Supplementary Material 
2.3.2 Assessment Methods for the Ten Ecosystem Services
(1) Water Yield
Water yield was estimated using the water yield module of the InVEST model, based on data including annual precipitation, annual actual evapotranspiration, bedrock depth, and land use (Dennedy-Frank et al., 2016, He et al., 2024). The method is grounded in the water balance principle, defining regional water yield as annual precipitation minus annual evapotranspiration (Fu, 1981b). The calculation employs the following equation:

Where: Y(x) is the annual water yield for pixel x. AET(x)is the annual actual evapotranspiration for that pixel. P(x) is the annual precipitation for that pixel.
The evapotranspiration component of the water balance is based on an expression of the Budyko curve(Fu, 1981a, Zhang, 2004):

Where: PET(x) is the potential evapotranspiration for pixel x. ω(x) is a non-physical parameter characterizing natural climate-soil properties.
Potential evapotranspiration PET(x) is defined as:

Where: KC(X)is the crop evapotranspiration coefficient for pixel x(Allen, 1998). ET0(x)is the reference crop evapotranspiration coefficient for that pixel.

AWC(x) is the plant-available water content for pixel x, representing the soil's capacity to supply water for vegetation growth (Donohue, 2012). It is calculated as the product of the Plant-Available Water Capacity (PAWC) and the minimum value between the constraining layer depth and the vegetation rooting depth. PAWC is calculated using the following formula (Zhou, 2005). Z is an empirical constant termed the "seasonal factor". After repeated comparisons between modeling results and data from local water resources bulletins, it was calibrated to 1 for this study.

Where: sand%, silt%, and clay% represent the proportion of sand, silt, and clay in the soil, respectively. OM represents the soil organic matter content.
(2) Carbon Sequestration
Based on land use data and carbon pool values for each land type in the Lijiang River Basin obtained from relevant literature (Zhou et al., 2025), the total carbon storage was calculated using the carbon storage and sequestration module of the InVEST model. This module sums the aboveground, belowground, soil, and dead organic matter carbon pools for each land type. Total carbon storage is calculated as follows (Peng et al., 2019, An et al., 2024, Xie et al., 2025):

Where: Ctotal denotes total carbon storage, i.e., the sum of all carbon pools in the ecosystem. Cabove denotes aboveground biomass carbon, primarily the carbon in live plants above the surface (e.g., trunks, branches, leaves). Cbelow denotes belowground biomass carbon, primarily the carbon in plant roots. Csoil denotes the soil carbon pool, including carbon in soil organic matter and minerals. Cdead denotes litter/dead organic matter carbon, including surface litter and coarse woody debris.
(3) Habitat Quality
The habitat quality module of the InVEST model was used. Based on land use and road distribution data, and referencing literature to define threat factor tables(Huang, 2020) and sensitivity tables, this module assesses the extent of habitats/vegetation types and their degradation status according to the formula below, generating a habitat quality map.

Where: Qxj is the habitat quality for pixel x in land use type j, ranging from 0 to 1, with higher values indicating better quality. Hj is the habitat suitability for land use type j. K is the half-saturation constant.
(4) Soil Conservation
Soil erosion was calculated using the Revised Universal Soil Loss Equation (RUSLE) model(Jin, 2021) implemented via the sediment delivery ratio module of the InVEST model, based on data such as DEM and soil properties.

Where: Ac is the annual average soil retention per unit area. Ap and Ar are the potential and actual soil erosion amounts, respectively. R is the rainfall erosivity factor. K is the soil erodibility factor. LS is the topographic factor. P is the support practice factor. C is the cover-management factor. Values for C and P were adopted from the literature (Xu, 2006). The rainfall erosivity factor was calculated using the following formula (Zhang, 2003):

Where: Pj is the mean annual precipitation.
The soil erodibility factor was calculated in ArcGIS using the Raster Calculator, following the method described in the reference (Zhou, 2020).
(5) Water Purification (Nitrogen, Phosphorus)
The nutrient delivery ratio (NDR) module of the InVEST model was used to assess the retention capacity for nitrogen and phosphorus. Based on land use, DEM, and other data, and referencing literature to set parameters for the biophysical table, the threshold flow accumulation value, and the Boresellik parameter(Li, 2022), the model simulates the nutrient transport process from sources to water bodies. It considers flow paths generated from the DEM and the nutrient retention efficiency of land uses. In this study, the purification service was represented by the difference between the nutrient load and the nutrient export.
(6) Water Conservation
Water conservation was estimated by modifying the water yield based on the surface runoff coefficient (Shen, 2024). The difference between water yield and surface runoff was used as the water conservation quantity (Zhang, 2023), providing a more accurate reflection of the ecosystem's capacity to regulate water resources. The main calculation formulas are: 



Where: Wx is the annual water conservation. Yx is the annual water yield. Rx is the annual surface runoff. Px is the annual precipitation. ETx is the annual evapotranspiration.
(7) Food Production
Food production service, primarily supplied by cropland, forestland, and grassland, provides humans with agricultural products, cash crops, and livestock products. Given the positive correlation between food yield and NDVI (Kuri, 2014), this study integrated data on agricultural, livestock, and aquatic products from statistical yearbooks. The production capacity of cropland, forestland, and grassland was spatially allocated using a weighting scheme based on the NDVI index. All products were uniformly converted into standard grain equivalent yield (Yan, 2024), enabling the spatial representation of supply service (Qiao, 2022). The calculation formula is as follows(Li et al., 2024, Fan et al., 2024):

Where: Gi is the grain, meat, milk, or aquatic product in grid i. FSsum is the total supply of each product in the study area. NDVIi is the NDVI value in grid i. NDVIsum is the sum of NDVI for cropland, forestland, and grassland in the study area. A0 is the area of one grid (1 km²).Asum is the total water area in the study area.
(8) Biodiversity Conservation
DEM, annual precipitation, mean annual temperature, and NPP data were normalized using the range method. The biodiversity maintenance service capacity index was then calculated in ArcGIS using the Raster Calculator according to the following formula (Sun, 2022, Tu, 2024):

Where: Sbio is the biodiversity maintenance service capacity index; NPPmean is the mean annual net primary productivity; Fpre is the mean annual precipitation factor; Ftem is the mean annual temperature factor; Falt is the altitude factor.
(9) Recreation Service
This study simulated recreation service using the Recreation Opportunity Spectrum (ROS) mode(Boyd, 1996, Huang et al., 2023). Recreation service represents the non-material benefits humans obtain from nature that contribute to physical and mental well-being (Willis, 2015). Therefore, it is influenced not only by the ecosystem's intrinsic attributes but also by factors such as accessibility and geographical location. An evaluation system was constructed from four dimensions: naturalness, accessibility, scenic spot density, and population density(Maes et al., 2013). The weights of indicators were determined using a combination of the entropy weight method and the analytic hierarchy process (AHP). Recreation service capacity was spatially quantified through raster overlay.
2.3.3 Analysis of Ecosystem Service Interrelationships
(1) Spatial Hotspot and Coldspot Identification
To reveal the spatial clustering patterns of each ecosystem service, this study employed spatial autocorrelation analysis. First, service values were aggregated based on 1-km² grid units. Global spatial autocorrelation was assessed using the Global Moran's I index. This statistic identifies whether services exhibit clustered, dispersed, or random distribution patterns at the regional scale by comparing the similarity of attribute values among neighboring spatial units. Its calculation formula is as follows:

Where: N is the total number of spatial units; xi and xj are the observed values at spatial units I and j; x̄ is the mean of all observed values; Wij is an element of the spatial weight matrix quantifying the spatial relationship between units i and j; W is the sum of all spatial weights Wij. An I>0 indicates positive spatial autocorrelation (i.e., clustering of high or low values); I<0 indicates negative spatial autocorrelation (i.e., a checkerboard pattern of high and low values); I=0 suggests no significant spatial autocorrelation.
To further identify local spatial cluster types, hotspot analysis was conducted using the Getis-Ord Gi* statistic, calculated as:

Where: ，
Statistically significant hotspots (clusters of high values) and coldspots (clusters of low values) were identified based on the z-score and corresponding p-value of each unit.
(2) Trade-offs and Synergies
To clarify the interaction mechanisms among ecosystem services, Spearman's rank correlation coefficient was used in RStudio (R 4.5.1) to analyze pairwise relationships between services. This coefficient, which does not assume a specific data distribution and is robust to outliers (Zar, 2005), reflects the direction and strength of the relationship between service pairs (Sylla et al., 2020, Wu et al., 2022) and is thus widely used in ES trade-off and synergy studies (Li and Luo, 2023, Wang et al., 2021, Zeng et al., 2022, Zhang et al., 2023, Simeon and Wana, 2025). A positive result indicates a synergistic relationship (mutual enhancement), while a negative result indicates a trade-off relationship (one increases at the expense of the other) (Wu et al., 2022). A coefficient near zero suggests the two services are independent.
Based on Cohen's guidelines(Cohen, 1988) and their widespread application in environmental research(Bennett, 2009, Qiu, 2013), the absolute value of the correlation coefficient was interpreted as follows to indicate strength: negligible (0.00–0.19), weak (0.20–0.39), moderate (0.40–0.59), strong (0.60–0.79), and very strong (0.80–1.00).
To further reveal the spatial heterogeneity of trade-off/synergy relationships, bivariate local spatial autocorrelation analysis in Geoda software was employed to identify local cluster types for each ES pair. 'High-High' and 'Low-Low' clusters represent spatial synergy, whereas 'High-Low' and 'Low-High' clusters reflect spatial trade-offs. This analysis, conducted on the Geoda platform, effectively revealed the local patterns and spatial dependence of interactions between services.
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