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S.1. Water provision service quantification
Freshwater ecosystem services were quantified using water yield, defined as the volume of water leaving the landscape as runoff (Rahimi et al., 2020). Water yield was estimated using the Water Yield module of the InVEST model (version 3.6.0) (Sharp et al., 2018). This model estimates long-term average water yield based on the Budyko water balance framework, which relates precipitation, evapotranspiration, and landscape characteristics. The model incorporates the influence of land-use patterns, soil properties, and vegetation conditions, although it does not explicitly simulate individual hydrological processes such as surface runoff, subsurface flow, or baseflow (Qin et al., 2019). Despite these simplifications, the InVEST water yield model has been widely applied in ecosystem service assessments across different climatic regions, including arid and inland river basins. Previous studies have demonstrated that, when appropriate parameters are used, the model can reliably capture regional-scale spatial patterns of water yield (Kohestani et al., 2024; Wang et al., 2022; Luo et al., 2024).
The estimation framework relies on the Budyko hypothesis, which assumes that long-term evapotranspiration is controlled by the balance between water supply (precipitation) and atmospheric demand (potential evapotranspiration). Accordingly, the annual water yield for each pixel , characterized by a specific land-use or land-cover type, is calculated as follows (Qin et al., 2019; Zhang et al., 2001):
                  (1)
[bookmark: OLE_LINK20]where  represents the annual water yield for pixel x with land-use type j,  denotes the actual evapotranspiration, and  is the annual precipitation on pixel x. Additionally,  reflects water balance, which is an approximation of the Budyko curve, proposed by Fu (1981) and Zhang et al. (2001) as follows:
          (2)
where  is the potential evapotranspiration on pixel x, ω is an empirical parameter that reflects combined climatic and soil characteristics, which can be calculated following the formula developed by Donohue et al. (2012):
                  (3)
where Z is an empirical constant representing seasonal precipitation characteristics, and denotes the plant-available water content of the soil for pixel x. In this study, AWC was derived from regional soil property datasets based on soil texture and soil depth information, following the standard procedure implemented in the InVEST model. The Z parameter, which reflects regional precipitation seasonality and hydrological characteristics, plays an important role in controlling the water balance relationship in the Budyko framework. Instead of using the default global constant (Z = 0.75), a locally calibrated value was adopted to better represent the eco-hydrological conditions of the study area. Following the methodology and empirical results reported by Wang et al. (2023) for the Shiyang River Basin and the Qilian Mountains region, the parameter was set to Z = 3.17. This value has been shown to produce reliable estimates of water yield for arid inland river basins in Northwest China.
S.2. Carbon storage service quantification
The InVEST model has been widely applied for evaluating carbon services at regional scales due to its ability to integrate land-use information with biophysical parameters (Boithias et al., 2014; Kohestani et al., 2024; Li et al., 2023). In this study, carbon storage in the Shiyang River Basin was estimated using the Carbon Storage module of the InVEST model. This module quantifies terrestrial carbon stocks based on the spatial distribution of land-use and land-cover types and their corresponding carbon density values.
Within this framework, ecosystem carbon storage is represented by four primary carbon pools: aboveground biomass, belowground biomass, soil organic carbon, and dead organic matter. The aboveground and belowground biomass together represent the biomass carbon pool, while soil organic carbon accounts for carbon stored in soil layers, and dead organic matter represents carbon stored in litter and woody debris (Kafy et al., 2023; Zhu et al., 2022). By combining land-use data with carbon density values for each carbon pool, the carbon storage associated with each land-use category can be calculated as follows:
                                (4)
                                                  (5)
where denotes the carbon density (Mg·hm⁻²) associated with land-use type i. The variables , , , and  correspond to the aboveground biomass, belowground biomass, soil organic carbon, and dead organic matter carbon densities for land-use type i, respectively.  represents the total carbon storage, is the area of land-use type i, and n refers to the total number of land-use categories considered.
The carbon density values assigned to each land-use type were derived from previously published studies conducted in similar ecological environments in Northwest China (Yang et al., 2021), which provide representative estimates for arid inland river basins. The detailed parameter values used in this study are provided in Supplementary Table S1.
Table S1 Carbon densities of various parts of different land use types
	Code
	LULC_Name
	C_above
	C_below
	C_soil
	C_dead

	1
	cropland
	17
	80.7
	108.4
	9.82

	2
	Forest
	42.4
	115.9
	158.8
	14.11

	3
	shrub
	0
	0
	0
	0

	4
	grassland
	35.3
	86.5
	99.9
	7.28

	5
	water
	0.3
	0
	0
	0

	6
	snow and ice
	0
	0
	0
	0

	7
	barren
	2.5
	27.5
	0
	0

	8
	impervious
	1.3
	0
	21.6
	0


S.3. Soil conservation quantification
Soil conservation (SC) was estimated using the Sediment Delivery Ratio (SDR) module of the InVEST model, which applies the Universal Soil Loss Equation (USLE) to estimate soil erosion at the pixel level and aggregates soil conservation across the watershed. The SDR module evaluates the capacity of ecosystems to prevent soil loss by comparing potential soil erosion with actual soil erosion under existing land-use and vegetation conditions.
Based on the previous research, ecosystem soil conservation consists of two components, i.e., erosion reduction and sediment retention. Erosion reduction represents the difference between potential soil loss in the absence of vegetation cover and conservation practices and the actual soil loss under current land-use conditions. Sediment retention reflects the ability of ecosystems to retain eroded sediments and prevent their downstream transport. Due to its relatively simple structure, accessible data requirements, and reliable performance, the USLE-based approach has been widely applied for regional assessments of soil conservation services (Chaulagain et al., 2024; Joorabian et al., 2025; Qiu et al., 2025). The soil conservation capacity for each pixel is calculated as:
                    (6)
                   (7)
              (8)
where  represents the rainfall erosivity factor, describing the erosive force of rainfall events;  is the soil erodibility factor, reflecting the susceptibility of soil to erosion; and  represents the topographic factor, capturing the combined influence of slope length and slope gradient. The parameter  represents the cover-management factor, reflecting the protective effect of vegetation cover and land-use conditions, while  denotes the impact of conservation practices implemented to reduce soil loss.
The calculation of these parameters follows the standard procedures described in previous studies (Jamshidi et al., 2013; Jian et al., 2024) and the InVEST user manual (https://naturalcapitalproject.stanford.edu/software/invest). In particular, the C and P factors were assigned according to land-use categories using regionally adapted parameter values (Chengyong et al., 2024). The detailed parameter settings are provided in Supplementary Table S2.
Table S2 Biophysical parameters used in the USLE model for different land-use types
	Description
	Code
	usle_c
	usle_p

	cropland
	1
	0.22
	0.3

	Forest
	2
	0.00
	0.05

	shrub
	3
	0.01
	0.05

	grassland
	4
	0.07
	0.16

	water
	5
	0
	1

	snow/ice
	6
	0
	1

	barren
	7
	0.01
	1

	impervious
	8
	0.7
	1



S.4. County-level statistical comparison of ecosystem services
County-level statistics were further calculated to provide a clearer quantitative comparison of ecosystem service distributions across administrative units in the Shiyang River Basin. Such statistics help summarize the spatial variability of ecosystem services and facilitate cross-regional comparisons within the basin. The statistics were calculated using the zonal statistics function in ArcGIS, and summary results (maximum, minimum, and mean values) for each ecosystem service are presented in Supplementary Table S3.


Table S3 County-level statistical summary of ecosystem services in the Shiyang River Basin
	County
	Year
	WY (mm)
	SC (t/km²)
	CS (t/km²)

	
	
	MAX
	MIN
	MEAN
	MAX
	MIN
	MEAN
	MAX
	MIN
	MEAN

	Jinchuan
	2000
	240.29
	0
	33.58
	355444
	0
	13977.51
	22898
	2290
	10554.28

	
	2011
	245.17
	0
	37.08
	346798.90
	0
	13687.28
	22898
	2290
	9919.31

	
	2022
	265.53
	0
	41.81
	366622.81
	0
	14431.30
	22898
	30
	10143.50

	Minqin
	2000
	56.33
	0
	1.33
	54566.05
	0
	1907.18
	22898
	30
	5894.72

	
	2011
	62.86
	0
	1.84
	53682.02
	0
	1863.16
	22898
	30
	5651.44

	
	2022
	93.97
	0
	3.00
	56914.75
	0
	1990.97
	22898
	30
	5719.35

	Yongchang
	2000
	373.69
	0
	107.95
	266927.06
	0
	22514.55
	33121
	30
	18796.58

	
	2011
	386.15
	0
	114.93
	262460.84
	0
	22085.88
	33121
	30
	18437.07

	
	2022
	423.83
	0
	131.04
	273320.28
	0
	23064.94
	33121
	0
	19432.10

	Sunan
	2000
	477.11
	0
	308.25
	305632.75
	408.52
	39500.22
	33121
	0
	23117.00

	
	2011
	446.33
	0
	304.10
	303404.87
	405.00
	39263.07
	33121
	0
	22910.68

	
	2022
	602.03
	0
	374.34
	311160.34
	417.86
	40538.10
	33121
	0
	22918.13

	Liangzhou
	2000
	287.96
	0
	45.23
	357651.81
	0
	18028.46
	33121
	30
	16418.86

	
	2011
	286.31
	0
	47.88
	352868.28
	0
	17883.66
	33121
	0
	16027.62

	
	2022
	391.41
	0
	73.21
	366034.31
	0
	18514.49
	33121
	30
	16961.04

	Gulang
	2000
	323.38
	0
	78.24
	192131.62
	193.30
	14207.29
	33121
	3000
	19525.51

	
	2011
	336.78
	0
	96.05
	190887.81
	190.49
	14175.23
	33121
	3000
	18870.69

	
	2022
	457.27
	0
	136.72
	200775.68
	201.93
	14868.20
	33121
	30
	20737.82

	Tianzhu
	2000
	491.52
	0
	276.52
	378399.75
	259.88
	46101.93
	33121
	0
	23672.13

	
	2011
	481.18
	0
	283.51
	377106.25
	256.58
	46221.72
	33121
	0
	23244.65

	
	2022
	658.09
	0
	404.42
	391349.34
	277.38
	48165.77
	33121
	0
	23585.79

	Menyuan
	2000
	538.30
	294.82
	416.43
	204516.26
	909.47
	43488.97
	33121
	0
	16859.55

	
	2011
	498.80
	234.05
	389.95
	205758.78
	924.44
	43573.11
	33121
	0
	16753.71

	
	2022
	633.64
	387.07
	513.50
	211575.64
	972.90
	45389.78
	33121
	0
	16113.75


Note: WY represents water yield, SC represents soil conservation, and CS represents carbon storage service.

S.5. Management implications for ecological functional zones
Effective management in arid inland river systems requires interventions that align with the differentiated ecological functions revealed by the zoning results. To enhance the policy relevance of ecological functional zoning, management implications for each functional zone are summarized in Supplementary Table S4, with reference to existing basin management plans, including ecological restoration and water management programs in the Shiyang River Basin.
Table S4 Management implications for ecological functional zones in the Shiyang River Basin
	Functional zone
	Management objective
	Recommended measures
	Related policy/program

	Core Water
Conservation
Zone
	Maintain water regulation and ecological stability
	Strict ecological protection, limit land conversion, strengthen forest and grassland conservation
	Qilian Mountain ecological protection and eco-compensation program

	Water Conservation Development Zone
	Improve water use efficiency and reduce water stress
	Promote water-saving irrigation, optimize crop structure, control groundwater extraction
	Minqin water-saving irrigation quota policy; Shiyang River Basin water allocation plan

	Core Carbon Function Zone
	Maintain vegetation carbon storage and soil stability
	Protect natural vegetation, restrict overgrazing, enhance ecological restoration
	National ecological restoration projects; Grassland protection policy

	Carbon Function Development Zone
	Enhance carbon sequestration capacity
	Afforestation, shelterbelt construction, farmland ecological improvement
	Three-North Shelterbelt Program; Returning farmland to forest/grassland program

	Ecological Degradation Control Zone
	Restore degraded ecosystem and control desertification
	Desertification control, grazing restriction, water-saving agriculture, ecological migration
	National desertification control program; Minqin ecological restoration project
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