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Abstract

:

Ecosystem service (ES) bundles are widely used approaches to analyze ES tradeoffs in urban agglomeration. However, few ES bundle studies considered both the supply and demand sided. The objective of this study was to map ES supply–demand bundles to comprehensively analyze the ES tradeoffs in the Yangtze River Delta using cluster analysis, correlation analysis, hotspot analysis, and principal component analysis. We found that: (1) Both the supply and demand of ES are unevenly distributed with highly spatial autocorrelation. (2) There are significant tradeoffs and synergies between ES in terms of supply–supply, demand–demand, and supply–demand. (3) Four ES supply–demand bundle types were identified with distinct ES supply and demand relationships. (4) Land-use types, urban intensity, and climatic factors are the main social-ecological factors that distinguish the four identified clusters. The identified ES supply–demand clusters can support the main functional zoning of the Yangtze River Delta. Our results also suggest that land sharing is a more appropriate approach for the sustainable development of the Yangtze River Delta considering the balance of multiple ES supply and ES demand.
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1. Introduction


A great challenge faced by humans in achieving landscape sustainability is coping with the tradeoffs and synergistic relationships in multiple ES in complex human–environmental systems [1,2]. Under ES tradeoffs, one ES type decreases with any increase in another ES type, whereas ES synergy indicates that two ES types increase or decrease at the same time [3]. ES is also a cascading concept that connects the natural ecosystem to society’s demands [4,5]. It includes not only ecosystems’ capacity to supply ES based on their ecological functions (ES supply) but also humans’ dependence on them for good quality of life (ES demand) [6]. Traditional ES tradeoff analysis mainly focuses on ES supply [7]. Mouchet et al. [8] proposed a more comprehensive typology of ES tradeoffs that includes three aspects: (1) tradeoffs in the simultaneous provision of ES; (2) tradeoffs between ES supply and ES demand; and (3) tradeoffs between different ES demands of stakeholders. This new typology considered both ES supply and ES demand and is more useful for transdisciplinary landscape planning and management.



ES bundle refers to “a set of related ES that recurs in different times or spaces” [9] and is a popular approach for analyzing ES associations [10]. Yet most current ES bundle studies focused on the ES supply. For example, Renard et al. [11] analyzed the historical dynamics of ES supply bundles in Quebec, Canada; Zhao et al. [12] mapped the ES supply bundles in an urban agglomeration in China; and Haberman and Bennett [13] analyzed ES supply bundles at the global scale. Few studies have analyzed ES bundles by considering both ES supply and ES demand, but ES supply–demand bundles can in fact have important advantages for the comprehensive analysis of the tradeoffs between ES that consider both ecosystem processes and human demands.



Recently, some scholars have started to consider ES demand in ES bundle studies. For example, Zoderer et al. [14] investigated social perceptions to represent the demand side in ES bundles. Li et al. [15] quantified ES supply–demand budget bundles for the Jinan metropolitan area in China. Baro et al. [16] analyzed the ES supply–demand bundles along the urbanization gradient of Barcelona. However, the focus of existing research has been on identifying the different social values of ES bundles [14,17]. Few researchers have analyzed ES tradeoffs in an integrated manner from the ES supply–demand bundle perspective. Thus, the knowledge gap in this research suggested comprehensively analyzing ES tradeoffs by considering both ES supply and demand.



Mapping ES supply–demand bundles is particularly important for urban agglomerations (a highly developed spatial form of integrated cities that occurs when the relationships among cities shift from mainly competition to both competition and cooperation) like the Yangtze River Delta (YRD) where ES tradeoffs are widespread [18]. On one hand, the YRD is undergoing rapid urbanization, and rapid land-use changes can lead to ES supply tradeoffs. On the other hand, there is usually a widespread supply–demand mismatch in the YRD, with excess demand in densely populated areas and excess supply in remote areas [19]. Thus, mapping ES supply–demand bundles in these regions can help policy makers better understand the complex linkages among multiple ES and develop sustainable development strategies for enhancing ES synergies and reducing tradeoffs. In the YRD, several studies have assessed the ES spatial patterns [20], ES dynamics and drivers [20], ES supply tradeoffs [20], and supply–demand mismatches [21]. However, to the best of our knowledge, no study has explored the ES supply–demand bundles in this region.



In this study, we intend to map ES supply–demand bundles to support sustainability policies in the urban agglomeration of the YRD. We will address the following three questions: (1) What are the relationships between ES (supply–supply, supply–demand, and demand–demand) in the urban agglomeration? (2) What ES supply–demand bundles can emerge from urban agglomeration, and how can different bundles be explained by social-ecological determinants? (3) How can policies be improved to promote the sustainability of the urban agglomeration?




2. Materials and Methods


2.1. Study Area


The Yangtze River Delta (YRD) urban agglomeration is located in the downstream area of the Yangtze River in China, with many coastal ports along the river (Figure 1). The YRD is composed of Shanghai and 25 prefecture-level cities in Jiangsu, Zhejiang, and Anhui provinces with an area of 211,700 km2. The climate of the YRD belongs to the subtropical monsoonal zone, with an average annual temperature of 13 °C–19 °C and annual precipitation of 1000–1800 mm. The terrain of the YRD is mainly plains in the north and mountains and hills in the south with an average altitude of 88 m. The YRD has developed into one of the most densely populated, fastest urbanizing, and most economically developed regions in China over the past 30 years [22]. This area accounts for only 2.3% of the total area of the country but has a population of 225 million, and contributes about 1/4 of the country’s gross domestic product (GDP) [23]. Over the past few decades, the rapid development of the Yangtze River Delta region has greatly improved the well-being of its inhabitants but has also degraded the local ecosystem and associated ES. How to protect local ES while developing the economy is a huge challenge in this region.




2.2. Data Collection and Processing


The food provisioning service data (including grain, meat, and aquatic) were obtained from the Statistical Year Book (https://csjnjk.cei.cn/jsps/Default, accessed on 15 January 2021). The net primary productivity (NPP) data were derived from the MODIS 8-day synthetic data (MOD17A3H) product with a spatial resolution of 500 m for the period 2001–2020. ET was derived from the Modis 8-day synthetic data (MODIS16A2) product with a spatial resolution of 500 m. Soil data with 1 km spatial resolution were obtained from the World Soil Database (http://www.fao.org/soils-portal/data-hub, accessed on 15 January 2021). The population data with 1 km spatial resolution for 2000–2020 were from Landscan (https://landscan.ornl.gov/, accessed on 15 January 2021). Meteorological data (including rainfall, temperature, wind speed, and relative humidity) were obtained from the China Meteorological Centre (http://cdc.cma.gov.cn, accessed on 15 January 2021). We obtained the land use/cover change (LUCC) map (30 m) of 2020 from the Data Center of Resource and Environmental Science (http://www.resdc.cn, accessed on 15 January 2021). The soil hydrology groups data for this study were obtained from the official Earth Data website (https://earthdata.nasa.gov/, accessed on 15 January 2021). Air quality data ertr obtained from the World Air Quality Index Project Team (https://aqicn.org/city, accessed on 15 January 2021).




2.3. Ecosystem Service Selection and Quantification


We selected eight ES in this study based on their relevance to the YRD, covering all the categories of ES, and data availability, including (1) crop production, (2) meat production, (3) aquatic production, (4) urban cooling, (5) air purification, (6) flood risk mitigation, (7) carbon sequestration, and (8) outdoor recreation. We acknowledge that biodiversity/species diversity is important in determining the ES that can support the sustainability of a region. However, we did not consider biodiversity in this study for two reasons: (1) large-scale biodiversity data such as for the YRD are unavailable, and (2) biodiversity as a supporting service directly determines ecosystems’ ability to deliver other ES, which could have led to double counting issues. All the ES supply and demand indicators were calculated for the year 2020 at a spatial resolution of 1 km. The indicators and quantification methods of each selected ES are summarized in Table 1.



2.3.1. Ecosystem Service Supply Quantification


The food provisioning services (including grain, meat, and aquatic) are quantified based on the production data from the Statistical Year Book. Carbon sequestration indicates the ability of vegetation to absorb CO2 in the air. Here we use NPP as a proxy of carbon sequestration capacity. The remaining ES supply indicators are calculated as follows:



Urban cooling supply refers to the cooling capacity (CC) of the vegetation to mitigate urban heat island effects [24]. In InVEST, cooling capacity is modeled considering three components: shading (S), evapotranspiration (ET), and albedo (A) (1).


  C C = 0.6 S + 0.2 A + 0.2 E T  



(1)







The primary input in this model is a LUCC map. The parameters of each LULC class include evapotranspiration coefficient (Kc), albedo, cooling distance, and green area (Table S1). The kc values assigned to each LUCC class were from existing guidance [28]. Albedo values were also obtained from existing studies [29,30]. The reference air temperature was set to the minimum air temperature observed in the suburbs of each city. The study used the difference between the average daily maximum temperature from June to August within the urban boundary and the average daily temperature from June to August in the suburbs to represent the urban heat island (UHI) intensity.



Flood risk mitigation supply refers to the capacity of vegetation to reduce runoff production (Hamel et al., 2021). We used the urban InVEST model to calculate the runoff reduction. The InVEST model is designed to calculate greenspace’s ability to reduce runoff during storms. We estimated the runoff using the SCS curve method.


   Q  p , i   =  {           (  P −    λ S      max  i     )   2    P +  (  1 − λ  )   S  max , i       if   p > λ ·  S  max ,  i            0                 otherwise        



(2)




where P is the storm depth, indicating the potential retention, and      λ S      max  i      is the initiate runoff depth (λ = 0.2).


   S  max , i   =   25400     CN  i    − 254  



(3)







     λ S      max  i      is the curve number function, CN is the curve values of rainfall-runoff for different LULC types in each hydrologic soil group (NRCS 2004).



The parameter assigned to each LUCC class is CN. According to the description in the INVEST user manual. CN data was determined by referring to the USDA article “Urban Hydrology for Small Watersheds” [31] and based on the actual conditions in the Yangtze River Delta region (Table S2).



Rainfall depths in this study were taken as the average of the maximum single-day rainfall (mm) for the year 2020 at the meteorological station sites in the Yangtze Delta region for the hypothetical rainfall event, which is about 86.78 mm.



Air purification supply refers to the capacity greenspace can provide to filter air pollution (Nowak et al., 2013). This study mainly considers the PM2.5 (a major pollutant in the YRD region) purification capacity of ecosystems based on the empirical relationship between PM2.5 deposition rate and wind speed in different land cover (Pistocchi et al., 2010). The PM2.5 deposition velocity of soil and water has a linear relationship with wind speed; The PM2.5 deposition velocity of the forest has a linear relationship with the wind speed, and its slope and intercept have a linear relationship with the relative humidity [25].


   L  forest   = kx + b  



(4)






  k = 0.0015 ×  forest %  +  (  0.0005 ×  (  1 −  forest %   )   )   



(5)






  b = 0.002 ×  (  1 −  forest %   )   



(6)






   L  soil   = 0.0005 x + 0.002  



(7)






    L  water   = 0.0009 x + 0.000   4 .     



(8)




where x is the wind speed (m/s), Lforest is the forest land-use type, b is the intercept, k is the slope, forest% is the relative humidity of the forest, Lsoil is the bare soil land-use type, Lwater is the water body.



Outdoor recreation supply refers to the recreational opportunities provided by ecosystems. We considered the following three dimensions in calculating recreational opportunities: naturalness, nature conservation, and water (Paracchini et al., 2014). One or several factors were used in each component considering their relevance to the YRD and data availability (Table S3). A distance decay function was used to determine the assigned score of water factors, with the assumption that the recreation capacity of water decreases with the increased distance from the water.



The degree of naturalness of different land-use types was based on Bing et al. [32]. Nature protection in this study refers to areas designated as nature reserves or natural parks [32]. The distance decay function of the water dimension was determined by Baro, Palomo, Zulian, Vizcaino, Haase, and Gomez-Baggethun [27].




2.3.2. Ecosystem Service Demand Quantification


ES demand can be classified into (1) risk reduction, (2) preferences, (3) direct use, and (4) consumption [6]. In this study, we quantified food demand (crop, meat, and aquatic) by the product of population and daily food consumption per person. We quantified the urban cooling demand using the number of days with a maximum daily temperature greater than 35 °C (the high-temperature standard in China). We quantified the flood risk mitigation demand using the runoffs that need to be mitigated in the rainstorm. We quantified the air purification demand using the number of days of PM2.5 pollution in a year. According to the U.S. Environmental Protection Agency (EPA) criteria, when PM2.5 concentration is greater than 100 µg/m³, the air may negatively affect human health. So we use 100 µg/m³ as a threshold value of PM2.5 pollution. Outdoor recreation demand values were obtained from a cross-tabulation matrix between a reclassified raster of Euclidian distances to recreation sites and the population density grid [27] with the assumption that all inhabitants in the case study area have similar desires in terms of outdoor recreational opportunities but that their level of fulfillment depends on proximity to recreation sites. The recreation sites refer to the medium- to very-high-capacity recreation areas (i.e., recreation capacity equal to or higher than 0.33) assuming that inhabitants want to reach these areas and not low-capacity areas (recreation capacity lower than 0.33, mostly corresponding to artificial land cover). The classification of population density and distance to recreation sites was referenced [27].





2.4. Quantify the Spatial Distributions and Tradeoffs among ES


We quantified all ES indicators at the county (n = 164) level. Counties are not only important administrative units for ES management but also the smallest units for which statistical data are available. ES indicators for each county were averaged by area for comparison between counties, and each ES supply and demand indicator was normalized to 0–1 y using the max-min method. To reflect the spatial distribution of the overall ES supply and ES demand, we aggregated all the individual ES using equal weights, with the assumption that all ES are equally important. To test the spatial autocorrelation, we calculated the global Moran’s I for the aggregated ES supply and ES demand. When the z-score of Moran’s I is greater than 1.96, it indicates the presence of significant spatial clustering. Getis-Ord Gi* hotspot analysis was also performed in ArcGIS to identify hot and cold spots of the aggregated ES supply and aggregated ES demand [33]. Hot/cold spots with 90%, 95%, and 99% confidence were reported in this study. We also calculated the Simpson Index to show the evenness of ES supply and demand across counties.



We followed a unified framework proposed by Mouchet, Lamarque, Martín-López, Crouzat, Gos, Byczek, and Lavorel [8] to analyze ES tradeoffs (Figure 2). In this framework, we analyzed three broad types of ES tradeoffs considering both ES supply and ES demand. For the supply–supply tradeoff, we analyzed how one ES supply correlates with the other. For the supply–demand tradeoff, we analyzed whether ES supply and ES demand are spatially matched. For the demand–demand tradeoff, we analyzed how one ES demand is consistent or conflicting with the others. A Pearson parametric correlation test was first performed in R to examine the ES supply–supply, supply–demand, and demand–demand associations. Then, to identify the spatial mismatches of ES supply and demand, we also calculated the supply–demand ratio for each paired ES based on the following formula proposed by Li et al. [34]:


  Y =   S − D    (   S  m a x   +  D  m a x    )  / 2   ,  {      > 0 ,   s u r p l u s       = 0 ,   b a l a n c e       < 0 ,   d e f i c i t        



(9)




where Y refers to the ratio of ES supply to ES demand, S refers to ES supply, D refers to ES demand, and    S  m a x     and    D  m a x       refer to the ES supply maximum values and ES demand maximum values, respectively.




2.5. Ecosystem Service Supply–Demand Bundles and Associated Driving Forces


Cluster analysis was used to identify bundles of counties with consistent tradeoffs among ES. We used K-means cluster analysis in R to identify the ES supply–demand bundles. We used the elbow method to choose the optimal number of clusters. The identified clusters were mapped using a flower diagram. Principal component analysis was used to quantitatively visualize the associations between all ES indicators in different clusters across the urban agglomeration. To analyze the driving forces of ES supply–demand bundles, we quantified nine social-ecological variables at the county scale, including four LUCC composition indicators (farmland, forest, grassland, and urban), two climatic factors (precipitation and temperature), two socioeconomic indicators (population and GDP per capita), and one air pollution indicators (PM 2.5 concentration). The Wilcoxon test was performed in R to compare these indicators among different ES supply–demand clusters.





3. Results


3.1. Spatial Distribution of ES Supply and Demand


All the ES supply indicators are spatially autocorrelated in the Yangtze River Delta (YRD), with all z-scores greater than 1.96 (Figure 3). The distribution of all ES supply indicators is spatially heterogeneous. The high-value areas of ES supply are mainly located in the northern and southern parts of the YRD (Figure 3i), with food production and meat production dominating in the northern part (Figure 3a,b) and urban cooling, flood risk mitigation, and carbon sequestration dominating in the southern part (Figure 3d–f). In addition, the high-value areas for air purification capacity are mainly located in the western and southern regions of the YRD (Figure 3g), while high-value areas for outdoor recreation potential are mainly concentrated in the central and southern regions of the YRD (Figure 3h). The low-value areas of ES supply are mainly located in the areas around the Taihu Lake basin (Figure 3i).



All the ES demand indicators are spatially autocorrelated in the Yangtze River Delta (YRD), with all z-scores greater than 1.96 (Figure 4). Overall, the highest aggregated ES demand values are located in Shanghai and surrounding areas (Figure 4i). The high-value areas of crop consumption, meat consumption, aquatic consumption, carbon emissions, and outdoor recreation demand are consistent with those of the aggregated ES demand. However, the high-value areas for urban cooling demand, flood risk mitigation demand, and air purification demand are quite different from that of the aggregated ES demand, mainly located in the southern part, Shanghai surrounding areas and the northern part, and the northern part of the YRD, respectively.



The hotspot analysis shows that the statistically significant hot spots (90% confidence) of aggregated ES supply are mainly located in the southern part of the YRD, while the cold spots of aggregated ES supply are mainly located in Shanghai and surrounding areas (Figure 5a). The locations of hot spots and cold spots of aggregated ES demand are spatially opposite to those of aggregated supply (Figure 5b). The hot spots of ES demand are mainly distributed around Shanghai, while the cold spots are mainly located in the southern part of the YRD. However, hotspots of ES supply and demand do not imply a high diversity of ES supply and demand (Figure 4c,d). The high ES supply Simpson indices are scattered distributed across the whole region, while the high ES demand Simpson indices are mainly located around the Taihu Lake basin, with sporadic distribution in other regions.




3.2. Interactions among Ecosystem Services


The associations between different ES supply indicators are complex (Figure 6). (1) For provisioning services, meat production is positively correlated with both grain production and aquatic production, while no significant correlations were found between grain production and aquatic production. (2) For regulating and cultural services, all the ES supply indicators, including air purification, carbon sequestration, urban cooling, flood risk mitigation, and outdoor recreation, are positively correlated with each other (p < 0.05). (3) The relationship between provisioning services and non-provisioning services is inconsistent. Grain production shows significant negative correlations with urban cooling, flood risk mitigation, and outdoor recreation. Meat production shows significant negative correlations with urban cooling and outdoor recreation. Aquatic production shows negative correlations with air purification and carbon sequestration.



The relationships between ES demand indicators are less complex than that of ES supply indicators (Figure 6). Grain consumption, meat consumption, aquatic consumption, carbon emissions, flood risk mitigation demand, and outdoor recreation demand are positively correlated with each other (p < 0.05). Interestingly, urban cooling demand is negatively correlated with air purification demand and flood risk mitigation demand (p < 0.05), and air purification demand is negatively correlated with carbon emissions and is positively correlated with flood risk mitigation demand (p < 0.05). Most ES demand indicators are negatively correlated with ES supply indicators (Figure 6). But there are also some exceptions, for example, air purification demand is positively correlated with grain production and meat production. Carbon emission is positively correlated with aquatic production. Urban cooling demand is positively correlated with urban cooling supply and flood risk mitigation supply. Flood risk mitigation demand is positively correlated with grain production.



Mismatches widely existed between each paired ES supply and demand indicator (Figure 7). For regulating and cultural services, the areas of a supply–demand mismatch for all paired ES exceed 75%. Excess demand is the dominant mismatch type for urban cooling and air purification, and excess supply is the dominant mismatch type for carbon sequestration and outdoor recreation, while for flood risk mitigation, excess demand and excess supply occupy roughly the same areas. For crop production, meat production, and aquatic production, ES supply–demand balance and excess supply occupied most of the regions.




3.3. ES Supply–Demand Bundles and Associated Driving Forces


The k-means cluster results showed that all the ES indicators of the 164 counties in the YRD can be classified into four clusters, indicating four ES supply–demand bundles (Figure 8). Moran’s I indicated that there was spatial autocorrelation between these four ES supply–demand bundles.



The four ES supply–demand bundles were named and described according to the ES supply–demand associations occurring in each cluster (Figure 8b) and the main social-ecological characteristics in each group. (1) Cluster 1 (n = 48) was named “food silos”, which combines those counties where land use is predominantly farmland and is located in most agricultural areas of Anhui and Jiangsu provinces. In this cluster, grain production and meat production capacity show high values, while other ES supply indicators show low to moderate values. Almost all the ES demand indicators show low values, except for air purification demand. (2) Cluster 2 (n = 49) was named secondary cores and included counties with moderate populations and economic development levels, mostly located near the core of the YRD urban agglomeration. In this cluster, various ES indicators are balanced with moderate values. (3) Cluster 3 (n = 58) was named the “ecological backyard” because it is mostly covered by forests, where there is usually a small urban population and no or little arable land. This cluster shows the highest values for non-provisioning service supply and the lowest values for most ES demand indicators, with only the highest value for urban cooling demand. (4) Cluster 4 (n = 7) was named “main” cores because it includes the main urban area of Shanghai. The population, urbanization, and economic development levels in this cluster are the highest. The ES supply of this cluster is the lowest for all ES types, while ES demand is the highest. This cluster is in the opposite direction of the ecological backyard cluster in terms of ES supply and demand.



The PCA results showed that the first two principal components explained 65.6% of the variance in the group of 16 ES indicators (Figure 9). The first axis (45.9%) indicates the tradeoff between most non-provisioning ES supply indicators and most ES demand indicators, with the exception of demand for urban cooling and air purification, which contributes to PC2. The second axis (19.7%) mainly shows a tradeoff between food supply and most other ES supply and demand indicators.



The human–environmental characteristics of the clusters differ significantly from one another (Figure 10). In terms of socioeconomic characteristics, Clusters 4 and 2 have significantly higher total populations, GDP per capita, and urban land area compared with Clusters 1and 3. For climatic indicators, Cluster 4 and Cluster 3 have higher temperatures than the other two clusters, while Cluster 1 has lower average annual precipitation than the other three clusters. For vegetation type indicators, the area of farmland area in Cluster 1 is significantly higher than that of the other three clusters, while the forestland and grassland areas are higher in Cluster 3 than in the other three clusters. In addition, the PM2.5 concentrations in Clusters 1 and 2 are significantly higher than those in Clusters 3 and 4.





4. Discussion


4.1. Tradeoffs between ES Considering Both the Supply and Demand Sides


Our results suggest that on the supply side, there is a relatively strong synergistic relationship between regulating and cultural services but there are tradeoffs between provisioning services and other types of services (Figure 6). This is consistent with the findings of most ES tradeoff studies [35,36]. According to Bennett, Peterson, and Gordon [3], ES supply tradeoffs may be related to interactions between ES, or may be due to responses to the same driver of change. In the YRD, given the apparently different land-use conditions (Figure 10), the tradeoffs between food production services and other services are mainly due to the fact that they both respond to the drivers of land-use change.



In terms of ES demand, we found a significant synergistic relationship between food consumption, carbon emissions, flood risk mitigation demand, and outdoor recreation demand (Figure 6). This is consistent with the results of a similar study in the Barcelona metropolitan region [16]. The possible reason for this synergistic relationship is that the demand for these services is strongly associated with population density and economic development. Interestingly, we also found significant tradeoffs between ES demands (e.g., urban cooling-air purification, carbon emissions-air purification, and flood risk mitigation-urban cooling). These ES demand indicators are represented by the environmental risks that need to be mitigated. For example, heat waves indicate urban cooling demand, air pollution intensity indicates air purification demand. The negative correlation between these environment risk distributions leads to a tradeoff in ES demand.



Most ES supply indicators show a tradeoff with ES demand indicators (Figure 6), i.e., high ES demand leads to a decrease in ES supply capacity. These results could explain why ES supply–demand mismatches widely exist [37,38,39]. The main reason for this tradeoff is mainly human-induced land-use changes. In the areas of high ES demand, large populations have converted much of the natural land to impervious surfaces, thereby reducing ES supply (Figure 10). It is worth noting that not all ES demand has a tradeoff with ES supply, and some ES demand shows synergy with ES supply, such as the relationship between air purification demand and grain production, carbon emissions and fish production relationship, and urban cooling demand and flood risk mitigation supply. Regions with high food production capacity also happen to be the more developed industrial areas so there is a synergy between grain supply capacity and the air pollution. As CO2 emissions are higher in the developed coastal areas and the fisheries are also more developed in the coastal areas so there is a synergy between fish production and CO2 emissions. The high temperature areas happen to be the best vegetated areas in the Yangtze River Delta, so there is a synergy between the demand for urban cooling and the supply capacity for flood risk mitigation.




4.2. Ecosystem Service Bundles in the Yangtze River Delta


ES bundles could help to understand complex urban human–environmental systems that are difficult to analyze [14,40,41]. ES supply–demand bundles emphasize the linkages between ES supply, between ES demands, and between ES supply and demand. They encourage the consideration of the multiple tradeoffs and synergies involved in landscape management decisions [8]. ES supply–demand bundle studies differ from the traditional ES supply bundle studies in that they are more conducive to helping design landscape management strategies by combining multiple ES supplies with ES demands [15]. ES supply–demand bundle studies also differ from the widely studied ES supply–demand mismatch. Most ES supply–demand mismatch studies focus mainly on paired ES supply and demand [42], which is not conducive to identifying multiple ES supply–demand relationships. In contrast, ES supply–demand bundles can help identify not only the relationship between one ES supply and the demand of other ES types, but also the repetitive and consistent ES supply–demand relationship across landscapes.



In this study, we identified four ES supply–demand bundles across the study area (Figure 7), from which we can find an overall ES supply–demand pattern that is mainly determined by the land-use and socioeconomic conditions (Figure 10) specifically, by land-sparing vs land-sharing approaches [43]. The “main” cores, “food silos”, and “ecological backyards” follow the land-sparing approach whose land-use diversity is low, whereas the “secondary” cores reflect more of a land-sharing approach with mixed land use. This general ES supply–demand pattern is a result of the rapid land-use changes in the YRD over the past few decades [21]. We also found the “food silos” counties have high food production capacity but a low capacity for other ES supply, while “ecological backyards” counties have a high potential for providing carbon sequences, urban cooling, flood risk mitigation, and outdoor recreation services. Other ES supply bundle studies have shown similar results [16,44]. These results suggest that regulating and cultural services have synergetic relationships, while provisioning services have tradeoff relationships with other services. Meanwhile, “food silos” counties and “ecological backyards” counties are less urbanized areas with low population density (Figure 10), suggesting that ES demand is lower in these regions. An exception is the air purification and urban cooling demand, which is not related to urbanization rates, but to climatic and pollutant factors, such as temperature and PM2.5 concentration. Thus, “food silos” counties located mainly in high polluted areas have substantially higher values of air purification demand, while “ecological backyards” counties located in areas with higher air temperature also have higher urban cooling demand. As expected, our ES supply–demand bundles also show that the densely populated “main core” counties show the largest ES demand and lowest ES supply. The largest ES supply–demand mismatch in this region is consistent with other studies [27,39]. In addition, “secondary core” counties with a mix of land-use types, thus show a balance between ES supply and ES demand.




4.3. Implications for Landscape Management and Planning in the Yangtze River Delta


Currently, the Yangtze River Delta is implementing an integrated development strategy that encourages close cooperation between cities in this region in terms of economic development and environmental protection. In this context, one of the main approaches of the integrated development strategy is the zoning of main functions. That is, the entire region is divided into ecological protection zones, agricultural zones, and urban development zones based on social-ecological characteristics. Our identified ES supply–demand bundles can work as a scientific basis for this zoning. The identified “food silos” counties can be categorized into agricultural zones, the “ecological backyards” counties can be categorized into “ecological land”, the “main cores” counties can be categorized into the constrained develop area, and the “secondary cores” counties can be classified as an important area for urban development.



In addition, our results support the “land sharing” strategy for urban development from the perspective of ES supply–demand relationships. In the “land sparing” approach, ES demand and ES supply are highly mismatched. In our case, the “main core” counties have the highest ES demand and lowest ES supply capacities, while the “food silos” and “ecological backyards” counties have somewhat the highest ES supply capacity, but the lowest ES demand capacity. It has been argued that the ES can be imported from rich ES supply areas to the highest ES demand area. For some ES types, this approach is possible, such as food production, and carbon sequestration. However, there are many ES that are produced and used in local counties, such as outdoor recreation, air purification, flood risk mitigation, and urban cooling. These ES cannot be imported from remote areas. To fully achieve a balance between supply and demand for ES, we highly recommend the “secondary cores” mode with moderate population density and urbanization intensity.





5. Conclusions


This study comprehensively investigated the ES tradeoffs (supply–supply tradeoff, supply–demand tradeoff, and demand–demand tradeoff) in the urban agglomeration of the YRD by mapping the bundles of ES considering both supply and demand. Based on several statistical techniques, we found that the spatial distributions of ES supply and demand were highly heterogeneous with strong spatial autocorrelations. Significant correlations exist among ES in terms of supply–supply, supply–demand, and supply–demand. Four ES supply–demand bundle types were identified with distinct land use, urban intensity, and climatic characteristics. The identified ES supply–demand bundles can provide scientific evidence for the zoning of main functional areas in the Yangtze River Delta. Our results also suggest that land sharing is a more appropriate approach for the sustainable development of the Yangtze River Delta considering the balance of ES supply and demand. Future research could further help develop balanced strategies on how to improve ES synergies while reduce tradeoffs by considering ES supply and demand.
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Figure 1. The location and land use of the study area. 
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Figure 2. The unified ES tradeoff typology considered both the ES supply and ES demand (Modified from Mouchet, Lamarque, Martín-López, Crouzat, Gos, Byczek and Lavorel [8]). 
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Figure 3. The spatial distributions of individual ES supply indicators (a–h) and aggregated ES supply capacity (i). The z-score values in each panel indicate the significance of spatial autocorrelation. 
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Figure 4. The spatial distributions of individual ES demand indicators (a–h) and aggregated ES demand capacity (i). The z-score values in each panel indicate the significance of spatial autocorrelation. 






Figure 4. The spatial distributions of individual ES demand indicators (a–h) and aggregated ES demand capacity (i). The z-score values in each panel indicate the significance of spatial autocorrelation.



[image: Land 11 01558 g004]







[image: Land 11 01558 g005 550] 





Figure 5. The hot/cold spots (a,b) and Simpson index (c,d) of ES supply and demand. 
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Figure 6. The Pearson correlation matrix of all the sixteen ES supply and demand indicators. The “×” indicates non-significant relationship (p > 0.05). 
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Figure 7. The spatial patterns of paired ES supply–demand ratios (a–h) and the proportion of each relationship type for the eight ES (i). 
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Figure 8. Spatial distribution of ES supply–demand bundles (a) and flower diagrams for each identified cluster (b). 
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Figure 9. Principal component analysis results for the ES supply and demand indicators within each cluster. 
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Figure 10. Differences in the human-environmental factors among the four identified clusters. (a–i) refers to Population, GDP, PM2.5, Temperature, Precipitation, Forest area, Farmland area, Grassland area, and Urban land area, respectively. Different symbols above the boxplots indicate significant different levels (* p < 0.05, ** p < 0.01, *** p < 0.001, NS. indicates no significance). 
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Table 1. The indicators and quantification methods of the selected ES.
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Ecosystem Services

	
Indicators

	
Quantification Methods






	
Grain production

	
Supply: Grain production capacity

	
Grain production data obtained from the Statistical Year Book




	
Demand: Grain consumption

	
Product of population and daily grain consumption per person




	
Meat production

	
Supply: meat production capacity

	
Meat production data obtained from the Statistical Year Book




	
Demand: meat consumption

	
Product of population and daily meat consumption per person




	
Aquatic production

	
Supply: Aquatic production capacity

	
Aquatic production data obtained from the Statistical Year Book




	
Demand: Aquatic consumption

	
Product of population and daily aquatic consumption per person




	
Urban cooling

	
Supply: Urban cooling capacity

	
Urban InVEST model [24]




	
Demand: heatwaves

	
The number of days with the maximum daily temperature greater than 35 °C (the high-temperature standard in China).




	
Air purification

	
Supply: PM2.5 purification capacity

	
Relationship between pollutant deposition rate and wind speed in different land cover types [25].




	
Demand: Air pollution risk

	
Number of days with PM2.5 concentration greater than 100 µg/m³ (EPA PM2.5 pollution criteria) in a year




	
Flood risk mitigation

	
Supply: Runoff retention capacity

	
Urban InVEST model [26]




	
Demand: Runoffs

	
Runoffs need to be mitigated, calculated by the Urban InVEST model [26]




	
Carbon sequestration

	
Supply: NPP

	
Modis NPP data




	
Demand: Carbon emissions

	
County-level carbon emission inventories from the Chinese Bureau of Statistics




	
Outdoor recreation

	
Supply: Outdoor recreation capacity

	
Recreation capacity was mapped based on three components: naturalness, nature reserve, and water.




	
Demand: Accessible population

	
Outdoor recreation demand was determined by the accessibility and population density [27]
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