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 8 

Abstract 9 

Since the implementation of the Chinese economic reforms, economic development in 10 

the coastal cities has resulted in serious degradation of habitat quality; however, the 11 

concept of "ecological civilization" has improved this situation. For quantitative 12 

analysis of the correlation between the Pearl River Delta urban expansion and changes 13 

in habitat quality under the influence of the policy, we first analyzed the habitat quality 14 

change based on the InVEST model and then measured the impact of construction land 15 

expansion on the habitat quality through habitat quality change index (HQCI) and 16 

contribution index (CI) indicators. Finally, the correlation between urbanization level 17 

and habitat quality was evaluated using geographically weighted regression (GWR) and 18 

the Self-organizing feature mapping neural network (SOFM). The results indicated that: 19 

(1) during the study period, the habitat quality index decreased from 0.7181 to 0.6672 20 



owing to urban expansion, and the decrease was most significant from 2000 to 2010. 21 

(2) The urbanization index had a negative effect on the habitat quality, but this improved 22 

after 2000, reflecting the positive effect of policies such as "ecological civilization 23 

construction" (3) The importance of ecological civilization varies greatly among cities 24 

in the study area: Shenzhen, Dongguan, Foshan, and Zhongshan have the best level of 25 

green development. These results reflect the positive role of policies in the prevention 26 

of damage to habitat quality caused by economic development and provide a reference 27 

for the formulation of sustainable urban development policies with spatial differences. 28 

Keywords: habitat quality; urbanization; GWR; SOFM; Pearl River Delta 29 

 30 

Introduction 31 

Habitat quality refers to the ability of an ecosystem to provide suitable living 32 

conditions to sustain a species, which can reflect the level of biodiversity and ecological 33 

services to a certain extent 1,2. Urbanization is the main driving factor that puts 34 

tremendous pressure on biodiversity conservation 3. Since the implementation of the 35 

reform and opening-up policy, China’s urbanization rate has increased rapidly, from 36 

17.9% in 1978 to 60.6% in 2019, and is expected to reach 65.5% by 2025. The rapid 37 

urbanization process and high-intensity human activities have converted a large number 38 

of natural habitats into construction land 4, which has severely damaged the quality of 39 

the habitats, leading to the loss of biodiversity and causing irreversible damage to the 40 



health of the ecosystem and human well-being 5–7. Reducing the impact of urban 41 

expansion on habitats to achieve a sustainable urban ecosystem in which humans and 42 

nature can coexist harmoniously has become a key goal of the government and urban 43 

planners (Lin et al., 2021; Peng et al., 2020). 44 

At present, studies on habitat quality can be divided into two categories: (1) 45 

species or regional habitat quality assessment. Most studies involving habit quality 46 

assessment use mainly two method types; one is to collect habitat quality parameters 47 

data through field measurements 10,11. Such a method can be adjusted according to the 48 

research purpose to improve the accuracy and reliability of the results but requires 49 

higher labor and time inputs, and the amount of data generated is large. Another method 50 

used is the “habitat quality” module in the “Integrated Valuation of Environmental 51 

Services and Trade-off” model (InVEST-HQ), which was co-developed by Stanford 52 

University, the Nature Conservancy, and the World Wide Fund for Nature 12. This model 53 

has a low demand for data and a better spatial visualization effect, which is widely used 54 

in the field of urban ecology 13–15. (2) The second category of studies on habitat quality 55 

are those with a focus on urban ecological protection. One type of such studies is the 56 

prediction and multi-scenario simulation of habitat quality. Such studies mostly use 57 

CA-Markov and other methods to predict the spatial pattern of habitat quality in 58 

different situations, which can provide a rigorous theoretical basis for land planning 59 

and ecological restoration 16–19. The other type is to explore the factors influencing the 60 

habitat quality, which involves studying the relationship between land-use types, 61 



landscape patterns, and habitat quality, as well as analyzing the impact of natural factors 62 

such as DEM, temperature, precipitation, and slope aspect, or human factors such as 63 

GDP and population on the habitat quality 20,21. 64 

Many studies have reported that urbanization is the main driving force in the 65 

degradation of habitat quality 3,22. Land-use cover change and expansion of construction 66 

land, population agglomeration, high-intensity human activities, industrial structure 67 

transformation, and rapid economic development have led to the degradation of habitat 68 

quality, which places considerable  pressure on the maintenance of biodiversity, 69 

ecosystem service functions, and ecological security 23–26. Some studies have simulated 70 

the effects of different urbanization processes on habitat quality based on cellular 71 

automata (CA), CLUE-S, CA-Markov, SSPS, and System Dynamics models. They 72 

have also reported that to achieve sustainable urban ecological development, the urban 73 

growth rate and expansion direction need to be controlled based on the quantity and 74 

spatial distribution of land and population. At the same time, it is necessary to promote 75 

intensive urban development, promote fixed asset investment, and technological 76 

innovation 5,27–29. Studies on past urban expansion indicate that urban economic 77 

development poses a considerable threat to habitats on both sides of the Shenzhen River 78 

30. Forest remains in Seoul, South Korea, are divided into multiple isolated habitats 31. 79 

Attention should be paid to the protection of landscape connectivity and important 80 

ecological spaces, and biodiversity conservation should be considered an important 81 

component of urban planning 32,33. However, most existing studies focus on the 82 



correlation between urban sprawl and habitat quality 34,35. The lack of comparative 83 

studies over multiple time periods makes it difficult to reveal the trends in such 84 

correlations for use in the process of policy changes. In this study, we focused on the 85 

role of policies in mitigating the negative impacts of urbanization on habitat quality. 86 

Many models have been widely used to assess the impact of urbanization on 87 

habitat quality. Among them, the habitat quality change index (HQCI), contribution 88 

index (CI), ordinary least squares (OLS), and geographically weighted regression 89 

(GWR) models are commonly used. Some studies have measured the correlation 90 

between urbanization level and habitat quality from the perspective of correlation36. 91 

Indicators, such as HQCI and CI, that can quantitatively express the above relationship, 92 

can effectively reflect the average value and total amount of habitat loss caused by the 93 

growth of construction land 2. GWR is improved based on OLS and constructs local 94 

regression equations at each research unit, which can reflect the interaction between 95 

different variables in the ecosystem from the perspective of spatial differentiation 35,37,38. 96 

This can provide more spatial heterogeneity information and decision-making 97 

references for urban green development. In addition, as an unsupervised artificial neural 98 

network model, SOFM has the characteristics of self-adaptation, self-organization, self-99 

learning, etc., which can be applied to distinguish the differences in ecological service 100 

value, landscape pattern, land resources, and other eco-environment-related indicators 101 

in different regions 39,40. 102 

Since the implementation of the reform and opening-up policy in China, many 103 



special economic zones have been established, among which the urbanization level of 104 

the Pearl River Delta urban agglomeration has developed rapidly and the encroachment 105 

on ecological space has become increasingly considerable 41. Therefore, we used the 106 

Pearl River Delta as the study area. Based on existing cases, the night light index, 107 

population density, and land urbanization rate were selected as economic development 108 

indicators 35. Using river basins as the research unit, the coupling between urbanization 109 

and habitat quality was quantitatively evaluated using GWR and a self-organizing 110 

feature mapping neural network (SOFM). This study reveals the spatiotemporal pattern 111 

change in habitat quality and the impact of urbanization on habitat quality in the Pearl 112 

River Delta over the past 30 years. It also demonstrates that positive development of 113 

ecological conservation policies can provide theoretical support for the construction of 114 

an ecological space and sustainable development of the urban ecosystem.  115 

Materials and Methods 116 

Study area 117 

The Pearl River Delta (112°45'-113°50' E, 21°31'-23 °10' N) is located in the 118 

central and southern parts of Guangdong Province, including the lower reaches of the 119 

Pearl River, adjacent to Hong Kong and Macao, and facing Southeast Asia across the 120 

sea with convenient land and sea transportation. As shown in Figure 1, the Pearl River 121 

Delta region includes nine prefecture-level cities, namely Guangzhou, Shenzhen, 122 

Zhongshan, Zhuhai, Dongguan, Zhaoqing, Foshan, Huizhou, and Jiangmen. 123 



 124 

Figure 1. Geographical location of Pearl River Delta. 125 

                                                                      126 

Data source 127 

 The research framework of this paper is shown in Figure 2, and the data sources 128 

are as follows:  129 

(1) China's land-use raster data for 1990, 2000, 2010, and 2018 were obtained from 130 

the Data Center for Resources and Environmental Sciences, Chinese Academy of 131 

Sciences (http://www.resdc.cn), with a spatial resolution of 30 m. According to land 132 

resources and their utilization attributes, the dataset divides land cover types into six 133 

first-level categories: cultivated land, woodland, grassland, water area, construction 134 

land, and unused land. The land urbanization rate (LUR) is calculated as the ratio of 135 

construction land to all land-use types. 136 

(2) The proportion of population (POP) raster data from 1990, 2000, 2010, and 137 

2015 were obtained from the Environment and Resources Data Cloud Platform of the 138 



Chinese Academy of Sciences, with a spatial resolution of 1 km. Owing to the stable 139 

growth of population density under normal circumstances, the population density data 140 

of 2018 were obtained by linear fitting based on POP data from 2010 and 2015. 141 

(3) Nighttime Light (NTL) raster data from 1992 to 2018 were obtained from the 142 

Nature journal data (https://doi.org/10.6084/m9.figshare.9828827.v2) with a spatial 143 

resolution of 500 m 42 Calibration was performed to eliminate the differences in the 144 

DMSP (1992–2013) and VIIRS (2012–2018) data, generating a complete and 145 

consistent NTL dataset on a global scale. 146 

 147 

Figure 2. Research framework 148 

                                                                      149 

Land-use information TUPU 150 

The land-use information graph is a geospatial analysis model combining 151 

attributes, processes, and spaces, which can reflect the spatial differences and temporal 152 

changes in land-use types. In its function expression, let the state variables be 153 

𝑝(𝑝1, 𝑝2, 𝑝3, …，𝑝𝑛), and then set p as a function of spatial position r and time t, as 154 

https://doi.org/10.6084/m9.figshare.9828827.v2


follows: 155 𝑝 = 𝑓(𝑟, 𝑡) (1) 156 

where 𝑝 represents land-use characteristics. (1) To realize the spatial description 157 

of land attributes, when t is constant, the function relation of 𝑝 changing with 𝑟 is 158 

constructed. (2) The process description of land attributes can be realized, and when 𝑟 159 

is constant, the function relation of 𝑝  changing with 𝑡  can be constructed. The 160 

combination of these two functions can form a conceptual model of the land-use 161 

information graph and realize a composite study of land space, process, and attributes.  162 

Habitat quality  163 

Habitat quality evaluation 164 

We used InVEST-HQ to evaluate the habitat quality in the Pearl River Delta region. 165 

Based on land-use types, this module calculated the habitat degradation degree and 166 

habitat quality index by using threat factors, the sensitivity of different habitat types to 167 

threat factors, and habitat suitability. Habitat degradation and habitat quality were 168 

calculated using the following formulas: 169 

𝑄𝑥𝑗 =  𝐻𝑗 [1 − ( 𝐷𝑥𝑗2𝐷𝑥𝑗2 + 𝑘2))] (2) 170 

𝐷𝑥𝑗 =  ∑ ∑ ( 𝑤𝑟∑ 𝑤𝑟𝑟𝑟=1 ) 𝑟𝑦𝑦𝑦=1𝑟𝑟=1 𝑖𝑟𝑥𝑦𝛽𝑥𝑆𝑗𝑟 (3) 171 

where 𝑄𝑥𝑗 is the habitat quality of grid x in land-use type j, 𝐻𝑗 is the habitat 172 

suitability of land-use type j, 𝐷𝑥𝑗 is the habitat degradation degree of grid x in land-173 

use type j, k is the half-satiety sum constant, r is the number of threat factors, and y is 174 



the relative sensitivity of threat sources. 𝑟𝑦、𝑤𝑟 , and 𝑖𝑟𝑥𝑦  are, respectively, the 175 

interference intensity and weight of the grid where the threat factor r is located, and the 176 

interference generated by the habitat. 𝛽𝑥、𝑆𝑗𝑟  are the anti-disturbance ability of 177 

habitat type x and its relative sensitivity to various threat sources, respectively. 178 

The value range of habitat degradation degree is [0,1], and the larger the value, the 179 

more serious the habitat degradation. The value of habitat quality is between 0 and 1, 180 

and the higher the value, the better the habitat quality. 181 Linear attenuation: 𝑖𝑟𝑥𝑦 = 1 − (𝑑𝑥𝑦 𝑑𝑟 𝑚𝑎𝑥⁄ ) (4)  182 Exponential decay: 𝑖𝑟𝑥𝑦 = 𝑒𝑥𝑝[−2.99𝑑𝑥𝑦 𝑑𝑟 𝑚𝑎𝑥⁄ ] (5)  183 

where 𝑑𝑥𝑦 is the straight-line distance between grids x and y, and 𝑑𝑟 𝑚𝑎𝑥 is the 184 

maximum threat distance of threat factor r. 185 

 186 

Threat factor 𝒅𝒓 𝒎𝒂𝒙(km) Weight 𝒘𝒓 Distance–decay function 

Cropland 5 0.5 exponential 

City/town 9 1.0 exponential 

Rural settlements 6 0.6 exponential 

Other construction land 2 1.0 exponential 

Unused land 1 0.4 linear 

Land reclamation 2 0.3 linear 

Table 1. Threat factors and related coefficients. 187 

                                                                       188 



Habitat type 

Habitat 

suitability 

Sensitivity 

CUL CL RS OCL UL DO 

Cropland 0.4 0.0 0.8 0.6 0.7 0.4 0.4 

Woodland 1.0 0.7 0.9 0.8 0.8 0.5 0.5 

Bush forest 1.0 0.6 0.8 0.6 0.7 0.4 0.4 

Sparse woodland 0.8 0.7 0.8 0.7 0.8 0.5 0.5 

Other woodland 0.6 0.7 0.8 0.7 0.8 0.4 0.4 

High cover grassland 0.9 0.6 0.7 0.7 0.7 0.7 0.7 

Medium cover grassland 0.8 0.6 0.7 0.7 0.7 0.7 0.7 

Low cover grassland 0.6 0.6 0.7 0.7 0.7 0.7 0.7 

Water 0.8 0.4 0.7 0.6 0.7 0.4 0.4 

Unused land 0.4 0.3 0.5 0.4 0.5 0.0 0.0 

Land reclamation 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

CUL, cultivated land; CL, construction land; RS, rural settlement; OCL, other 189 

construction land; UL, unused land; DO, decreased ocean. 190 

Table 2. Sensitivity of habitat types to each threat factor. 191 

                                                                       192 

Based on the regional characteristics of the Pearl River Delta, combined with relevant 193 

studies 43 and experts' suggestions, various parameters required by the InVEST model 194 

were determined, including the influence range and weight of different threat factors 195 

(Table 1), habitat suitability, and the sensitivity of different habitat types to threat factors 196 



(Table 2). 197 

Habitat quality change index and contribution index 198 

The CI was used to analyze the causes of the changes in habitat quality, and the 199 

following formula was used to quantitatively represent the contribution of land-use 200 

conversion to habitat quality change. In this study, the total value of habitat quality loss 201 

caused by land transfer in areas related to construction land expansion from 1990 to 202 

2018 can be expressed as follows: 203 

CI =  ∑ (𝑄𝑖𝑗2018 − 𝑄𝑥𝑗1990)𝑛1 𝑛 (6) 204 

where n is the grid number of cultivated land transferred to construction land. 205 

To analyze the relationship between land-use change and habitat quality, the HQCI 206 

was constructed to describe the mean value of habitat quality reduction caused by land 207 

transfer in the areas related to construction land expansion during the study period. The 208 

formula is as follows: 209 HQCI = 𝐶𝐼𝑖𝑗 𝑆𝑖𝑗⁄ (7) 210 

where 𝐶𝐼𝑖𝑗 represents the total value of habitat quality change when land-use type 211 𝑖 is converted into land-use type 𝑗, and 𝑆𝑖𝑗 represents the area converted from land-212 

use type 𝑖  into land-use type 𝑗 . The positive and negative values of HQCI, 213 

respectively, represent the positive and negative impacts of land-use change on the 214 

habitat, and the higher the absolute value of HQCI, the greater the impact. 215 



Correlation analysis 216 

Geographically weighted regression 217 

Based on traditional OLS, GWR establishes local spatial regression and considers 218 

spatial location factors, which can effectively analyze the spatial heterogeneity of 219 

various elements at different locations 44. The calculation formula is as follows: 220 𝑌𝑖 =  𝛽0(𝜇𝑖 , 𝑣𝑖) + ∑ 𝑘𝛽𝑘(𝜇𝑖 , 𝑣𝑖) 𝑋𝑖𝑘 + 𝜖𝑖 221 

where 𝑌𝑖 is the coupling coordination degree of the ith sample point, (𝜇𝑖 , 𝑣𝑖) is 222 

the spatial position coordinate of the ith sample point, 𝛽𝑘(𝜇𝑖 , 𝑣𝑖) is the value of the 223 

continuous function 𝛽𝑘(𝜇, 𝑣) at (𝜇𝑖 , 𝑣𝑖), 𝑋𝑖𝑘 is the independent variable, 𝜖𝑖 is the 224 

random error term, and k is the number of spatial units. 225 

To simplify the complicated urbanization process, it was divided into three aspects: 226 

economic urbanization, population urbanization, and land urbanization according to the 227 

existing research 35. The NTL, POP, and LUR were used to represent the economic 228 

development, population scale, and land urbanization level of the city. 229 

The research unit is a river basin, which has both natural and social attributes. It is 230 

a relatively independent and complete system, which can connect and explain the 231 

coupling phenomenon of society, economy, and nature 45. The hydrological analysis 232 

module in ArcGIS was used to divide the research area into 374 small basins. When 233 

calculating the cumulative flow of the grid, 100,000 was used as the threshold value, 234 

and basins less than 5 km2 were combined with the adjacent basins. 235 



Zone classification using the Self-organizing feature mapping neural network  236 

The SOFM neural network was proposed by Kohonen, a Finnish scholar, and 237 

constructed by simulating a "lateral inhibition" phenomenon in the human cerebral 238 

cortex. It has been widely applied in classification research in geographic and land 239 

system science 39,40. The advantages of this method in classifying the coupling 240 

relationship between urbanization and habitat quality are as follows :(1) it simulates 241 

human brain neurons through unsupervised learning, which is objective and reliable. (2) 242 

It maintains the data topology during self-learning, training, and simulation to obtain 243 

reasonable partition results and identify the differences between different basins. (3) 244 

For massive data, the SOFM network has a good clustering function while maintaining 245 

its characteristics and uses the weight vector of the output node to represent the original 246 

input. This method can compress the data while maintaining a high similarity between 247 

the compression results and the original input data. 46. We exported the data from 248 

ArcGIS, and conducted cluster analysis on the four factors of NTL, POP, LUR and 249 

habitat quality using SOFM. Finally, the analysis results are imported into ArcGIS for 250 

display. 251 

 252 



Results 253 

Spatiotemporal changes of urban sprawl and habitat quality 254 

TUPU of urban expansion and construction land increase 255 

An increase in construction land is an important manifestation of urban expansion. 256 

Therefore, before analyzing the spatiotemporal change of habitat quality and its degree 257 

of coupling with urbanization level, the urban expansion in the Pearl River Delta region 258 

from 1990 to 2018 was examined as reflected in Figure 3 and 4. 259 

Figure 3 shows the spatial-temporal changes in urban expansion speed over the 260 

past 30 years. The urban expansion rate was the fastest from 2000 to 2010, and the area 261 

of construction land increased considerably more than the other two periods, and it was 262 

mainly concentrated in the central region of the Pearl River Delta, including Dongguan, 263 

Shenzhen, Foshan, Guangzhou, and Zhongshan. The area of urban expansion from 264 

1990 to 2000 was second only to the above period, and the cities with the largest 265 

increase in construction land area during this period were also the same, but the spatial 266 

development of construction land during this period was mainly to the southeast. From 267 

2010 to 2018, the Pearl River Delta region began to vigorously promote the reform of 268 

the ecological civilization system, and the speed of urban expansion slowed 269 

considerably. Moreover, the growth of construction land had a spatially discrete 270 

distribution. The growth area of each city was similar but considerably less than that 271 

during the other two periods. 272 



Figure 4 shows the main sources of the expansion of construction land. The area 273 

of cultivated land was the largest among all land types transferred to construction land. 274 

The transfer of cultivated land mainly occurred in Guangzhou, Dongguan, Foshan, 275 

Shenzhen, and Zhongshan, and had a cluster distribution. The large decrease in 276 

cultivated land reflected the irreversible damage caused by the expansion of 277 

construction land to agricultural areas. The area of forestland transferred to construction 278 

land was second only to cultivated land, and it was mainly concentrated in Dongguan 279 

and Shenzhen. The large loss of water area is mainly reflected in the coastal areas of 280 

Shenzhen and Zhuhai, and the inland areas of Foshan and Zhongshan, which are 281 

important factors in habitat quality degradation. Grassland, unused land, and land 282 

reclaimed from the sea had the least area transferred to construction land, which may 283 

be because their original area was not large. 284 

 285 

Figure 3. Urban Expansion map of the Pearl River Delta from 1990 to 2018 286 

                                                                      287 



 288 

Figure 4. Map of construction land growth from 1990 to 2018 289 

GDZC, decreased cultivated land; LDZC, decreased forest land; CDZC, decreased 290 

grassland; SYZC, decreased water; WLYDZC, decreased unused land; THZL, 291 

decreased ocean. 292 

                                                                      293 

Spatiotemporal variation in habitat quality 294 

During the study period, the habitat quality in the Pearl River Delta region 295 

deteriorated substantially, and the mean habitat quality index decreased from 0.7181 to 296 

0.6672. To facilitate the analysis of changes in habitat quality, based on existing studies, 297 

the habitat quality index was divided into five levels and visualized as follows: low (I: 298 

0–0.2), low (II: 0.2–0.4), medium (III: 0.4–0.6), high (IV: 0.6–0.8), and high (V: 0.8–299 

1.0) 20. According to Figure 5, the degradation of habitat quality was the most obvious 300 

from 2000 to 2010, and the degradation areas were mainly concentrated in the central 301 



region of the Pearl River Delta. By 2018, the habitat quality of most areas in Foshan, 302 

Guangzhou, Dongguan, and Shenzhen had degraded to Grade I. As can be seen in Table 303 

4, the proportion of low-grade habitat quality increased year by year, while that of high-304 

grade habitat quality decreased year by year, and both showed sharp changes from 2000 305 

to 2010. In 2018, the proportion of areas of low-grade habitat quality was nearly three 306 

times that of 1990, and the proportion of areas of Grade II habitat quality decreased by 307 

nearly 7%. During the study period, the occupation of ecological space by the expansion 308 

of construction land led to a considerable decrease in habitat quality. 309 

 310 

Figure 5. Spatial and temporal variation in habitat quality grade 311 

                                                                       312 

 313 



Year I II III IV V 

1990 5.66 29.51 3.07 12.37 49.38 

2000 7.96 26.79 3.25 13.23 48.76 

2010 13.32 23.40 3.51 12.23 47.54 

2018 14.78 22.96 3.36 11.54 47.36 

Table 3. Quantitative description of changes in habitat quality levels (%) 314 

                                                                       315 

 316 

 317 

Figure 6. Spatial and temporal variation in habitat quality 318 

                                                                       319 

To reflect the spatial and temporal changes in habitat quality in the Pearl River 320 

Delta region during the study period, an interannual map of habitat quality was drawn. 321 



By comparing the three periods in Figure 6, the area with the largest decrease in habitat 322 

quality was concentrated in Dongguan, Shenzhen, Foshan, and Zhongshan, during the 323 

period from 2000 to 2010. Second, during the period from 1990 to 2000, habitat quality 324 

decreased mainly in Dongguan and Shenzhen, while the habitat quality in some places 325 

of Foshan and Zhongshan improved. Areas with reduced habitat quality from 2010 to 326 

2018 were scattered, and there were few areas with increased habitat quality. From 327 

observing the changes in the maps from 1990 to 2018, the areas with obvious habitat 328 

quality loss over the past three decades were mainly concentrated in Dongguan, 329 

Shenzhen, and Zhongshan, while there are many areas with increased habitat quality in 330 

Zhaoqing, Jiangmen, and Huizhou, which preliminarily indicates that these areas attach 331 

greater importance to ecological protection. 332 

The above results can be further verified by analyzing Table 5. During the three 333 

periods, the change in habitat quality was most prominent from 2000 to 2010. The 334 

increased value of low-grade habitat quality was as high as 2893.47 𝑘𝑚2 , and the 335 

decrease in higher and higher quality habitat quality was more than 500 𝑘𝑚2, which 336 

highlighted the negative impact of rapid economic development on ecology during the 337 

decade. In the past 30 years, the area of low-grade habitat quality increased by 4911.07 338 𝑘𝑚2, while the sum of the area reduced to IV and V habitat quality was approximately 339 

1500 𝑘𝑚2.  Substantial degradation in habitat quality has become an urgent concern. 340 

These results are consistent with the situation of urban sprawl discussed in Section 3.1.1, 341 

which can preliminarily infer the correlation between urban sprawl and habitat quality. 342 



Year I II III IV V 

1990–2000 1231.45 −1467.49 96.70 457.77 −344.96 

2000–2010 2893.47 −1794.23 141.36 −521.39 −598.84 

2010–2018 786.16 −235.64 −78.49 −372.51 −91.90 

1990–2018 4911.07 −3497.36 159.57 −436.12 −1035.70 

Table 4. Changes in habitat quality level measured by area (𝑘𝑚2) 343 

                                                                       344 

HQCI and CI indices were used to quantitatively analyze the impact on habitat 345 

quality of different land-use types transferred to construction land. The results are 346 

shown in Table 3. According to the HQCI, all land conversions to construction land will 347 

lead to habitat quality degradation. The HQCI was negative, and the absolute value was 348 

greater than 0.10, and the effect of grassland transfer on habitat quality was the most 349 

obvious, with an HQCI value of −0.30. It can be observed from the CI value that the 350 

conversion of cultivated land leads to the degradation of habitat quality the most, with 351 

a CI value of −386.02, followed by woodland and water areas. The reason why the 352 

HQCI value of these land transfers is smaller but the CI value is larger is that they cover 353 

a larger area. However, grassland conversion had the greatest impact on habitat quality 354 

per unit area, but the total loss to habitat quality was not obvious because of the small 355 

area of grassland transfer. 356 

 357 

 358 



Transfer land type HQCI Transferred area CI 

Cropland −0.12 3090.40 −386.02 

Woodland −0.18 1233.74 −216.24 

Grassland −0.30 123.71 −36.87 

Water −0.18 690.39 −121.87 

Unused land −0.28 8.67 −2.44 

Reclaiming land from the sea −0.21 22.01 −4.70 

Table 5. Impact on habitat quality of land types transferred to construction land  359 

Impact of socioeconomic factors on habitat quality 360 

The changes in urban expansion and habitat quality reflect the important influence 361 

of human activities on the ecological space. In this study, habitat quality was taken as 362 

the dependent variable, and NTL, POP, and LUR were selected as independent variables 363 

by referring to existing studies 20,35. The OLS and GWR were used for the analysis, and 364 

it was found that the explanatory power of the GWR model at four time points was 365 

superior to that of the OLS model, and the Sigma and AICC values of the former were 366 

lower. Therefore, the GWR model was selected to obtain a better fitting effect and 367 

higher accuracy. 368 

During the study period, there was a negative correlation between habitat quality 369 

and the NTL, POP and LUR in most areas. With the passage of time, this effect first 370 

intensified and then gradually improved (Figure 7,8,9). From 1990 to 2010, these three 371 

urbanization factors were negatively correlated with habitat quality in more than half 372 



of the basins, while in 2018, such a negative correlation existed in less than half of the 373 

basins. Fig. 7 shows the changes in the relationship between the NTL, which represents 374 

human activities, economic development, and habitat quality. The correlation between 375 

the two time points in 1990 and 2000 indicates that the negative impact of urban sprawl 376 

on habitat quality tends to worsen during the decade. Moreover, the range of this effect 377 

shifted to the southeast and occupied many basins where there was a positive correlation 378 

between the two, while the range of the positive effect decreased sharply and was 379 

mainly distributed in the northwest. However, the negative impact of urbanization on 380 

habitat quality improved considerably in 2010, and the negative correlation between 381 

urbanization and habitat quality was weakened, while a positive correlation was 382 

strengthened, and this trend continued until 2018. The ratio of construction land area to 383 

total area is the LUR, which is similar to the effect of POP on habitat quality and NTL, 384 

but the expansion direction is slightly different; that is, the range of negative influence 385 

is transferred to the outer PRD, and the positive influence is strengthened in the 386 

southeast. In addition, Shenzhen, Dongguan, Zhongshan, and Zhuhai had the best 387 

ecological progress. 388 

According to the above analysis, we can see a correlation between urbanization 389 

and habitat quality in the Pearl River Delta region. From 1990 to 2000, the scope of 390 

negative influence increased, and the degree of positive influence decreased. The main 391 

reason is that the Pearl River Delta opened as a "coastal economic development zone" 392 

in 1985. The government has vigorously developed its economy and promoted trade 393 



development. The high intensity of economic activities has seriously degraded habitat 394 

quality. From 2000 to 2010, the negative impact began to weaken, and the number of 395 

basins with a positive correlation between urbanization factors and habitat quality 396 

increased. The main reason is that the government has begun implementing the policy 397 

of "building an ecological civilization, basically forming the industrial structure, growth 398 

mode, and consumption mode that save energy and resources and protect the ecological 399 

environment" proposed in the 17th National Congress of the Communist Party of China, 400 

and has maintained a good balance between high-speed urbanization and ecological 401 

resource protection. From 2010 to 2018, it continued the improving trend of the 402 

previous decade, which was closely related to the release of the Implementation Plan 403 

of the National Ecological Civilization Construction Demonstration Zone in the Pearl 404 

River Delta Urban Agglomeration. 405 

 406 

Figure 7. Spatial pattern of correlation coefficient between NTL and habitat quality  407 



 408 

Figure 8. Spatial pattern of correlation coefficient between POP and habitat quality  409 

 410 

Figure 9. Spatial pattern of correlation coefficient between LUR and habitat quality 411 



Green development zoning 412 

Based on the principle of "accelerating the establishment of a legal system and 413 

policy guidance for green production and consumption, and establishing a sound 414 

economic system for green, low-carbon and circular development" proposed in the 415 

report to the 19th CPC National Congress, we used the SOFM neural network to divide 416 

374 river basins into four regions: green development, high-speed zone A, stable zone 417 

B, low speed zone C, and fragile zone D. 418 

According to Figure 10, cities in the Pearl River Delta vary greatly in the 419 

importance they attach to the construction of ecological civilization and green 420 

development. Shenzhen and Dongguan have the best level of green development, 421 

followed by Foshan and Zhongshan, which is consistent with the analysis results in 422 

Section 2.4. However, the urbanization level and habitat quality of most areas in 423 

Zhaoqing, Jiangmen, Huizhou, Zhuhai, and Guangzhou are relatively low, so it is 424 

necessary to explore the economic growth and social development model with 425 

efficiency, harmony, and sustainability as the goal. This gap reflects the effectiveness 426 

of "implementing the strategy of main functional zones" in the construction of 427 

ecological civilization, but it is still necessary to promote resource conservation and 428 

industrial transformation in order to achieve sustainable ecological development. 429 



 430 

Figure 10. Regional distribution and characteristics of urban habitat coupling degree 431 

from 1990 to 2018 432 

Q, habitat quality index; NTL, nighttime light; POP, proportion of population; LUR, 433 

land urbanization rate; SUM, the SUM of the average values of the four indicators 434 

(standardized) in each basin. 435 

Discussion 436 

Effectiveness of ecological civilization construction 437 

Habitat loss and degradation in the process of urbanization are considered the main 438 

causes of biodiversity decline. Protecting habitat quality during urban expansion and 439 

economic development has become an urgent problem 22,27. In recent years, when 440 

human beings exploit and utilize natural resources, they often only pay attention to their 441 

short-term economic value, but ignore the protection of habitat quality, resulting in a 442 

serious loss of ecological space and function, causing many ecological problems. These 443 



problems, in turn, affect the development of human society and the economy and have 444 

a considerable impact on human well-being and natural capital. Finding an efficient, 445 

harmonious, and sustainable economic growth and social development mode amid 446 

rapid urban development needs to be explored jointly by the government and planners. 447 

Ecological civilization construction elevates sustainable development to the height 448 

of green development, leaving more ecological assets for future generations. Its main 449 

content can be divided into four aspects :(1) optimizing the pattern of land space 450 

development. 2) comprehensively promoting resource conservation. 3) Strengthening 451 

the protection of natural ecosystems and the environment 4) Strengthening the system 452 

to promote ecological progress. Before the 21st century, China attached great 453 

importance to economic development and paid little attention to the ecological 454 

environment, leading to the occupation of many ecological spaces by urban expansion. 455 

From 2000 to 2010, China began to pay attention to the common development of 456 

ecology and economy, and proposed to "build ecological civilization and basically form 457 

the industrial structure, growth mode, and consumption mode that saves energy and 458 

resources and protects the ecological environment". During this period, the degree of 459 

coordination between habitat quality and economic development in the triangular 460 

region gradually improved. For example, in the Opinions on the Implementation of 461 

Accelerating the Construction of Ecological Civilization in Guangdong Province, 462 

Guangdong Province proposed strengthening the positioning of main functions and 463 

optimizing the pattern of territorial space development. The Environmental Protection 464 



Department of Guangdong Province has issued an implementation plan for the Pearl 465 

River Delta Urban Agglomeration National Ecological Civilization Demonstration 466 

Zone to promote green development. Under the influence of these policies, the positive 467 

impact of socioeconomic factors on habitat quality has expanded and strengthened. 468 

Suggestions on optimizing urban ecological space 469 

This study is helpful for regional ecological protection and urban ecological space 470 

optimization and provides a new perspective for the sustainable development of urban 471 

ecology. The results indicated that urban development-related indicators were 472 

important factors affecting the change in habitat quality, which had a negative impact 473 

on most areas in the Pearl River Delta. However, several urban and ecologically coupled 474 

areas have appeared over time. Therefore, appropriate policies can strengthen the 475 

construction of an ecological civilization and simultaneously realize social and 476 

economic urbanization at the same time. Controlling the quantity of growth and spatial 477 

distribution of land and population is conducive to realizing the common development 478 

of urban ecology. In view of the above objectives, this study suggests the following:(1) 479 

Implementing the concept of a compact city. For example, from 1990 to 2000, 480 

construction land in the Pearl River Delta region expanded radially, which accelerated 481 

habitat loss. Therefore, in the development process of new urban areas, the expansion 482 

direction and growth rate of population construction land should be controlled, and 483 

habitat segmentation should be restrained to reduce isolated ecological space. (2) 484 

Adjusting land-use patterns to adapt to urban development. For example, we should 485 



rationally plan the red line for ecological protection, optimize the spatial pattern of 486 

arable land, grassland, and construction land, and pay attention to recycling 487 

development to strengthen the protection of ecological land while maintaining 488 

reasonable economic growth. (3) Prioritizing protection of forests and grasslands in the 489 

outer suburbs first, based on the GWR analysis, although the socioeconomic 490 

development of these regions is slow, their habitat quality is strongly responsive to 491 

urbanization, and minor human disturbance can affect their ecological environment. 492 

Second, the SOFM classification results show that these areas have a low level of 493 

urbanization and habitat quality is not considerably higher than that of the Pearl River 494 

Delta core areas, so they have high development potential. 495 

Limitations and future research direction 496 

Based on existing research, the following innovations were made in this study: not 497 

only quantifying the harm of urban sprawl on habitat quality, but also identifying the 498 

regional differences in three types of socioeconomic factors, and reflecting the 499 

importance of policy in urban ecological protection through comparison between 500 

different time periods. First, in order to examine the impact of policies on habitat quality 501 

in different periods, HQCI and CI index were used to quantitatively analyze the specific 502 

impact of land transfer on habitat quality dating back to the time when the Pearl River 503 

Delta was just established as a "coastal economic development zone.” Then, 504 

considering the construction of ecological civilization as the starting point, the GWR 505 

analysis results reflect the regions that pay attention to economic development but 506 



ignore the protection of ecological resources during the research period. Finally, based 507 

on the clustering results of the SOFM neural network, the differences in green 508 

development in different regions over the past 30 years were discussed. Consistent with 509 

previous studies, the results of this study also show that urban expansion and human 510 

activities have a serious negative impact on habitat quality. The difference is that some 511 

studies do not consider the spatial and temporal differences of various influencing 512 

factors and the impact of ecological-protection-related policies in different regions 24,35. 513 

In this study, from the perspective of policy changes, the spatial heterogeneity of social 514 

and economic factors is included to provide a reference for the social and economic 515 

development process of coastal urban agglomerations and the relationship between 516 

urbanization and the ecosystem. 517 

Although this study has effectively supplemented and expanded the sustainable 518 

development of urban ecology in the Pearl River Delta region, it still has some 519 

limitations. First, the assessment of habitat quality is a complex task. Although the 520 

InVEST -HQ model has been applied by many scholars to calculate the habitat quality 521 

index, it needs to be improved in terms of pertinence and reliability because it is based 522 

on land-use type. In the future, multi-source data will need to be considered to reflect 523 

habitat quality. Second, because of the limitation of data and considering that both 524 

population and night light are social and economic factors with stable growth in the 525 

short term, the population density in 2018 and the night light grid layer in 1990 in this 526 

study were obtained by linear fitting of the data of the most recent year, so as to maintain 527 



the consistency of data sources and research period. In future studies, more complete 528 

original data will be sought to avoid these errors. Finally, the spatial scale effect plays 529 

an important role in studies related to geography and ecology. To reflect the natural and 530 

social attributes at the same time, this study adopts the watershed as the research unit 531 

when analyzing the correlation by GWR and classifying by SOFM to solve the problem 532 

of inconsistent resolution of original data. We will then consider changing the size of 533 

the research unit to explore the impact of urban development on habitat quality at 534 

different spatial scales. 535 

Conclusions 536 

Rapid urban expansion and high-intensity human activities have greatly affected 537 

habitat quality in the Pearl River Delta. Based on the analysis of the spatiotemporal 538 

evolution characteristics of habitat quality, the GWR model was used to explore the 539 

impact of urbanization on habitat quality, and the SOFM neural network was used to 540 

cluster each river basin into four zones according to the green development status. The 541 

habitat quality index was calculated based on the InVEST-HQ model, and urbanization 542 

indexes included NTL, POP, and LUR. 543 

The main results are as follows :(1) The period of urban expansion was the fastest 544 

from 2000 to 2010, which coincided with the period of decreasing habitat quality, and 545 

the area of urban expansion was mainly concentrated in the center of the Pearl River 546 

Delta, including Dongguan, Shenzhen, Foshan, Guangzhou, and Zhongshan. Among 547 



the types of land transferred to construction land, arable land accounts for the largest 548 

area, causing irreversible harm to development of the agricultural level. (2) The area of 549 

low-grade habitat quality increased by 4911.07 𝑘𝑚2 during the study period, and the 550 

sum of the reduction in areas of IV and V habitat quality was about 1500 𝑘𝑚2. The 551 

conversion of grassland to construction land per unit area had the most obvious effect 552 

on habitat quality, while the conversion of cultivated land caused the greatest total loss 553 

of habitat quality. Considerable degradation of habitat quality has become a matter of 554 

urgent concern. (3) There were considerable negative correlations between habitat 555 

quality and NTL, POP, and LUR in most areas during the study period. Before 2000, 556 

this negative impact worsened but gradually improved from to 2000–2018, which is 557 

closely related to a large number of policies related to "ecological civilization 558 

construction" since the 21st century. (4) Different cities in the Pearl River Delta have 559 

great differences in the importance they attach to the construction of ecological 560 

civilization and green development. The level of green development in Shenzhen, 561 

Foshan, and Zhongshan was the highest, while the levels of urbanization and habitat 562 

quality in most areas of other cities were relatively low. 563 

 564 
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Figures

Figure 1

Geographical location of Pearl River Delta. Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.

Figure 2



Research framework

Figure 3

Urban Expansion map of the Pearl River Delta from 1990 to 2018 Note: The designations employed and
the presentation of the material on this map do not imply the expression of any opinion whatsoever on
the part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 4

Map of construction land growth from 1990 to 2018 GDZC, decreased cultivated land; LDZC, decreased
forest land; CDZC, decreased grassland; SYZC, decreased water; WLYDZC, decreased unused land; THZL,
decreased ocean. Note: The designations employed and the presentation of the material on this map do
not imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.



Figure 5

Spatial and temporal variation in habitat quality grade Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 6

Spatial and temporal variation in habitat quality Note: The designations employed and the presentation
of the material on this map do not imply the expression of any opinion whatsoever on the part of
Research Square concerning the legal status of any country, territory, city or area or of its authorities, or
concerning the delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 7

Spatial pattern of correlation coe�cient between NTL and habitat quality. Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.



Figure 8

Spatial pattern of correlation coe�cient between POP and habitat quality Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.



Figure 9

Spatial pattern of correlation coe�cient between LUR and habitat quality Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.



Figure 10

Regional distribution and characteristics of urban habitat coupling degree from 1990 to 2018 Q, habitat
quality index; NTL, nighttime light; POP, proportion of population; LUR, land urbanization rate; SUM, the
SUM of the average values of the four indicators (standardized) in each basin. Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.


