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Abstract

:

The population aggregation and built-up area expansion caused by urbanization can have significant impacts on the supply and distribution of crucial ecosystem services. The correlation between urbanization and ecosystem services has been well-studied, but additional research is needed to better understand the spatiotemporal interactions between ecosystem services and urbanization processes in highly urbanized areas as well as surrounding rural areas. In this paper, the relationships of urbanization with natural habitat and three key regulating ecosystem services—water retention, soil conservation, and carbon sequestration, were quantified and mapped for the Guangdong-Hong Kong-Macao Greater Bay Area (GBA), a rapidly developing urban agglomeration of over 70 million people, for the period of 2000–2018. Our results showed that urbanization caused a general decline in ecosystem services, and urbanization and ecosystem services exhibited a negative spatial correlation. However, this relationship varied along urban-rural gradients and weak decoupling was the overall trend during the course of the study period, indicating a greater need for the protection and improvement of ecosystem services. Our results provide instructive insights for new urbanization planning to maintain regional ecosystem services and sustainable development in the GBA and other large, rapidly urbanized agglomerations.
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1. Introduction


Urbanization is a major driver of environmental change, and socioeconomic development shows little indication of abatement [1]. Approximately 60% of China’s population would reside in urban areas in 2020, and the growth was expected to continue at a relatively rapid rate over the coming decades [2,3]. Overall, urban life enables higher material living standards and better access to education and other social opportunities [4]. However, it is also associated with population agglomeration and built-up land expansion, which has significant implications for environmental sustainability [5,6].Ecosystem services are an important bridge between human welfare and the environment, therefore providing an important framework within which to understand and manage urban sustainability [7,8,9,10]. The assessment and valuation of ecosystem services can be a useful tool for integrating ecosystems and biodiversity into policy-making [11,12]. Ecosystem services can be divided into four general categories: provisioning services, regulating services, cultural services, and supporting services [10]. Although urbanization is a major factor influencing ecosystem services, the exact mechanisms are still debated [13,14].



Many studies have shown that urbanization leads to a decline in ecosystem services, mainly because of the conversion of natural lands into impermeable surfaces [15,16]. However, some studies have found that the opposite may be true. For instance, a positive correlation between population density and agriculture-benefiting ecosystem services was found in China’s Guanzhong-Tianshui region [17]. Additionally, annual average normalized difference vegetation index (NDVI) and ecosystem services can increase during urbanization [18,19,20]. One reason that has been adduced for these results is that the urban heat island effect may accelerate the rate of photosynthesis and prolong the growing season, and artificial greening can promote vegetation activity [21]. Other studies have found that changes in ecosystem services vary with the degree of urbanization [17,22]. Indeed, an inverse ‘U’ shape was even found: ecosystem services increased in the early stage of urbanization and decreased in later stages [23]. The main explanation posited was the fact that natural vegetation growth can offset anthropogenic interference in the earlier stage of urbanization. Nonetheless, ecosystems are unlikely to sustain urbanization pressures over the long run, resulting in the decline of ecosystem services with natural habitat loss [14,24].



There may not be a universally valid conclusion, given the many context-dependent factors influencing the supply of ecosystem services. In particular, a greater understanding of the spatiotemporal interactions between ecosystem services and urbanization in regions and landscapes composed of both highly urbanized and rural areas is needed (that is a situation common in rapidly developing countries). Additionally, the impact of the increasing rate of urbanization on the rate of change in ecosystem services has not received sufficient attention in the literature.



The Guangdong-Hong Kong-Macao Greater Bay Area (henceforth GBA), is one of the world’s largest “megacities”. Officially founded in March 2015, it is compromised of the 11 major cities in the Pearl River Delta in southern China and has been a major engine of national economic growth. To build a sustainable human-dominated ecosystem in this region, it is of great importance to clarify the spatiotemporal relationship between ecosystem services and urbanization for land-use planning. This study seeks to answer the question: How has the rapid urbanization of the GBA altered the spatiotemporal dynamics of key ecosystem services? To do so, we: (1) estimate and map natural habitat, ecosystem services, and the patterns of urbanization; (2) quantify and analyze the spatiotemporal correlations of natural habitat and ecosystem services with urbanization processes in highly urbanized as well as rural areas; (3) analyze the impact of the increasing rate of urbanization on the rate of change of natural habitat and ecosystem services. Then, based on the results of these analyses, we discuss policy implications and provide suggestions for sustainable urban planning.




2. Materials and Methods


The aim of this study is to analysis the impact of urbanization on natural habitat and ecosystem services at the regional scale. First, natural habitat and ecosystem services were assessed through biophysical modeling; then population density and GDP density were mapped based on night-time lights (NTL) data as well as on census and land use and land cover (LULC) data. Second, the temporal and spatial variations of ecosystem services and urbanization were mapped and analyzed, and hot-spot analysis was used to identify urban-rural gradients. Finally, spatial correlation and Spearman correlation analysis were used to analyze the spatiotemporal interactions between urbanization and ecosystem services, and decoupling analysis was used to ascertain the relationship between the urbanization growth rate and the rate of change in ecosystem services (Figure 1).



2.1. Study Area and Data Sources


The GBA consists of 11 cities: nine mainland (Chinese) cities (i.e., prefectures, which are the administrative units directly below the provincial level), namely Guangzhou, Shenzhen, Zhuhai, Foshan, Huizhou, Dongguan, Zhongshan, Jiangmen, and Zhaoqing; as well as two cities that are special administrative regions, which are Hong Kong and Macao. It covers 56,000 km2 and had a resident population of approximately 71 million people at the end of 2018. This urban agglomeration, despite only taking up 0.58% of China’s land area and hosting about 5% of China’s population, was responsible for 12.25% of national GDP in 2018 (China Statistical Yearbook, 2019), making it a focal point of national development strategy.



Environmentally, the GBA is formed from alluvial deposits, with flat plain terrain in the center and hills and ridges in the north and south [25]. The highest point is 1616 m, and higher elevations are covered by subtropical evergreen broad-leaved forest; on terrain that is lower than 100 m, farmland and built-up land predominate (Figure 2). The climate of GBA is humid subtropical with heavy rainfall during the rainy season (from April to September). The annual precipitation is 1300–2500 mm, but the distribution is heavier in the south than in the north [26].



Both geospatial and socioeconomic data were used in our study. Specifically, LULC data in the years 2000, 2010, and 2018 with spatial resolution of 30 m were collected from the Resources and Environmental Scientific Data Center (RESDC) of the Chinese Academy of Sciences (CAS) (http://www.resdc.cn/). Digital elevation model (DEM) data with spatial resolution of 30 m were acquired from the Geospatial Data Cloud (http://www.giscloud.cn/). NDVI data for 2000, 2010, and 2018 were derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) dataset. Soil datasets with spatial resolution of 1 km, including for soil organic carbon and soil particle composition, were extracted from the China Soil Map Based Harmonized World Soil Database (v1.2) of the Cold and Arid Regions Sciences Data Center (http://westdc.westgis.ac.cn). The NTL images in 2000/2010/2018 were obtained from the National Oceanic and Atmospheric Administration’s National Centers for Environmental Information (https://ngdc.noaa.gov/eog/), including the yearly Operational Line-scan System of Defense Meteorology Satellite Program (DMSP-OLS) data and subsequent monthly Visible Infrared Imaging Radiometer Suite (VIIRS) of Suomi NPP satellite with about 0.5 km resolution data. Perennial meteorological data from 2000 to 2018, including daily precipitation, evapotranspiration, and solar radiation, were obtained from the China Meteorological Data Sharing Service System (http://data.cma.cn/site/index.html). Additionally, census and accounting statistics data in the years 2000, 2010, and 2018 were collected from the Guangdong Statistical Yearbook, Hong Kong Annual Digest of Statistics and Macau Statistical Yearbook.




2.2. Quantifying Regulatory Ecosystem Services and Natural Habitat


This study focused on three regulatory ecosystem services (water retention, soil conservation, and carbon sequestration) and natural habitat that are of particular importance for the GBA because of their strong relations to dwellers’ health and security, and are sensitive to changes in land use. There are several key reasons for selecting these abovementioned ecosystem services: (1) water is the basis of life, and water scarcity is a serious problem for high population density areas, leading to high consumption rates [27]; (2) soil erosion caused by storm-water runoff threatens city-dwellers’ security, thereby making soil conservation important to the GBA’s population [28]; (3) carbon dioxide (CO2) is the greenhouse gas most relevant to anthropogenic climate change, which has negative impacts on urban areas [29]; (4) extensive urbanization has resulted in a massive loss of natural habitat, threatening the GBA’s biodiversity and socioeconomic sustainability [30].



Water retention refers to the water retained in ecosystems within a certain period. The amount of water retention for each pixel on the landscape was obtained by the equation described as follows, and the required runoff coefficient values were derived from a previous study [31]:


   W C =   ∑   i = 1  j     P i  −  R i  − E  T i    ×  A i    



(1)






    R i  =  P i  × a   



(2)




where    W C    is the total amount of water retention,     P i     is the precipitation,     R i     is the storm runoff,    E  T i     is evapotranspiration,     A i     is the area of the ecosystems as defined by land cover types,   a   is the runoff coefficient,   i   is the index for each ecosystem, and   j   is total number of ecosystems within the given pixel.



Soil erosion reduces soil fertility and aggravates flood problems [32]. The revised universal soil loss equation (RUSLE) was used to calculate soil conservation capacity [33]. The calculation formula of the RUSLE model is as follows:


   S C = R × K × L S ×   1 − C P     



(3)




where    S C    is the soil conservation capacity,   R   is the rainfall erosivity factor,   K   is the soil erodibility factor,    L S    is the topographic factor,   C   is the vegetation cover factor, and   P   is the conservation practice factor (the steps for the calculations are the same as in previous job [18]).



Carbon sequestration refers to the amount of carbon sequestered by terrestrial ecosystems, thereby slowing the rate of increase of atmospheric CO2 [34]. Net primary productivity (NPP) was applied as the key indicator for carbon sequestration, and the Carnegie-Ames-Stanford approach (CASA) terrestrial carbon model was used to estimate NPP [35]. The formula is as follows:


   N P P   x , t   = A P A R   x , t   × ε   x , t     



(4)




where    A P A R   x , t      is the absorbed photosynthetically active radiation in a given location and time, and    ε   x , t      is the light use efficiency in a given location and time.



Human wellbeing can be enhanced and protected by biodiversity, and natural habitat is beneficial to people [36]. Forests, grasslands, and wetlands can provide the abovementioned ecosystem services as well as natural habitat for biodiversity [30], so, their areas were defined as natural habitat.




2.3. Mapping Urbanization Levels


Population growth, economic development, and built-up land expansion were used to indicate the extent, distribution, and intensity of urbanization [37]. This study proposed an urbanization index which synthesized population density, GDP density, and proportion of built-up land. The entropy-right method was used to determine the weight of three urbanization indexes.



Subdistrict is a relatively independent management unit. This study used 553 subdistricts and towns as evaluation units, and then calculated and standardized the value of those three urbanization indexes. The relative weights of population density, GDP density, and proportion of built-up land were 0.16, 0.59, and 0.25, respectively.



Population and GDP were primarily obtained from census data at the urban or district level, which is bigger than the subdistrict level. It is necessary to rasterize population and GDP to obtain data at the subdistrict and town levels. Many studies have shown that NTL data had a high correlation with population and GDP, and it has been widely used to estimate the spatial distribution of population and GDP [38,39]. Drawing on previous studies, a linear regression model was used in this study to rasterize population and GDP with two widely available datasets (NTL and urban land) for the years 2000, 2010, and 2018 [40,41]. The total NTL were found exhibit R2 values of 0.8699 and 0.68 with economy and population through the regression, respectively, which indicated that NTL has a significant linear correlation to GDP and population.



To understand the ecosystem services response to urbanization in a rural–urban gradient, 553 subdistricts and towns were classified into urban and rural areas. The hot-spot analysis (Getis-Ord Gi*) can identify statistically significant spatial clusters of high value [42]. The optimized hotspot tool in ArcGIS was used to evaluate the spatial variability in urbanization and identify urban areas (hot spots) and rural areas (cold spots and non-significant spots) in the GBA.




2.4. Quantifying the Spatiotemporal Relationship between Urbanization and Ecosystem Services


Spatial correlation analysis and Spearman correlation analysis were used to analyze the spatial and temporal interactions between urbanization and ecosystem services. Spatial correlation analysis was applied to explore the correlation between a cell and its surrounding cells. Global bivariate spatial correlation represents spatial features at the entire scale through Moran’s I [43], while local bivariate spatial correlation reflects the relationship between the value of ecosystem services at a given location and the average value of urbanization at neighboring locations through a LISA cluster diagram [44,45]. The GeoDa software (http://geodacenter.github.io/) was used to analyze the spatial correlation between urbanization and ecosystem services. The Spearman correlation analysis was used to reveal the relationship between ecosystem services and urbanization [46]. SPSS 17.0 software was used to calculate the Spearman correlation coefficient.



Decoupling refers to the severe diminution or disappearance of a given correlation, and the extent of decoupling reflects the extent of irrelevance occurring between given systems over time [47,48]. The OECD model [49] and the Tapio [50] model are the ones most frequently used in current scientific research. The OECD decoupling model can only roughly estimate the decoupling relationship, while the Tapio model can use incremental values to analyze the decoupling effect from dynamic data [51]. Therefore, we chose Tapio’s decoupling indicator to analyze the relationship between urbanization and ecosystem services from 2000 to 2018. The calculation of the decoupling elasticity index is:


    E  E  S i  , U   =     Δ E  S i    E  S i    0        Δ U    U 0        



(5)






   Δ E  S i  = E  S i    0  − E  S i    1    



(6)






   Δ U =  U 1  −  U 0    



(7)




where     E  E  S i  , U      represents decoupling relationship between urbanization and each ES type,    E  S 1     refers to habitat,    E  S 2     refers to water retention,    E  S 3     refers to soil conservation,    E  S 4     refers to carbon sequestration,    Δ E  S i     denote changes in ecosystem services from year t to the base year 0, and    Δ U    denotes changes in urbanization from the base year 0 to year t. Negative values in the urbanization index growth were extremely rare for the GBA since 2000, so the relationship between urbanization and ecosystem services is likely to only exhibit strong decoupling, weak decoupling, expansive negative decoupling, and expansive coupling (Table 1). Strong decoupling is the best development state during the urbanization process, while strong negative decoupling is the worst state.





3. Results


3.1. Spatial Patterns of Ecosystem Services and Urbanization Intensity


Considerable differences were found in the spatial distribution and change patterns of natural habitat, soil conservation, water retention, and carbon sequestration (Figure 3). Natural habitat decreased by 915 km2 from 2000 to 2018, 740 km2 in forest, 278 km2 in wetland, while grassland increased by 103 km2. The soil conservation service was mainly distributed in the surrounding mountainous area of GBA, with high vegetation cover and high slope, while it was low in the central plain area. With urban development occupying a growing amount of natural habitat, the average soil conservation decreased from 638.55 t/ha in 2000 to 631.41 t/ha in 2018. Average soil conservation decreased by approximately 5 t/ha from 2000 to 2010, and 2 t/ha from 2010 to 2018. The water retention service was mainly distributed across the southern GBA, which receives a much higher level of rainfall. It was at a low level in Zhaoqing and Huizhou (prefectures in northern GBA), which receive relatively low rainfall. The water retention service was also relatively low in Dongguan, Shenzhen, and Hong Kong because of the high proportion of impervious surface land cover. With the expansion of impervious surface, water retention declined from 2000 to 2018. The GBA’s average level of water retention in 2000, 2010, and 2018 were 5022.5 t/ha, 4793.2 t/ha, and 4721.7 t/ha, respectively. The carbon sequestration service decreased overall from 2000 to 2018. But it increased from 498 t/km2 to 513 t/km2 from 2000 to 2010 because the increased carbon sequestration was mainly distributed in the eastern GBA, while it decreased to 481 t/km2 in 2018.



Concurrently, built-up land increased rapidly, from 5083 km2 to 7979 km2 over our study’s 19-year period. It increased by 2238 km2 from 2000 to 2010 and by 657 km2 from 2010 to 2018. Growth in the cities of Guangzhou, Dongguan, and Foshan was particularly high from 2000 to 2018, with each seeing more than 500 km2 of new built-up land. GBA’s overall population grew from 50 million in 2000 to 71 million in 2018, while the region’s GDP grew from 0.3 trillion US$ in 2000 to 1.64 trillion US$ in 2018. The spatial patterns of population density and GDP were mapped based on linear regression with the NTL data [52,53,54] (Figure 4). Population density and GDP had similar spatial patterns, which both concentrated in the areas around Guangzhou, Shenzhen, and Hong Kong.



The urbanization index significantly increased in all areas from 2000 to 2018 (Figure 5). The highest values were concentrated in the central and southeast, and increased from 0.45 in 2000 to 1 in 2018. The urbanization index decreased from the center to the periphery, and showed an obvious urban-rural gradient. Hotspot analysis showed that urban areas consisted of 127 subdistricts clustered in the economically central cities of Guangzhou, Shenzhen, and Hong Kong, while rural areas consisted of 425 subdistricts or towns scattered across the rest of the region (Figure 5).




3.2. The Relationship between Urbanization and Ecosystem Services in GBA


3.2.1. Spatial Correlations between Ecosystem Services and Urbanization


Natural habitat, water retention, soil conservation, and carbon sequestration were negatively correlated with urbanization across GBA (Figure 6 and Table 2). The degree of negative correlation between those services and urbanization increased from 2000 to 2010 and decreased from 2010 to 2018. Carbon sequestration had the highest degree of negative correlation, Moran’s I value reached −0.552 in 2010, while soil conservation had the lowest Moran’s I value at just −0.222 in the same year.



Two variables of the LISA cluster diagram were used to understand the spatial relationship between ecosystem services and urbanization. A high-high cluster represents a high urbanization unit corresponding to a high value of ecosystem services, while the low-low cluster represents the opposite. Low-high means a low value of ecosystem services adjacent to a high value urbanization unit, while high-low represents the opposite. The low-high relationship between ecosystem services and urbanization was mainly scattered in the middle and eastern parts of the GBA. The water retention service and urbanization showed a low-low relationship in Huizhou and parts of Zhaoqing, and a high-low relationship in Jiangmen and other parts of Zhaoqing (all in northern GBA). The spatial relationship between natural habitat, soil conservation, and carbon sequestration, on the one hand, and urbanization on the other, were similar. The high-high relationship was concentrated in Hong Kong, while the high-low areas were mainly located in Zhaoqing, Huizhou, and Jiangmen. With a high rate of urbanization and vegetation loss from 2000 to 2010, the low-low relationship of soil conservation and urbanization and water retention and urbanization increased by 12 and 7 villages and towns, respectively.




3.2.2. Spearman Correlation Analysis between Ecosystem Services and Urbanization


Natural habitat and ecosystem services were negatively correlated with urbanization in both urban and rural areas (Table 3). The relationship between habitat area and urbanization was negative in rural areas, while it was insignificant in urban areas with rare habitat area. There was significant negative correlation between water retention and urbanization in urban areas, given the extensiveness and continued growth of impervious surfaces. In rural areas, however, urbanization did not cause a significant decline in water retention for the year of 2000 and 2010. Soil conservation was not only affected by vegetation coverage, but also by slopes and their slope lengths. There was no significant correlation between soil conservation and urbanization in urban areas, which were mainly located in the GBA’s southern plains. In contrast, soil conservation and urbanization had significant negative correlation in rural areas. In rural areas with significant tree cover, the expansion of built-up land at the loss of forests caused urbanization to be negatively correlated with carbon sequestration. Additionally, carbon sequestration was low in urban areas, where vegetation cover was also in short supply. Given the saturation effect, the rate of decline in carbon sequestration was low in urban areas and the service had a lower negative correlation with urbanization here than in rural areas.




3.2.3. Decoupling Analysis of Ecosystem Services and Urbanization


In terms of decoupling, from 2000 to 2018, the decoupling state was mainly characterized by weak decoupling (i.e., the urbanization growth rate was higher than the decrease rate of ecosystem services and natural habitat), indicating that region-wide urbanization development and ecosystem services were still changing synchronously. However, the GBA also exhibited different decoupling states at the sub-regional level (Figure 7 and Table 4).



Weak decoupling characterized the urbanization-habitat, urbanization-water retention, and urbanization-soil conservation relationship in the study period, and covered more than 70% of villages and towns. However, the urbanization-carbon sequestration relationship experienced weak decoupling and strong decoupling (both urbanization and ecosystem services grew) from 2000 to 2018, accounting for 54% and 32%, respectively. The ideal decoupling state mainly appeared in urban areas and southern rural areas, where adequate rain and high temperatures promoted the natural growth of vegetation on the one hand, while ecological protection and ecological restoration protected the existing natural habitat on the other. Expansive coupling (the decrease rate of the ecosystem service approached the urbanization growth rate) and expansive negative decoupling (the ecosystem service decrease rate was higher than the urbanization growth rate) had a smaller share of the GBA.






4. Discussion


Natural habitat and ecosystem services generally declined with increasing urbanization in GBA from 2000 to 2018, and the relationship between urbanization and ecosystem services varied along urban-rural gradients. Among likely reasons for this, the primary cause of changes in the supply of ecosystem services was that population and economic growth were accompanied by the rapid expansion of built-up land [24]. Urbanization led to 13% (1887 km2) of farmlands, 2% (633 km2) of woodlands, and 12% (459 km2) of wetlands being converted to built-up land from 2000 to 2018—a significant increase in impermeable surface at the expense of natural habitat. Based on bivariate spatial correlation and Spearman correlation analysis, the urbanization index and ecosystem services had a negative correlation in GBA. Our results are consistent with previous studies and indicates that urbanization exerts significant influence on ecosystem services [45]. The spatial spillover effect suggests that one unit can incur benefits or costs from its neighbors, and it existed between ESs and urbanization (Figure 6). Globally, urbanization has a negative spatial spillover effect on ecosystem services (Table 2), which means the urbanization process may led to a decrease of ecosystem services. The main reason for this may be that urban expansion led to occupation of neighboring ecological land. However, this is not always the case at the local level or along urban-rural gradients. There are likely other factors contributing to the variation of the relationship between ecosystem services and urbanization, such as topography and precipitation. For example, water retention had a highly negative correlation with urbanization in urban areas, while it had no significant correlation with urbanization in rural areas. The three factors affecting water retention are rainfall, evaporation, and runoff [14]. Therefore, given the high runoff coefficient for built-up land and the spread of impervious surfaces, urban areas inevitably had a low water retention capacity. However, the distribution of rainfall has a high spatial heterogeneity in rural areas, while water retention capacity was not significantly correlated to areas of built-up land. What is more, the relationship between urbanization and soil conservation was negatively correlated in rural areas and show no significant correlation in urban areas. This is likely because urban areas are concentrated in the lower plains of the GBA, which have low slope and a high proportion of built-up land, leading to homogeneity in urban areas with little potential soil loss. As a whole, our study indicated that topography probably plays the key role between urbanization process and ecosystem service provision, which affect multiple ecosystem services through providing slopes and blocking ocean water vapor, while slopes also tend to block urbanization. Thus, the surrounding mountainous areas of the GBA should be delineated as its ecological defenses.



As a major focus of China’s current economic development strategy, the GBA is expected to become integrated as the world’s largest “megacity” [55,56]. According to central government plans first issued in February 2019, the GBA must focus on green development and ecological protection. In addition, a number of other planning directives, including the 11th and 12th Five-Year Plans, have stipulated a broader national need to protect cultivated and natural landscapes in urban settings [19]. Key to achieving these aims is the maintenance and improvement of regulatory ecosystem services [57]. However, according to our decoupling analysis, weak decoupling between urbanization and ecosystem services was the primary overall trend in the region. This indicates that urbanization plays a negative role in ecosystem services and the GBA’s development model has not been able to realize the sustainable urbanization stipulated by the planning directives. There are three other decoupling trends in the region, namely strong decoupling, expansive coupling, and expansive negative decoupling. The varied decoupling types mean that the effects of urbanization on ecosystem services are different and complex. Expansive negative decoupling is the worst state, and there were a number of the high-low clusters that underwent expansive negative decoupling, indicating that their natural habitat with high ecosystem services were severely degraded. The ecosystem service decrease in these areas was caused not only by land cover change, but also by intensive economic production (as measured by GDP growth). The areas with expansive negative decoupling require the most attention because those are the areas where urbanization is most seriously damaging ecosystem services. A decline in ecosystem services was inevitable due to social economic development, but strong decoupling state appeared in high-low clusters like Huizhou and Jiangmen. Strong decoupling is the more desirable development state, since it indicates that urbanization and ecosystem services can develop in harmony. One reason for this may be that local governments implemented some ecological conservation policies; another reason for this may be intensive land development in already limited natural habitat and the fact that woodlands were less affected by encroachment, so their natural growth counteracted the negative effects of urbanization. The GBA has entered a mature stage of urbanization, and the government has instituted more ecological protection measures to balance economic imperatives with environmental ones [19]. However, understanding interactions in local space between urbanization and ecosystem services allows policymakers to produce more reasonable suggestions for urban planning and management. Though forest ecosystems were of great significance in stabilizing the regional ecosystem services, this does not mean that land use policy should simply consist of increasing forest area and ignoring the loss of other ecologically important land. It is more important for land managers and policymakers to conserve the integrity of the original ecosystem and devise varied feasible policies for different development states. The high-high cluster and high-low cluster areas that exhibited strong decoupling included significant coverage of nature reserves and woodlands, and ecological conservation has been a primary policy goal in these areas [58]. In terms of planning and management, the high-low cluster areas with other decoupling states should also strengthen ecological management (particularly of forests), and the ecosystem services of these areas should be more strictly protected from continued urban expansion and enhanced through ecological restoration [59]. At the same time, a reasonable ecological compensation system should be established to institutionalize economic incentives for ecological protection and restoration, particularly in low-high clusters and low-low clusters [60]. The spatial correlation between natural habitat/soil conservation/carbon sequestration and urbanization in Hong Kong was different to that of the other urban areas in the GBA, which deserves special attention. The city was a typical high-high cluster, indicating that continued urbanization does not necessarily build upon the substantial loss of ecosystem services. It should also be noticed that such an achievement results from strict ecological protection and an increase of green infrastructure in an already highly-urbanized space [61]. In general, ecosystem service degradation caused by urban development mainly occurred in the early stage of urbanization, which deserves more attention in global urban planning for the GBA. The interactions between urbanization and ecosystem services were examined to provide analytical support for environmental management and urban planning. However, some uncertainties and limitations of the study need to be considered. Firstly, although the methods for evaluating ecosystem services and urbanization were widely used in many different regions, the resolution of data and ecological parameters used in this study could cause some uncertainties in the results. Second, this study focused on three regulatory ecosystem services and natural habitat due to actual situation and difficulties in data acquisition, which excluded provisioning services and cultural services. However, given practical constraints and difficulties in data acquisition, we focused on natural habitats and the three key ecosystem services as indicators. In future research, studies should be able to more systematically collect data, carefully treat parameters, and expand the methods shown here to provisioning services and cultural services to better reveal the response of ecosystem services to forms of urbanization in the GBA (and other large urbanizing regions).




5. Conclusions


This study has attempted to analyze the spatiotemporal relationship between urbanization and ecosystem services through correlation and decoupling analysis in the megacity of the GBA. The impact of urbanization processes on ecosystem services is complex in the region, both positively and negatively. Overall, urbanization led to a decline in natural habitat, water retention, soil conservation, and carbon sequestration by 2.6%, 1.1%, 6%, and 3.4%, respectively. The relationship between urbanization and ecosystem services was negatively correlated across the GBA; however, the relationship varied along urban-rural gradients, with the major part of ecosystem service degradation recorded in the early stage of urbanization. Urbanization was not significantly correlated with water retention in rural areas and soil conservation in urban areas. What is more, the global state of decoupling was mainly characterized by weak decoupling from 2000 to 2018, indicating that ecosystem services diminish with urbanization, although the decline rate is less than the growth rate of urbanization. Urban ecosystems play a vital role in maintaining the natural habitat of the region, and is therefore integral to its sustainability. However, the decline in ecosystem services demonstrated that large areas of natural habitat have been lost and the GBA’s development has not realized its sustainable development potential, though the surrounding mountainous areas of GBA were suggested to be delineated as the main ecological defenses.



Though ecosystem services in most parts of the GBA are in a state of degeneration, the situation can be improved by adjusting urban planning. The relationship between urbanization and ecosystem services can be assessed through spatial correlation analysis and the decoupling method; policies can be formulated on the basis of these results to better promote sustainable development. The areas with a strong decoupling state or high-high cluster are in the desirable development state, and should continue this development model. However, for low-low clusters with low levels of both ecosystem services and urbanization, the government should strengthen socioeconomic urbanization while at the same time controlling the expansion of built-up land. What is more, high-low cluster areas with other decoupling states should implement strict land management measures to limit the expansion of built-up land, and ecosystem services should be enhanced through ecological restoration. The aim of this case study has been to contribute to a better understanding of the spatiotemporal relationships between urbanization and ecosystem services, and the case study has provided potentially instructive suggestions for landscape and urban planning in rapidly growing regions.
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Figure 1. The conceptual and methodological framework for our analysis. 
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Figure 2. Land use and land cover types (LULC) of the Greater Bay Area (GBA) in 2018. 
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Figure 3. Spatial distribution and the difference between 1990 and 2015 of natural habitat (NH) (a), soil conservation (SC) (b), water retention (WR) (c), carbon sequestration (CS) (d) in the GBA. 
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Figure 4. Spatial distribution patterns of GDP and population (POP) intensity in GBA for the years 2000, 2010, and 2018. 
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Figure 5. Urbanization index of GBA in 2000 (a), 2010 (b), and 2018 (c), and the urban-rural gradient map (d). 
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Figure 6. Bivariate LISA cluster map results for natural habitat/three regulating ecosystem services and urbanization for the years 2000, 2010, and 2018. 
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Figure 7. The decoupling state between urbanization and ecosystem services in the GBA (including urbanization and natural habitat (a), urbanization and water retention (b), urbanization and soil conservation (c), urbanization and carbon sequestration (d). 
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Table 1. The classification of the decoupling states by the Tapio model.
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States

	
Indicators




	
      Δ E  S i    E  S i    0       

	
      Δ U    U 0       

	
Decoupling Elasticity






	
Strong decoupling

	
<0

	
>0

	
DE < 0




	
Weak decoupling

	
>0

	
>0

	
0 < DE < 0.8




	
Expansive coupling

	
>0

	
>0

	
0.8 < DE <1.2




	
Expansive negative decoupling

	
>0

	
>0

	
DE > 1.2
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Table 2. Moran’s I values for the relationships of natural habitat and ecosystem services with urbanization in 2000, 2010, and 2018.
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	Ecosystem Services
	2000
	2010
	2018





	Natural habitat
	−0.362
	−0.528
	−0.446



	Water retention
	−0.28
	−0.352
	−0.341



	Soil conservation
	−0.074
	−0.222
	−0.12



	Carbon sequestration
	−0.429
	−0.552
	−0.475
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Table 3. Spearman correlation coefficients of natural habitat and ecosystem services with urbanization in urban and rural areas for 2000, 2010, and 2018.






Table 3. Spearman correlation coefficients of natural habitat and ecosystem services with urbanization in urban and rural areas for 2000, 2010, and 2018.





	
Ecosystem Services

	
2000

	
2010

	
2018




	
Urban

	
Rural

	
Urban

	
Rural

	
Urban

	
Rural






	
Natural habitat

	
−0.093

	
−0.647 **

	
−0.413 **

	
−0.708 **

	
−0.071

	
−0.689 **




	
Water retention

	
−0.647 **

	
0.046

	
−0.855 **

	
0.008

	
−0.594 **

	
−0.103 *




	
Soil conservation

	
−0.007

	
−0.439 **

	
−0.299 **

	
−0.501 **

	
−0.024

	
−0.486 **




	
Carbon sequestration

	
−0.215 *

	
−0.592 **

	
−0.479 **

	
−0.684 **

	
−0.221 **

	
−0.653 **








Note: * indicates significance at the 5% level, ** indicates significance at the 1% level.
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Table 4. Decoupling results of natural habitat and ecosystem services with urbanization from 2000 to 2015.
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States

	
Natural Habitat

	
Water Retention

	
Soil Conservation

	
Carbon Sequestration




	
Number

	
Proportion

	
Number

	
Proportion

	
Number

	
Proportion

	
Number

	
Proportion






	
Strong decoupling

	
99

	
18%

	
69

	
13%

	
142

	
26%

	
175

	
32%




	
Weak decoupling

	
416

	
75%

	
433

	
78%

	
388

	
70%

	
299

	
54%




	
Expansive coupling

	
15

	
3%

	
13

	
2%

	
8

	
1%

	
13

	
2%




	
Expansive negative decoupling

	
22

	
4%

	
37

	
7%

	
14

	
3%

	
65

	
12%
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