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Abstract

:

The Yangtze River Basin serves as an essential ecological shelter in China, yet it has encountered escalating aquatic ecological challenges. Exploring the spatial–temporal changes and the trade-off–synergy relationships of water-related ecosystem services (WESs) is necessary for formulating management and planning policies targeting the sustainable development of watersheds. In this study, the InVEST model is utilized to evaluate the spatial–temporal variations in water yield (WY), water purification (WP), and soil conservation (SC) in the Yangtze River Basin using remote-sensed data from 2001 to 2021. The spatial overlay method and a correlation analysis were adopted to reveal the trade-off–synergy relationship among the three WESs. Additionally, we performed a comparative analysis across the grid and sub-basin scales. The results showed that the multi-year average WY, WP, and SC were 536.10 mm, 1.32 kg/ha, and 250.08 t/ha, representing increasing rates of 4.74 mm/a, −0.001 kg/ha/a, and 1.88 t/ha/a, respectively. Moreover, the trade-off–synergy relationships of WESs exhibited spatial variability; specifically, the WY-WP, WP-SC, and WY-SC pairs demonstrated reduced synergy magnitude over time. The WES interactions were stable across the scales of interest, while synergy strength showed noticeable variability. The findings may contribute to the sustainable development of the Yangtze River Basin and enhance the comprehensive management of WESs.






Keywords:


water-related ecosystem services; trade-off–synergy relationships; watershed sustainable development; scale effect; Yangtze River Basin












1. Introduction


Ecosystem services refer to all the benefits humans acquire from nature [1]. Global ecological systems and basic services related to the structure, process, and functionality of natural ecosystems are termed water-related ecosystem services (WESs), which bolster the sustainable development of human welfare [2]. Recently, burgeoning urbanization and population density have degraded ecosystem services, involving WES degradation, water scarcity, water pollution, and weakened capacity for water–soil preservation [3]. Delving into WESs can promote their sustainable development and comprehensive management.



The spatial–temporal changes in WESs have been evaluated as a prerequisite for guiding ecological management. The evaluation techniques include traditional hydrological tools, such as the Soil and Water Assessment Tool (SWAT) model [4] and the Variable Infiltration Capacity (VIC) model [5], or ecosystem services tools, including the Artificial Intelligence for Ecosystem Services (ARIES) model [6], the Integrated Valuation of Ecosystem Services and Trade-offs (InVEST) model [7], and the Multiscale Integrated Model of Ecosystem Services (MIMES) model [8]. Traditional hydrological tools (i.e., the SWAT model) primarily focus on hydrological and physical processes, necessitating post-processing for ecosystem service assessments. In contrast, ecosystem service tools represented by the InVEST model provide direct spatial visualization results for various ecosystem services and their intermediate variables. Taking water yield (WY) as an example, the assessment accuracies using the SWAT and InVEST models vary across different temporal scales. The latter model is more suitable for annual scale assessments, while the former demonstrates advantages at seasonal and monthly scales [9]. The InVEST model possesses three distinct strengths compared to the others. Firstly, it offers greater flexibility, thanks to the employment of a hierarchical design that allows for adjusting data requirements according to different spatial scales. Secondly, fine-tuning the data settings enables researchers to assess changes in ecosystem service functionalities under future scenarios. Additionally, this model is user friendly and has favorable result visualization [10,11]. It is important to note that the InVEST model still needs improvement in terms of model parameter settings and the uncertainty assessment of evaluation results [11]. Despite these deficiencies, it is one of the most widely used models for WESs. Numerous evaluations of WESs have been conducted by researchers from myriads of administrative regions [12,13], watersheds [14,15], and ecological types, revealing the pronounced spatial–temporal heterogeneities in ecosystem services. Despite these contributions, most of the literature has only measured single or several discrete time points, neglecting the continuous time scale. On the one hand, conducting long-term and continuous time-series assessments can reveal trends and critical transitions in WESs, facilitating the decision making of priority issues for the sustainable management of watershed ecosystems [16]. On the other hand, the trade-offs and synergies of WESs obtained in a single time point may change, in decreasing, strengthening, or even reversing directions over time [17]. Thus, recognizing the continuous temporal changes within WESs can provide valuable insights into the dynamic nature of WESs, guiding ecosystem management [18].



The diversity and spatial heterogeneity of ecosystem services and human activities create intricate interactions mainly characterized by trade-off and synergy relationships. A variety of methodologies are employed to quantify these relationships between ecosystem services, as well as their spatial manifestations. These methodologies include correlation analysis [19], geographically weighted regression [20], spatial overlay analysis, and bivariate spatial autocorrelation analysis [21]. A correlation analysis is regarded as the most straightforward and effective method for quantitatively identifying trade-off and synergy relationships among different ecosystem services and their magnitudes. In contrast, a spatial overlay analysis provides a spatial expression for the relationships of interest. Identifying trade-off and synergy relationships among WESs has emerged as a research hotspot. Despite its popularity, a research gap remains on these interactions, especially across spatial scales [22]. Ecosystem services may exhibit contrasting trade-offs and synergies under different spatial scales [23,24]. For one thing, single spatial scale assessments are likely to capture, miss, or distort the interactions within WESs [18,25]. For another, comparing trade-offs and synergies of WESs across varying spatial scales can facilitate the optimal implementation scale for watershed sustainable management [26]. Moreover, current research primarily focuses on evaluations at various grid scales (500 m, 1 km, and 5 km) and administrative scales (province, city, and county), paying less attention to the sub-watershed scale, especially the differences between grid and sub-watershed scales. For these considerations, the spatial–temporal variations and cross-spatial features of WESs are imperative for watershed spatial planning [21] in the context of advances in the spatial–temporal and cross-spatial analysis of ecosystem services.



As a crucial ecological shelter for the city clusters in the middle and lower Yangtze River regions, the Yangtze River Basin fosters the sustainable development of biological habitats alongside human societies. Recently, the Basin has experienced growing water-related ecological issues, such as drought and flood disasters and water pollution, triggered by rapid economic advancement and climate change. Despite the urgency of addressing these issues, a knowledge gap exists regarding the dynamic changes in WESs, their trade-offs and synergies over long time series in the Yangte River Basin, and whether a conflict arises between these relationships at grid and sub-watershed scales. Based on the multi-source data pertaining to land and meteorological factors, the InVEST model was employed to assess the spatial–temporal variations and cross-spatial features of WESs from 2001 to 2021 in three metrics, i.e., WY, water purification (WP), and soil conservation (SC). Furthermore, this study analyzed the trade-off and synergy relationships among WESs. Subsequently, it revealed the cross-spatial discrepancy between grid and sub-watershed scales, promoting sustainable development of the Yangtze River Basin as well as comprehensive and cross-scale management of the hydrological ecosystem.




2. Overview and Explanation of Data


2.1. Overview of the Study Area


Originating from the northern foothills of the Tanggula Mountain Range, the Yangtze River extends over an impressive course of 6363 km, bypassing 11 provinces, cities, and autonomous regions, as shown in Figure 1. The geographic coordinates of the Yangtze River Basin fall between 24–36° N and 90–122° E. It transects the eastern, central, and western economic zones, covering an extensive area of 1.8 million km2. The Yangtze River Basin exhibits a diversified topography characterized by a gentle decrease in altitude from west to east and a wide distribution of plateaus, basins, mountains, and hills. This region is dominated by a subtropical monsoon climate, with an annual average temperature of 12–18 °C and an average precipitation of 1000–1400 mm, displaying spatial–temporal variations in abundant rainfall. The Yangtze River Basin is irreplaceable in pollution control, climate regulation, and biodiversity maintenance, forming a critical ecological security barrier in China.




2.2. Data Sources and Research Methodology


2.2.1. Data Sources and Processing


The land use data were derived from the Chinese Land Cover Dataset from 2001 to 2021 with a spatial resolution of 30 m, available at https://zenodo.org/record/5816591 (accessed on 8 January 2024). Meteorological data, including national monthly average precipitation, temperature, and potential evapotranspiration, were sourced from the National Center for Earth System Science (http://loess.geodata.cn, accessed on 8 January 2024), featuring a spatial resolution of 1 km. The Chinese Soil Dataset based on the World Soil Database (HWSD V1.1) provided the soil data, encompassing soil type, texture, and depth (1 km spatial resolution). The Digital Elevation Model data with a spatial resolution of 250 m can be accessed via the National Qinghai–Tibet Plateau Data Center (http://data.tpdc.ac.cn, accessed on 8 January 2024). The vector boundary data of sub-basins originated from the HydroSHEDS dataset (https://www.hydrosheds.org, accessed on 8 January 2024). The application of ArcGIS software (version 10.5) transformed these data into a unified projection coordinate system (WGS_1984_Albers) and resampled them with a spatial resolution of 500 m.




2.2.2. Quantification of WESs


Utilizing the InVEST model (version 3.13.0), this study quantified the WY, WP, and SC within WESs of the Yangtze River Basin on a grid scale. Subsequently, the Zonal Statistics tool in ArcGIS was employed to calculate the mean values of WY, WP, and SC at a sub-watershed scale according to the pixel results within the sub-basin boundaries. In addition, we introduced Sen’s Slope method to measure the long-term trend changes of the three WES types from 2001 to 2021 [27] and verified these trends based on the Mann–Kendall test [28]. The three WESs were quantified as follows.



Using the water balance principle in the Budyko Curve and the water production services assessment by the InVEST water production module, the annual WY (unit: mm) of pixel i (Yi) can be calculated as


   Y i  = ( 1 −   A E  T i     P i    ) ⋅  P i   



(1)




where AETi is the annual evapotranspiration (mm) of pixel i, and Pi is the annual precipitation (mm) of pixel i; the Yangtze River Basin Water Resources Bulletin (http://www.cjw.gov.cn/zwzc/zjgb/, accessed on 8 January 2024) validated the results.



The nutrient delivery ratio module of the InVEST model quantified the nitrogen output per pixel as a metric for WP [18]. A higher nitrogen output indicates a lower capacity for water quality purification. The specific calculation formula used is as follows:


  W  P i  = l o a  d i  ⋅ N D  R i   



(2)




where WPi represents the nitrogen output (kg/ha) of pixel i, and loadi and NDRi denote the modified nutrient load [29] and nutrient delivery ratio of pixel i, respectively.



Based on the Universal Soil Loss Equation and considering the interception capacity of soil under varying climatic and topographic conditions, SC can be described based on the sediment delivery ratio module of the InVEST model:


  S C = R ⋅ K ⋅ L S ⋅ ( 1 − C ⋅ F )  



(3)




where SC signifies the annual average soil conservation (t/ha), R stands for the rainfall erosivity factor (MJ·mm·ha−1·h−1), K denotes the soil erodibility factor (t-ha-MJ−1-mm−1), LS represents the slope length gradient factor, C indicates the vegetation cover and management factor, and F symbolizes the factor of soil and water conservation measures; the values of P and C are referred to the cases of the consistent kind of assessment [29].



Based on the results inferred from the InVEST model, WY, WP, and SC can be standardized and summed to assess the overall level of hydrological ecosystem services within the Yangtze River Basin. The calculation formula is expressed below:


  T E S =   ∑  i = 1  3     E  S  i , j   − E  S  i , min     E  S  i , max   − E  S  i , min        



(4)




where the total ecosystem service (TES) refers to the total amount of ecosystem services, ranging from 0 to 3, ESi,j represents the value of ecosystem service function i in image element j, and ESi,min and ESi,max are the minimum and maximum values of ecosystem service function i in this region, respectively.




2.2.3. Ecosystem Service Trade-Off and Synergy Analysis


In this study, the spatial overlay analysis method was utilized to identify the overall trade-off and synergy relationships of the WESs during different periods in the research area. Based on the ArcGIS software with the natural breakpoint method, pixelated WY, WP, and SC values were standardized, reclassified into high, medium, and low categories, and assigned values of 3, 2, and 1, respectively. Rules were applied to determine the overlay codes CODE for each pixel, as defined below:


  C O D E = 100 ⋅  D  W Y   + 10 ⋅  D  W P   + 1 ⋅  D  S C    



(5)




where DWY, DWP, and DSC denote the reclassification results of WY, WP, and SC, respectively. CODE refers to the three-digit overlay code varying from 111 to 333, corresponding to the supply capabilities of WY, WP, and SC per pixel. This study grouped the overall trade-off and synergy relationships of the WESs into four categories, namely strong trade-off, weak trade-off, high synergy, and low synergy, to predict the strength of the three WES supply capabilities, as listed in Table 1. Herein, all WES supply capabilities achieved their maximum values under conditions of high synergy. Notably, low synergy, implying low supply capabilities across all the WESs, was detrimental to the ecosystem.



In addition, a Pearson correlation analysis offered further insight into the trade-off and synergy relationships between WY, WP, and SC within the Yangtze River Basin at grid and sub-watershed scales, and the t-test facilitation provided a significant analysis of trade-off and synergy intensity. A positive Pearson correlation coefficient implies a synergy relationship between two WESs, while its negative counterpart represents a trade-off. The absolute value of the Pearson correlation coefficient denotes the degree of the trade-off–synergy relationship, passing the significance test when p < 0.05.






3. Results


3.1. Characteristics of Spatial and Temporal Changes in WESs


3.1.1. WES Spatial Pattern


Despite the spatial heterogeneity in the WES distribution, the relative spatial framework showed stability and consistent spatial distribution structures at grid and sub-watershed scales, as shown in Figure 2, Figure 3 and Figure 4. Over the last 21 years, the average WY, WP, SC, and TES in the Yangtze River Basin scored 536.10 mm, 1.32 kg/ha, 250.08 t/ha, and 1.18, respectively, with distinguishable variations across the spatial distributions of each WES. WY decreased from northwest to southeast, showing notable disparities between the upstream and downstream regions. High-value zones for WP resided in downstream regions associated with human activities, while the high SC values concentrated in the flat regions along the downstream regions. Pronounced value clusters were observed in the TES, with high values in the northwest mountains and the central mountainous and hilly areas and low values primarily in the Yangtze River source area and northern regions.




3.1.2. Temporal Change in WESs


The trends and spatial distributions of WES changes at the two scales are consistent. Despite the overall consistency, substantial differences are visible in the rate of variations in different WESs, as illustrated in Figure 2, Figure 3 and Figure 4. WY and SC display prominent upward trends, corresponding with the changing rates of 4.73 mm/a and 1.88 t/ha/a, respectively. The western and northeastern regions primarily undergo degradation due to ecological vulnerability. The eastern regions experience a remarkable increase in WY; in contrast, the primary growth in SC is observed in the steep mountainous transition between the first and second steps. WP and TES display relatively minor annual changes, while WP experiences slight decreases at 0.001 kg/ha/a, indicating an overall improvement in water quality. Subtle annual increases in the TES at a marginal rate of 0.003 are observed, while notable declines appear in the northwest and the midstream region of the Yangtze River Basin.





3.2. Trade-Off and Synergy Relationships of WESs


3.2.1. Overall Analysis of Trade-Off and Synergy Relationships


Figure 5 demonstrates that low-synergy relationships governed the ecosystem services in the Yangtze River Basin in 2001–2021, accounting for around 70% of the total pixels primarily distributed in the upstream and midstream regions. Here, the overall contributions of WY, WP, and SC remained consistent. Moreover, the proportions of inapparently strong trade-off, high synergy, and weak trade-off were 20.90%, 6.31%, and 1.57% of the total pixels, scattering across the eastern regions. An analysis of the historical pixel proportions of the trade-off and synergy relationships within the WESs revealed noticeable fluctuations in proportions between the four types of relationships before 2013. After 2013, the distribution area with low synergy decreased by 7.99%; strong and weak trade-offs along with high synergy underwent 4.73%, 2.91%, and 3.46% improvements, respectively. This phenomenon suggests an enhancement in the degree of synergy of the investigated WESs, indicating an improvement in ecological environmental conditions.




3.2.2. Spatial–Temporal Patterns of Trade-Off and Synergy Relationships within WESs


A notable synergy relationship (p < 0.01) exists among all WESs in the Yangtze River Basin, with the highest correlation coefficient of 0.65 for WY-WP, followed by 0.42 for WP-SC, and the lowest for WY-SC (0.24), as shown in Figure 6a. From 2001 to 2021, the synergy magnitude in all the WES pairs diminished, with a significant decline in WY-SC (p < 0.05); the WY-WP and WP-SC groups experienced no distinct declines. Figure 6b illustrates the spatial distribution of WY, WP, and SC during the study period, reflecting spatial heterogeneity in the trade-off and synergy interactions among the WES pairs on the grid and sub-watershed scales. At the grid scale, the proportions of the synergy relationships for WY-WP and WP-SC were 98.08% and 92.99%, respectively. In contrast, the corresponding trade-off relationships accounted for 1.92% and 7.01%, respectively. As the dominant service type, the synergy relationships showcased consistent spatial patterns with trade-off relationships. High levels of synergistic interactions primarily occurred in the middle and downstream areas of the basin, representing 62.14% and 55.84% of total pixels, which corresponded to more than 0.8 degrees of synergy. In contrast, the upstream area was predominantly characterized by lower synergy, ranging from 0 to 0.8. In the case of WY-SC, the proportion of trade-off and synergy interactions accounted for 0.71% and 99.29%; specifically, 89.18% of the pixels reflected more than 0.8 degrees of synergy, extensively distributing across the whole basin. On the sub-watershed scale, the primary service types of the WES pairs were consistent, and the WY-WP, WP-SC, and WY-SC groups were characterized by synergies. Notably, the pronounced transformation in the proportions of different degrees of synergy manifested.



The variations in the WY-WP and WP-SC pairs were primarily expressed as high-synergy to low-synergy transitions. Their proportions in highly synergistic areas (>0.8 degrees of synergy) reduced to 37.23% and 37.85%, respectively, primarily distributing on river sources and eastern hilly areas. In contrast, the proportion of the high-synergy area for the WY-SC pair further increased to 95.13%. Expanding from the grid scale to the sub-watershed scale, the synergy relationships among the WES pairs became increasingly pronounced, and the spatial heterogeneity was lessened.






4. Discussion


4.1. Analysis of the Impacts of Land Use Changes on the Spatial–Temporal Variations within WESs


From 2001 to 2021, cropland and grassland in the Yangtze River Basin decreased by 5.97 × 108 ha and 5.20 × 108 ha, respectively, while forest and impervious surface areas increased by 5.83 × 108 ha and 4.73 × 108 ha (Figure 7). These changes in land use have largely influenced the spatial–temporal characteristics of the WESs in the basin as a consequence of human activities. Based on the water balance, WY was governed by the combined interplay of precipitation and evapotranspiration. Precipitation was positively correlated with WY; specifically, its spatial distribution determined the increasing spatial pattern of WY from northwest to southeast. Conversely, evapotranspiration exhibited a negative correlation with WY and was influenced by changes in land use types. Impervious surfaces exhibited less evapotranspiration than vegetated lands, and their rapid growth proportionally contributed to the rise in WY. Moreover, considerable arable land underwent conversion into impervious surfaces for urban construction lands, lowering the fertilizers within the ecosystem and WP values and thus improving the water quality conditions. The increasing construction land and human population density intensified pollution [30] and deteriorated water quality, as indicated by the ascending WP in the lower reaches of the Yangtze River. The increased human emissions also decreased WP from surface runoff, weakening the synergistic relationship between WY and WP. During the research period (2001–2021), the construction of conservation forests and the comprehensive management of small watersheds contributed to forest area increases and soil erosion rate declines, leading to an upward trend in the overall SC. The increasing regional vegetation coverage further mitigated the effects of surface runoff on soil erosion, suppressing the WY and SC synergy.



Due to declines in grassland and wetland areas, a declining trend in SC was observed in ecologically vulnerable regions. Overall, the distribution of land use types led to spatial heterogeneity in the WESs and propelled their spatial–temporal evolution. Despite the achievements from ecological preservation measures implemented in the Yangtze River Basin over the past years, urban ecological environments continue to undergo substantial pressures. Attention should be given to bolstering urban ecological construction along with striking a balance between economic development and ecological preservation to achieve harmonious economic–ecological development. The spatial heterogeneity exhibited by WESs necessitates targeted management and zone-specific ecological conservation policies, considering the varying socio-natural conditions of specific regions and thereby facilitating ecological enhancement more effectively.




4.2. Analysis of WES Scale Effects


The multiscale evaluation of regional ecology forms the foundation for regulating ecosystem relationships, demonstrating the following merits: (1) combining the advantages of different analytical scales; (2) highlighting the details revealed by the smaller scale and considering the regional features reflected on the larger scale; (3) offsetting the result deviations introduced by sole-unit scales [31,32]. This research probed into the spatial–temporal characteristics and trade-off–synergy relationships of WY, WP, and SC as the main WESs across grid and sub-watershed scales. In the spatial–temporal configuration of the WESs, the spatial distribution and temporal alteration patterns of the WESs remained stable across varying scales, corroborating the conclusions derived by Xu et al. [23] and Xia et al. [18] that the dominant trade-off–synergy relationships among the WESs were consistent despite varying scales. The WY-WP, WP-SC, and WY-SC pairs predominantly demonstrated synergy relationships across the grid and sub-watershed scales, indicating a robust interaction between the WESs within the Yangtze River Basin [23]. The synergy intensity of the WESs showed spatial disparity at different scales, and the differences in scales resulted in varying strengths of trade-off and synergistic effects. In comparison to the grid scale, the overall synergy of the WESs at the sub-watershed scale was notably strengthened despite the reduced proportion of high-synergy areas. This phenomenon resembles the process of peak shaving and valley filling; specifically, high values are ‘trimmed’ and low values are ‘filled’ in the transition from small to large scales, compromising the synergy towards moderate to low degrees with increasing scale. The disparity in the strength of trade-offs and synergies of the WESs at different spatial scales may also be related to the overall impact of land use types. At smaller scales (grid), when a specific piece of land has a single type of land use and is not influenced by other land use types, this area exhibits direct and strong trade-off and synergy relationships among the WESs. Different local land use types may interact at the sub-watershed scale, thereby weakening and altering the WES trade-off and synergy relationships. This also explains the presence of trade-off relationships at the grid scale compared to the dominance of synergy relationships at the sub-watershed scale. The heterogeneity of the trade-off–synergy interaction intensity revealed the complexity of these interplays in ecosystem services at different dimensions. In this sense, successful ecosystem management necessitates comprehending the complex interactions among WESs, considering the scale effects within geographical environments, and thus adopting tailor-made sustainable ecosystem management under varying scales [33].





5. Conclusions


This study analyzed the spatial–temporal variation characteristics and the changes in the trade-off–synergy relationships of the WESs (WY, WP, and SC) in the Yangtze River Basin from 2001 to 2021. The scale effect on the grid and sub-watershed scales was revealed, offering insights for objectively evaluating the variations in the hydrological ecosystem service functions in the Yangtze River Basin and formulating ecological regulation policies. This work also contributes to the sustainable development of other large river basins experiencing rapid economic growth. The primary findings can be described as follows.



During the research period, the average WY was 536.10 mm in the Yangtze River Basin, with an increase rate of 4.74 mm per year. The average WP volume reached 1.32 kg/ha, revealing a slight annual decline rate of 0.001 kg/ha. Moreover, the SC yielded a 250.08 t/ha volume at an annual growth rate of 1.88 t/ha. The multi-year average TES remained stable at 1.18. Influenced by changes in land use types and natural factors such as precipitation and landform, the spatial–temporal characteristics in WY, WP, and SC exhibited pronounced spatial heterogeneity, demonstrating notable clustering outcomes in high- and low-value zones.



The overall trade-off–synergy relationships of ecosystem services in the Yangtze River Basin predominantly constituted low synergy in the upstream and midstream areas. In the investigated period, the low-synergy area decreased by 7.99%, while the counterparts of strong trade-off, weak trade-off, and high synergy increased, indicating an improvement in the overall ecological condition. The interactions amongst the WES pairs demonstrated that the WY-WP, WP-SC, and WY-SC relations were primarily synergistic, exhibiting a gradual decline in magnitude with increasing years. In addition, the spatial distributions of the synergy relationships in various WES pairs evinced pronounced disparities, with two pairs related to WP evincing similar spatial patterns to WP.



The cross-scale analysis of ecosystem service interactions indicated that WY, WP, and SC displayed consistent spatial–temporal characteristics under the grid and sub-watershed scales. The one interconnection of hydro–physical processes contributed to the stable WES trade-off–synergy relationships. All the investigated WES pairs were dominated by synergistic relationships, with varying strengths across scales. To conclude, basin ecological management and planning strategies should be tailored for different scales, especially for sub-basin regions.
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Figure 1. The map of the study region. 
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Figure 2. Patterns of spatial distribution of individual WESs at the grid scale. 
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Figure 3. Patterns of spatial distribution of individual WESs at the sub-watershed scale. 
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Figure 4. (a) Spatial and temporal characteristics of TES; (b) change trends of WESs. 
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Figure 5. WES trade-offs and synergies in the Yangtze River Basin. 
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Figure 6. (a) temporal distribution of correlations between WESs; (b) Spatial distribution of correlations between WESs. 
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Figure 7. WES changes under different land use types. 
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Table 1. Criteria for delineating trade-off–synergy relationships of ecosystem service.
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	Service Relationships
	Subclasses
	Supply Capacity Combinations
	Overlay Codes
	Interpretation





	
	Strong trade-off
	1 high, 2 low; 1 high, 1 medium, 1 low
	113, 123, 131, 311, 321
	Only one ecosystem service supply capacity high



	Trade-off
	
	
	
	



	
	Weak trade-off
	2 high and 1 low
	133, 313, 331
	Only the two ecosystem service supply capacities high



	
	High synergy
	3 high, 2 high, and 1 medium; 1 high and 2 mediums
	222, 232, 322, 332, 333
	All three ecosystem service supply capacities high



	Synergy
	
	
	
	



	
	Low synergy
	3 low; 1 of 2 low; 1 of 2 low
	111, 112, 121, 212, 221
	All three ecosystem service supply capacities low
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