.78



	Industrial wastewater discharge (100,000 tons)
	343.20
	435.90
	872.70
	830.00



	Industrial sulfur dioxide emissions (10,000 ton)
	0.79
	0.74
	1.65
	9.69
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Table A8. Original data of the indicators of Dongguan.
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	Specific Index
	2000
	2005
	2010
	2015





	Population of permanent residents (10,000 person)
	644.84
	656.07
	822.48
	825.41



	Registered population (10,000 person)
	152.61
	165.65
	181.77
	195.01



	Practitioners (10,000 person)
	164.08
	188.58
	226.27
	226.78



	Gross Domestic Product (GDP) (billion yuan)
	82.11
	218.82
	430.89
	637.43



	GDP per capita (million yuan)
	1.37
	3.33
	5.32
	7.56



	Tertiary industry output (billion yuan)
	34.36
	93.48
	206.99
	333.20



	Built-up area (km2)
	281.3
	652.79
	820.26
	932.05



	Road mileage (km)
	2519.00
	2871.00
	4751.00
	5165.00



	Total retail sales of consumer goods (trillion yuan)
	235.16
	506.29
	1223.34
	2184.70



	Amount of medical staffs (10,000 person)
	0.81
	1.88
	3.75
	4.52



	Amount of teachers (10,000 person)
	1.90
	3.68
	5.68
	7.82



	Green coverage area (km2)
	679.50
	730.88
	794.46
	966.06



	Green area (km2)
	639.04
	680.67
	741.85
	827.50



	Park area (km2)
	18.47
	59.19
	111.30
	144.93



	Industrial wastewater discharge (100,000 tons)
	2338.90
	2192.20
	9126.00
	2690.90



	Industrial sulfur dioxide emissions (10,000 tons)
	18.20
	17.52
	11.97
	27.84
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Table A9. Original data of the indicators of Zhongshan.
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	Specific Index
	2000
	2005
	2010
	2015





	Population of permanent residents (10,000 person)
	236.47
	243.46
	312.27
	320.96



	Registered population (10,000 person)
	133.75
	140.82
	149.18
	158.68



	Practitioners (10,000 person)
	64.64
	130.37
	174.15
	158.22



	Gross Domestic Product (GDP) (billion yuan)
	34.54
	89.46
	187.79
	305.28



	GDP per capita (million yuan)
	1.51
	3.64
	6.09
	9.40



	Tertiary industry output (billion yuan)
	14.11
	31.56
	72.76
	131.09



	Built-up area (km2)
	27.67
	35.6
	87.3
	138.89



	Road mileage (km)
	948.80
	1332.60
	1917.10
	2610.00



	Total retail sales of consumer goods (trillion yuan)
	106.77
	276.6
	648.1
	1079.7



	Amount of medical staffs (10,000 person)
	0.68
	0.68
	1.51
	2.00



	Amount of teachers (10,000 person)
	1.14
	1.80
	2.44
	2.86



	Green coverage area (km2)
	12.24
	30.68
	42.34
	44.67



	Green area (km2)
	11.17
	28.15
	33.35
	42.55



	Park area (km2)
	1.95
	3.29
	5.44
	9.76



	Industrial wastewater discharge (100,000 tons)
	699.90
	841.10
	1447.70
	862.20



	Industrial sulfur dioxide emissions (10,000 ton)
	2.22
	3.17
	3.50
	3.15
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Figure 1. Location of the Pearl River Delta in Guangdong Province. 
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Figure 2. Changes in the coupling degree of urbanization and the eco-environment in the nine cities of the Pearl River Delta. 
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Figure 3. Spatial pattern of coupling degree of urbanization and the eco-environment in cities in the Pearl River Delta during (a) 2000–2005; (b) 2005–2010; (c) 2010–2015. 
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Figure 4. Coupling coordinated degree changes of the nine cities in the Pearl River Delta. 
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Figure 5. Spatial pattern of coupling coordinated degree between urbanization and the eco-environment in cities in the Pearl River Delta during (a) 2000–2005; (b) 2005–2010; (c) 2010–2015. 
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Figure 6. Coupling degree and coupling coordinated degree in the Pearl River Delta from 2000 to 2015. 
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Table 1. Evaluation indicator system for coupling coordination of urbanization and the eco-environment.
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Target Layer

	
Domain Level

	
Criterion Layer

	
Index Layer

	
Weight






	
Urbanization and Eco-environment Coupling Coordination

	
Urbanization subsystem

	
Population urbanization

	
Population of permanent residents

	
0.1521




	
Registered population

	
0.0368




	
Practitioners

	
0.0488




	
Economic urbanization

	
Gross Domestic Product (GDP)

	
0.1641




	
GDP per capita

	
0.2108




	
Tertiary industry output

	
0.0704




	
land urbanization

	
Built-up area

	
0.2124




	
Road mileage

	
0.0206




	
Social urbanization

	
Total retail sales of consumer goods

	
0.0492




	
Medical staffs

	
0.0171




	
Teachers

	
0.0177




	
Eco-environment subsystem

	
Eco-environment state

	
Green coverage area

	
0.2227




	
Green area

	
0.1469




	
Park area

	
0.0844




	
Environmental pollution

	
Industrial wastewater discharge

	
0.2840




	
Industrial sulfur dioxide emissions

	
0.2619
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Table 2. Classification criteria for coupling coordination of urbanization and the eco-environment.
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Class

	
CDD

	
Type

	
    u  ( x )  − e  ( y )     

	
Specific Type






	
Superior coordination

	
   0.9 ≤ C D D ≤ 1   

	
Eco-environment lagging

	
     u  ( x )  − e  ( y )  > 0.1   

	
SC-EL




	
Synchronous development

	
     0 ≤  |  u  ( x )  − e  ( y )   |  ≤ 0.1   

	
SC-SD




	
Urbanization lagging

	
   e  ( y )  − u  ( x )  > 0.1   

	
SC-UL




	
Good coordination

	
   0.7 ≤ C D D < 0.9     

	
Eco-environment lagging

	
     u  ( x )  − e  ( y )  > 0.1   

	
GC-EL




	
Synchronous development

	
   0 ≤  |  u  ( x )  − e  ( y )   |  ≤ 0.1   

	
GC-SD




	
Urbanization lagging

	
   e  ( y )  − u  ( x )  > 0.1   

	
GC-UL




	
Moderate coordination

	
   0.6 ≤ C D D < 0.7     

	
Eco-environment lagging

	
     u  ( x )  − e  ( y )  > 0.1   

	
MC-EL




	
Synchronous development

	
   0 ≤  |  u  ( x )  − e  ( y )   |  ≤ 0.1   

	
MC-SD




	
Urbanization lagging

	
     e  ( y )  − u  ( x )  > 0.1   

	
MC-UL




	
Barely coordination

	
   0.5 ≤ C D D < 0.6     

	
Eco-environment lagging

	
     u  ( x )  − e  ( y )  > 0.1   

	
BC-EL




	
Synchronous development

	
     0 ≤  |  u  ( x )  − e  ( y )   |  ≤ 0.1   

	
BC-SD




	
Urbanization lagging

	
     e  ( y )  − u  ( x )  > 0.1   

	
BC-UL




	
Close to imbalance

	
   0.4 ≤ C D D < 0.5     

	
Eco-environment lagging

	
     u  ( x )  − e  ( y )  > 0.1   

	
CI-EL




	
Synchronous development

	
     0 ≤  |  u  ( x )  − e  ( y )   |  ≤ 0.1   

	
CI-SD




	
Urbanization lagging

	
     e  ( y )  − u  ( x )  > 0.1   

	
CI-UL




	
Slight imbalance

	
   0.3 ≤ C D D < 0.4   

	
Eco-environment lagging

	
     u  ( x )  − e  ( y )  > 0.1   

	
SlI-EL




	
Synchronous development

	
   0 ≤  |  u  ( x )  − e  ( y )   |  ≤ 0.1   

	
SlI-SD




	
Urbanization lagging

	
     e  ( y )  − u  ( x )  > 0.1   

	
SlI-UL




	
Moderate imbalance

	
   0.1 ≤ C D D < 0.3   

	
Eco-environment lagging

	
     u  ( x )  − e  ( y )  > 0.1   

	
MI-EL




	
Synchronous development

	
     0 ≤  |  u  ( x )  − e  ( y )   |  ≤ 0.1   

	
MI-SD




	
Urbanization lagging

	
   e  ( y )  − u  ( x )  > 0.1   

	
MI-UL




	
Severe imbalance

	
   0 ≤ C D D < 0.1   

	
Eco-environment lagging

	
   u  ( x )  − e  ( y )  > 0.1   

	
SeI-EL




	
Synchronous development

	
   0 ≤  |  u  ( x )  − e  ( y )   |  ≤ 0.1   

	
SeI-SD




	
Urbanization lagging

	
     e  ( y )  − u  ( x )  > 0.1   

	
SeI-UL








u(x) and e(y) are the urbanization level and eco-environment improvement level. CCD is the coupling coordination degree. SC-EL, SC-SD and SC-UL represent superior coordination for eco-environment lagging type, synchronous development type and urbanization lagging type, respectively. GC, MC and BC represent good coordination, moderate coordination and bare coordination, respectively. CI, SlI, MI and SeI represent close to imbalance, slight imbalance, moderate imbalance and severe imbalance, respectively. EL, SD and UL represent eco-environment lagging type, synchronous development type and urbanization lagging type, respectively.
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Table 3. Coupling degree of urbanization and the eco-environment of cities in the Pearl River Delta.
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Cities

	
2000–2005

	
2005–2010

	
2010–2015

	
Average CD




	
u(x)

	
e(y)

	
CD

	
u(x)

	
e(y)

	
CD

	
u(x)

	
e(y)

	
CD






	
Guangzhou

	
0.59

	
0.27

	
0.74 (8)

	
0.37

	
0.60

	
0.88 (7)

	
0.47

	
0.59

	
0.97 (5)

	
0.87 (8)




	
Shenzhen

	
0.34

	
0.26

	
0.96 (1)

	
0.40

	
0.26

	
0.91 (6)

	
0.45

	
0.31

	
0.94 (6)

	
0.90 (3)




	
Zhuhai

	
0.62

	
0.44

	
0.95 (4)

	
0.37

	
0.28

	
0.96 (2)

	
0.41

	
0.39

	
1.00 (2)

	
0.97 (1)




	
Foshan

	
0.32

	
0.46

	
0.93 (5)

	
0.31

	
0.46

	
0.93 (5)

	
0.28

	
0.27

	
1.00 (1)

	
0.95 (2)




	
Zhaoqing

	
0.56

	
0.28

	
0.78 (7)

	
0.54

	
0.60

	
0.99 (1)

	
0.52

	
0.65

	
0.97 (4)

	
0.92 (5)




	
Jiangmen

	
0.37

	
0.27

	
0.94 (3)

	
0.49

	
0.28

	
0.86 (8)

	
0.42

	
0.26

	
0.89 (8)

	
0.90 (6)




	
Huizhou

	
0.53

	
0.28

	
0.83 (6)

	
0.60

	
0.26

	
0.72 (9)

	
0.41

	
0.26

	
0.91 (7)

	
0.82 (9)




	
Dongguan

	
0.63

	
0.26

	
0.69 (9)

	
0.37

	
0.26

	
0.94 (4)

	
0.37

	
0.47

	
0.97 (3)

	
0.87 (7)




	
Zhongshan

	
0.54

	
0.74

	
0.95 (2)

	
0.59

	
0.42

	
0.94 (3)

	
0.61

	
0.36

	
0.88 (9)

	
0.93 (4)








u(x) and e(y) are the urbanization level and eco-environment improvement level. CD is the coordination degree. The numbers in parentheses are the rankings of the CD values.
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Table 4. Coupling coordination types of nine cities in the Pearl River Delta from 2000 to 2015.
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City

	
2000–2005

	
2005–2010

	
2010–2015

	
Average CDD




	
CDD

	
Specific Type

	
CDD

	
Specific Type

	
CDD

	
Specific Type






	
Guangzhou

	
0.57 (6)

	
BC-EL

	
0.65 (3)

	
MC-UL

	
0.72 (2)

	
GC-UL

	
0.65 (3)




	
Shenzhen

	
0.54 (9)

	
BC-SD

	
0.55 (8)

	
BC-EL

	
0.59 (6)

	
BC-EL

	
0.56 (8)




	
Zhuhai

	
0.71 (2)

	
GC-EL

	
0.56 (6)

	
BC-SD

	
0.63 (5)

	
MC-SD

	
0.63 (4)




	
Foshan

	
0.60 (3)

	
MC-UL

	
0.60 (4)

	
BC-UL

	
0.52 (9)

	
BC-SD

	
0.57 (6)




	
Zhaoqing

	
0.57 (5)

	
BC-EL

	
0.75 (1)

	
GC-SD

	
0.75 (1)

	
GC-UL

	
0.69 (2)




	
Jiangmen

	
0.55 (8)

	
BC-SD

	
0.57 (5)

	
BC-EL

	
0.55 (7)

	
BC-EL

	
0.56 (9)




	
Huizhou

	
0.58 (4)

	
BC-EL

	
0.56 (7)

	
BC-EL

	
0.55 (8)

	
BC-EL

	
0.56 (7)




	
Dongguan

	
0.55 (7)

	
BC-EL

	
0.54 (9)

	
BC-EL

	
0.64 (4)

	
MC-SD

	
0.58 (5)




	
Zhongshan

	
0.78 (1)

	
GC-EL

	
0.69 (2)

	
MC-EL

	
0.65 (3)

	
MC-EL

	
0.71 (1)








CCD is the coupling coordination degree. GC, MC and BC represent good coordination, moderate coordination and barely coordination, respectively. EL, SD and UL represent eco-environment lagging type, synchronous development type and urbanization lagging type, respectively. The numbers in parentheses are the rankings of the CCD values.
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