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Abstract


Ecosystem services (ESs) are fundamental to human well-being, yet the capacity of ecosystems to provide ESs is increasingly altered by anthropogenic climate and land use changes. Understanding how climate change and land use change impact ecosystem service (ES) dynamics is critical for promoting sustainable region development in ecologically sensitive regions. Using the InVEST model and a scenario-based framework, this study assesses the relative contributions of climate and land use changes to water yield, soil conservation, carbon sequestration, and habitat quality in the upper Minjiang River basin, China from 1990 to 2020 and projects ES changes under future climate and land use scenarios for 2050. Our results show that climate change played a dominant role in increasing water yield and soil conservation services, particularly after 2000, while land use changes enhance carbon sequestration and habitat quality. Although forest expansion contributed positively to carbon storage and erosion control, the loss of grassland and increased construction land reduced habitat quality and intensified erosion risks in some areas. Scenario simulations for 2050 demonstrate that the ecological protection scenario yields the most balanced improvements in all four ESs. These findings highlight the distinct roles of climate and land use changes in shaping ecosystem service provision and offer a scientific basis for promoting the sustainable regional environment in alpine regions under changing climate and land use.
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1. Introduction


Global climate change and increased anthropogenic land use changes have significantly altered ecosystem functions and services [1,2,3]. Understanding the ecological impacts of climate and land use changes is critical to managing the human-nature relationship and achieving the sustainable development goals [4]. Ecosystem services (ESs), generally classified into provisioning, regulating, supporting, and cultural services [5,6], refer to the products or benefits, directly or indirectly obtained from ecosystems. These services play an irreplaceable role in human well-being [5] and integrating ESs into sustainable development strategies is vital for achieving the Sustainable Development Goals (SDGs) [6,7]. However, the capacity of ecosystems to provide ESs is declining at an unprecedented rate due to anthropogenic activities, including climate change and land use change [8], affecting global and regional sustainability [9] and human well-being [10]. Given these challenges, continuous monitoring and evaluating of ES dynamics are essential to elucidate the underlying divers of change and informing decision-makers in formulating effective environmental management strategies. Currently, ES evaluations are broadly categorized into monetary and non-monetary approaches [11]. With the development of GIS (Geographic Information System) and improved understanding of ecosystem processes, several ES assessment models have been developed. Among these, the InVEST (Integrated Valuation of Ecosystem Services and Tradeoffs) model has gained widespread popularity for mapping and valuing ESs, serving as a decision support tool for environmental planning and management [12,13].



Climate change and land use changes are recognized as major direct drivers of change in nature and its contribution to human well-being [14,15]. Land use change (LUC), a key indicator of human-induced environmental modification, not only underpins socio-economic development but also contributes to biodiversity loss and the decline of multiple ESs [16]. Studies have quantified the changes in ESs resulting from both the combined and independent effects of climate change and LUC [17] through scenario analysis in China [18,19] and elsewhere. For example, Li et al. [20] showed that LUC primarily drives the changes in water yield in Karst mountainous areas, while soil conservation is greatly influenced by climate change. Ma et al. [21] and Xiao et al. [22] found that water yield and soil conservation dynamics in the Zhejiang and Liaoning Provinces in China, respectively, are mainly governed by climate change. Furthermore, Zhang et al. [23] and Sun et al. [24] constructed future climate and LUC scenarios to explore their combined effects in the Xijiang River Basin and Yunan Province, respectively. These findings indicate that ES networks are more sensitive to LUC [23], whereas future climate and land use changes are projected to exert negative impacts on water conservation and water quality purification [24]. These studies highlight the spatial and scale-dependent variations in the relative contributions of climate and land use change on ES, making broad generalizations difficult. Such uncertainties demand further investigation into the underlying mechanisms driving ES dynamics in response to climate change and LUC, both independently and jointly. This understanding is essential for promoting sustainable regional development and enhancing ES provision in the upper reaches of the Minjiang River, an ecologically significant region of China currently undergoing rapid climate changes and land transformations driven by both anthropogenic activity and geological hazards.



Mountain ecosystems play a critical role in ecological processes, providing important regulating services, such as soil preservation, biodiversity conservation, carbon sequestration, and water purification [25]. However, unsustainable exploitation of mountainous regions has resulted in severe ecological degradation worldwide, including China, undermining their natural capacity to deliver various ESs [26]. In response to ecological degradation, China has introduced the “Production-Living-Ecological Space” framework to promote efficient, livable, and environmentally sustainable land use [27]. While the implementation of new land use policies that include land engineering and spatial optimization of urban–rural areas are expected to influence mountainous ecosystems, climate change has already exerted significant impacts on ecosystems and associated ESs of the Qinghai–Tibet Plateau [28,29].



The upper reaches of the Minjiang River—a transitional zone between the Qinghai–Tibet Plateau and the Chengdu Plain—possess a unique natural geography and ecological environment, making the region highly significant for ecological protection and sustainable development. This typical mountain valley landscape is ecologically fragile [30] and its complexity is further complicated by its status as a multi-ethnic agglomeration area [31]. In recent years, rapid urban expansion and tourism development have exacerbated the environmental pressures, resulted in substantial alterations in natural ecosystems [32], and increased soil erosion [33], the frequency of natural disasters, and hydrological disturbances in the Minjiang River [34]. Since the early 2000s, several ecological restoration initiatives, including “Natural Forest Protection” and “Grain for Green” programs, have been implemented in the region, contributing to notable land use transformations. Given the compound effects of climate change, particularly warming and land use transformations, driven by new policies, research on ES dynamics in this region holds both scientific and practical significance to regional sustainable development [35].



Therefore, this study aims to: (1) assess the spatial and temporal changes in climate and land uses in the upper reaches of the Minjiang River from 1990 to 2020, and simulate future changes for 2050; (2) evaluate the spatial and temporal variations in ESs under the combined influence of climate and land use changes; (3) compare ES dynamics under different simulated scenarios; and (4) quantify the independent contributions of climate and land use changes to ESs and their temporal dynamics. Understanding these contributions is essential for optimizing land resource allocation, formulating effective land use policies, developing climate adaptation strategies, and promoting sustainable ecosystem management.




2. Materials and Methods


2.1. Study Area


The upper reaches of the Minjiang River (URMR) encompass the area above the Zipingpu Reservoir, including the river’s headwater areas and the tributaries of the Heishui River and the Zagunao River (Figure 1). Covering approximately 2.48 × 104 km2 basin area [36], this region largely overlaps with the administrative districts of Songpan, Heishui, Mao, Li, and Wenchuan in Aba Tibetan and Qiang Autonomous Prefecture of Sichuan Province. The region is characterized by a plateau monsoon climate, with vertical temperature gradients, distinct seasonal transitions, and concentrated rainfall with annual rainfall between 600 and 900 mm. Dominant soil types include sub-alpine meadow soil, cold desert soil, and loess, which support diverse vegetation types, such as broad-leaved forests, coniferous forests, coniferous forests, shrubs, and meadows, which collectively contribute to the region’s rich biodiversity. There are many nature reserves in the URMR, such as Wolong, Huanglong, Caopo, Baiyang, and Miyaluo, established to preserve the regions’ biodiversity.



Located at the eastern edge of the Qinghai–Tibet Plateau, the URMR lies in the northern Hengduan Mountains and northwestern Sichuan and is predominantly plateau and mountainous terrain, with elevations ranging from 785 m and 5965 m. Tectonic activity caused by structural expansion and compression has resulted in well-developed folds and active fault structures, making the region prone to geological hazards, such as mountain floods, debris flows, and landslides, rendering it one of the most disaster-prone areas in China [33]. Recently, the Ms 8.0 Wenchuan Earthquake on 12 May 2008 caused profound ecological disturbances, significantly altering local landscapes and ecosystem functions.



Despite its ecological significance, the region is economically underdeveloped, resulting in high dependence of local communities on natural resources for their livelihoods. The URMR region is sparsely populated and is home to Qiang, Tibetan, and Hui ethnic minorities, who live in compact settlements. The region serves as a historical migration corridor, marking the transition between traditional Chinese farming cultures and nomadic pastoralism.




2.2. Data Collection


To assess the impacts of climate and land use changes on ESs in the URMR, this study used multiple datasets:




	(1)

	
Land use land cover (LULC) data: Land use land cover datasets with 30 m spatial resolution from 1990 to 2020 were obtained from Wuhan University. These LULC data were classified into cultivated land, forest, grassland, water body, construction land, and unused land following the classification system of the Chinese Academy of Sciences.




	(2)

	
Digital elevation model (DEM): This DEM data with 30 m resolution were gathered from the Geospatial Data Cloud.




	(3)

	
Meteorological data: Data on temperature, precipitation, and potential evapotranspiration with 1 km resolution from 1990 to 2020 were obtained from the National Tibet Plateau Data Center.




	(4)

	
Soil data: Soil data with 1 km resolution were obtained from the World Soil Database through the National Qinghai–Tibet Plateau Data Center.









All datasets were resampled to a uniform 30 m resolution using a cubic convolution technique in the ArcGIS 10.7 software and clipped to the extent of the study area. Data sources of these datasets are listed in Table 1.




2.3. ESs Assessment and Mapping


ESs are broadly categorized into provisioning, regulating, supporting, and cultural services [37]. Based on previous research [38,39], the ecological and geographic characteristics of the URMR, and the availability of data, we selected four relevant ESs for assessment and mapping: water yield, soil conservation, carbon sequestration, and habitat quality. We applied the InVEST model, a widely used open-source tool designed for mapping and valuing ecosystem services to inform environmental decision-making [12].



2.3.1. Water Yield


Water yield is a critical ES in the URMR, supporting agricultural production, domestic, and ecological needs both locally and downstream and maintaining regional water balance [40]. The region has distinct dry and wet seasons, and its arid river valley topography strongly influences hydrological processes. Assessing water supply and demand dynamics is essential for the optimal use and protection of water resources. Thus, water yield was selected as a key evaluation index.



The water yield module of the InVEST model is based on the regional water balance principle [41], incorporating climate, soil, terrain, and vegetation parameters to improve simulation accuracy and applicability [42]. The model uses the following formulas to calculate water yield:


  WY = ( 1 −    A E T   P r e    ) ×   P r e    



(1)






      A E T   P r e      = 1 +    P E T   P r e      −   [ 1 +   (    P E T   P r e    )   ω   ]      1   ω        



(2)




where WY represents the water yield capacity, AET represents the actual evapotranspiration (mm), PET is the potential evapotranspiration (mm), Pre refers to annual precipitation (mm), and   ω   is the empirical parameter.




2.3.2. Soil Conservation


Soil conservation services are estimated by measuring the difference between potential soil loss (under bare conditions) and actual soil loss (under existing vegetation and land management) [43]. We used the SDR (sediment delivery ratio) module of InVEST to estimate soil erosion under both conditions, defining soil conservation as:


SC = RKLS − USLE



(3)






RKLS = R × Ks × LS



(4)






USLE = R × Ks × LS × C × P



(5)




where RKLS represents the potential soil erosion (t/hm2), USLE represents the actual soil erosion (t/hm2), R denotes the precipitation erosion factor derived from daily rainfall data [44], Ks represents the soil erodibility factor [45], LS represents the slope length–gradient factor calculated using DEM, C denotes the vegetation cover and crop management factor, and P represents the support practice factor that accounts for the effect of soil and water conservation measures [46].




2.3.3. Carbon Sequestration


Terrestrial ecosystems sequester carbon dioxide through plant photosynthesis, converting it into biomass and storing it in carbon pools, thereby facilitating carbon transformation [47]. In the URMR, forests and grasslands are the primary carbon sinks. The carbon sequestration module quantifies carbon storage by calculating the carbon content in above-ground biomass, below-ground biomass, soil, and dead organic matter for different land use types and adds these components to obtain the total carbon reserves as follows:


CS = Ca + Cb + Cs + Cd



(6)




where CS represents the total carbon reserves (t/ha), and Ca, Cb, Cs, and Cd denotes carbon density in above-ground biomass, below-ground biomass, soil, and dead organic matter (t/ha), respectively.




2.3.4. Habitat Quality


The URMR harbors rich biodiversity and critical river and glacial ecosystems, functioning as a high-altitude biodiversity reservoir resource and is recognized globally as an important “ecological source” [48,49]. However, increasing anthropogenic pressures threaten its habitat quality and integrity.



Habitat quality, a proxy for ecosystem health, was evaluated using the InVEST Habitat Quality (HQ) module, as this is widely used for habitat quality assessment [50]. This module relies on LULC data and incorporates threat factors (e.g., cultivated, construction, and unused land) to calculate a habitat quality index [51]. The InVEST-HQ model is computationally efficient and requires minimal input data, nevertheless the selection of threat sources depends entirely on existing expert knowledge and empirical observations. The habitat quality index is calculated as follows [12]:


     H Q   i     =   H   i       ( 1 − (      D   i   Z       D   i   Z   +   K   Z       ) )  



(7)




where     H   i     represents the habitat fitness of land use type i,     H D   i     denotes the total threat level, Z is the scaling parameter set at 0.05, and K is the half-saturation constant (initially set to 0.5, adjusted to half the highest threat level).





2.4. Scenario Simulation Framework


To simulate the impacts of climate and land use change on ESs, we developed three distinct scenarios: (a) land use change only, (b) climate change only, and (c) the combined effects of land use change and climate change. We evaluated the relative contributions of climate and land use changes over three time periods: 1990–2000, 2000–2010, and 2010–2020 (Table 2).



For 1990–2000, we defined the following scenarios:




	
Scenario 1 (baseline scenario): 1990 land use and 1990 climate data,



	
Scenario 2 (land use change effect only): 2000 land use data with 1990 climate data,



	
Scenario 3 (climate change effect only): 1990 land use data with 2000 climate data,



	
Scenario 4 (combined effects): 2000 land use data with 2000 climate data.








The same four scenarios were repeated for 2000–2010 and 2010–2020.



The relative contributions were calculated as follows:


∆ES = ESm − Ren



(8)






Clucc = (ESlucc − Ren)/∆ES × 100%



(9)






Ccli = (EScli − Ren)/∆ES × 100%



(10)




where ESm represents the modelled ES, Ren denotes the baseline ES. ESlucc and EScli refer to ESs under land use change only and climate change only, respectively, and Clucc and Ccli refer to the contributions of land use change and climate change to ES changes, respectively. The schematic of the methodology and simulation scenario framework is given in Figure 2 and Table 2, respectively.



Based on land use data of 1990–2020, the Patch-generating Land Use Simulation (PLUS) model was used to simulate three future land use scenarios for 2050, aligned with SSP-RCP frameworks under CMIP6 (Couple Model Intercomparison Project Phase 6).



Natural Development Scenario (ND Scenario): This scenario assumes that the future land change rate will be consistent with the magnitude of change observed in 1990–2020 with unrestricted land conversions.



Economic Development Scenario (ED Scenario): This scenario assumes a high and rapid development of the economy, resulting in an accelerated conversion of other land uses to construction land without ecological constraints.



Ecological Protection Scenario (EP Scenario): This scenario restricts conversion of lands with high-ecological benefits to low ecological benefits, promoting sustainable development.





3. Results


3.1. Climatic Change


From 1990 to 2020, the climate in the URMR showed increasingly warm and wet trends, with both annual rainfall and average annual temperature showing fluctuating but rising trends (Figure 3). The regionally averaged annual temperature from 1990 to 2020 was 2.69 °C. A consistent warming trend was observed across three decades, although the rate of warming declined over time, with respective warming rates of 0.034 °C/year in 1990–2000, 0.027 °C/year in 2000–2010, and 0.019 °C/a in 2010–2020. The regionally averaged annual rainfall over the same periods was 780.34 mm. Precipitation decreased in 1990–2000 at a rate of 7.78 mm/year but increased thereafter, at 5.35 mm/year in 2000–2010, and 8.09 mm/year in 2010–2020.



Spatially, temperature and precipitation distributions in 1990, 2000, 2010, and 2020 showed similar patterns, with values gradually decreasing from southeast to northwest (Figure 4). Influenced by the region’s complex mountainous topography, low precipitation and low temperatures were observed at higher elevations, whereas warmer and wetter conditions were observed in valley areas.




3.2. Temporal and Spatial Variations in LUC


Temporal and spatial changes in land use in the URMR from 1990 to 2020 are given in Table 3 and Figure 5. Over the period, forest and grassland remained the dominant land use types, collectively accounting for over 90% of the total area, followed by cultivated land and unused land. Water bodies and construction land occupied a small proportion, each accounting for less than 1% of the total area.



In 1990, forest covered 55.74% of the total area, followed by grassland (40.23%) and cultivated land (2.55%). Between 1990 and 2020, grassland decreased by 4.10%, with 1.20 × 105 ha grassland converted to other land use types. Conversely, forest area increased by 2.67%, expanding from 1.63 × 106 ha to 1.71 × 106 ha. The cultivated land declined by 0.73%, shrinking by 2.12 × 104 ha, while water bodies, construction land, and unused land increased by 0.37%, 0.05%, and 1.74%, respectively.



The spatial distribution of land use in the URMR was greatly affected by the altitude. Forest and grassland—the most dominant land use types were distributed across the region, while cultivated land and construction land were primarily found in lowland valleys. Unused land and water bodies were scattered sparsely across the region. While the overall land use pattern remained largely stable, local land transformations were observed, especially in alpine areas due to human activity (Figure 6d). Significant modifications have been observed in specific periods and locations. For example, between 1990 and 2000, maximum land use changes were observed in the southern forest and grass interlaced areas (Figure 6a,c). In 2000–2010, the most extensive changes were observed in the northern grassland area, whereas in 2010–2020, land use changes were found to be distributed mainly in the central part of the region (Figure 6b). Repeated land use changes were primarily observed in valley lowland areas, particularly in the regions of cultivated land and construction land in the southeastern URMR (Figure 6d).




3.3. ESs Dynamics


3.3.1. Changes in Water Yield Service


From 1990 to 2020, water yield service in the URMR showed an overall increasing trend (Figure 7). It initially decreased from 273.52 mm/year in 1990 to 166.01 mm/year in 2000, then rebounded to 219.30 mm/year in 2010, and further increased to 282.83 mm/year in 2020. The temporal variation in water yield closely followed precipitation trends; however, strong spatial variations influenced by land use change in local areas were observed. Spatially, from 1990 to 2020, water yield increased in low-elevation southeastern areas, while declines in water yield were seen in the northwestern highlands of the URMR.




3.3.2. Changes in Soil Conservation Service


From 1990 to 2020, soil conservation showed a fluctuating trend (Figure 8). The average soil conservation service was reduced from 33.2 t/hm2 in 1990 to 24.5 t/hm2 in 2000, then subsequently increased to 29.9 t/hm2 in 2010, and further increased to 33.4 t/hm2 in 2020. This pattern closely aligned with precipitation and water yield trends. Spatially, soil conservation services varied across different land use types, showing significant spatial heterogeneity caused by topographic conditions, meteorological factors, and soil and vegetation conservation measures. Although net soil conservation declined regionally from 1990 to 2020, some local improvements were observed in certain areas.




3.3.3. Changes in Carbon Sequestration Service


From 1990 to 2020, carbon sequestration services showed a consistent increasing trend. Average carbon sequestration services were 11.23 t/ km2 in 1990, 11.26 t/km2 in 2000, 11.30 t/km2 in 2010, and 11.31 t/km2 in 2020, respectively (Figure 9). The spatial distribution of carbon sequestration services was heterogeneous across the region. From 1990 to 2000, the decreased area of carbon sequestration services accounted for 2.28%, and the increased area accounted for 2.85%. The decreased area of carbon sequestration services accounted for 1.67%, and the increased area accounted for 2.23% in 2000–2010. From 1990 to 2000, the decreased area of carbon sequestration services accounted for 2.16%, and the increased area accounted for 1.95%.




3.3.4. Changes in Habitat Quality Service


From 1990 to 2020, habitat quality exhibited an overall increasing trend. The average habitat quality values were 0.7054, 0.7134, 0.7154, and 0.7125 in 1990, 2000, 2010, and 2020, respectively (Figure 10). Spatially, from 1990 to 2020, degradation in habitat quality was distributed in the southwestern and northeastern regions, while improvements were observed in the central eastern region. Between 2000 and 2010, habitat quality decreased significantly in the southeastern region but showed a recovery between 2010 and 2020. However, in 2010–2020, the habitat quality improved significantly in the central alpine regions, while some areas experienced a decline.





3.4. ESs Dynamics Under Different Simulation Scenarios from 1990–2020


Simulation results revealed spatial and temporal variations in ES dynamics across the URMR (Figure 11). Between 1990 and 2000, under the climate-only scenario, water yield, soil conservation, carbon sequestration, and habitat quality had changed by −43.2151 mm, −2.0695 t/hm2, 0.6621 t/hm2, and 0.0097, respectively. Similarly, under the LUC-only scenario, water yield, soil conservation, carbon sequestration, and habitat quality changed by 150.7291 mm, 10.7469 t/hm2, −0.6982 t/hm2, and −0.0177, respectively, during the same period.



Between 2000 and 2010, under the climate-only scenario, water yield, soil conservation, carbon sequestration, and habitat quality changed −35.9195 mm, 1.1615 t/hm2, 0.8087 t/hm2, and 0.063, while water yield, soil conservation, carbon sequestration, and habitat quality changed −17.371 mm, −6.5267 t/hm2, −0.8421 t/hm2, and−0.065 by 2010, respectively, under the LUC-only scenario.



Between 2010 and 2020, under the climate-only scenario, water yield, soil conservation, carbon sequestration, and habitat quality changed by 41.9262 mm, −6.3562 t/hm2, 0.0198 t/hm2, and −0.0645, while water yield, soil conservation, carbon sequestration, and habitat quality changed by −105.4632 mm, 2.8829 t/hm2, −0.2063 t/hm2, and 0.0674, respectively, under LUC-only scenario.




3.5. ESs Dynamics Under Different Simulation Scenarios in 2050


Using the PLUS model, the simulated 2020 land use was compared to actual data, showing 95.98% accuracy and a kappa coefficient of 0.92, indicating high reliability of the model. This model was then used to simulate three 2050 scenarios (Figure 12a–c) and compute land use proportions (Figure 12d).



Under the SSP126 scenario, InVEST simulated ES dynamics for 2050 (Figure 13). Compared with 2020, WY, CS, and SC increased, but HQ decreased under economic development (ED) scenarios compared with natural development (ND) scenarios, while the ecological protection (EP) scenario reduced WY services and increased SC, CS, and HQ by 2050.




3.6. The Independent Contributions of Climate Change and LUC to ES Dynamics


From 1990 to 2020, climate and land use changes had varying impacts on ESs in the URMR (Figure 14a). Climate change positively increased water yield by 22.28% (1990–2000), 28.45% (2000–2010), and 67.40% (2010–2020). In contrast, the contribution of LUC to water yield was positive only in 2000–2010.



The contribution of climate change to soil conservation services was also positive. However, the rate of contribution fluctuated showing a decline, followed by an increase in the periods 1990–2000, 2000–2010, and 2010–2020. LUC, on the other hand, negatively affected regional soil conservation services, but the effect in 2010–2020 was smaller than that in the previous periods. The contributions of climate and land use changes to carbon sequestration services in the URMR were neither consistently positive nor negative. While land use led to a reduction in carbon sequestration services, climate change led to an increase in carbon sequestration services.



Habitat quality followed a similar trend to soil conservation, showing positive contributions between 1990–2000 and 2000–2010, whereas in 2010–2020, climate change contributed to a decline in habitat quality, but LUC had the opposite effects.



Climate and land use changes had varying impacts on ESs under different scenarios in the URMR for 2050 (Figure 14b). Under the ND scenario, LUC had a positive effect on WY and negative effects on CS, CS, and HQ, whereas climate change had the opposite effect. Under the ED scenario, LUC and CC exerted similar impacts on ESs. In contrast, under the EP scenario, LUC had positive impacts on all four ESs, whereas climate change had negative effects on CS and HQ.





4. Discussion


This study provides empirical evidence on the impacts of climate and land use changes on spatio-temporal dynamics of four ecosystem services in a lesser-explored region of China—the upper reaches of the Minjiang River Basin. Globally, climate change and land use changes are the major drivers influencing ecosystem services, contributing both positively and negatively depending on local biophysical conditions and land use patterns [52]. In the URMR, areas affected by LUC are relatively smaller and ESs in most areas were primarily influenced by climate change. However, rapid urbanization, agriculture intensification, and industrialization have drastically transformed global land use patterns [53], making LUC a major driver of biodiversity loss and ES degradation [14,54]. LUC alters ecosystem processes by modifying the surface properties, such as evapotranspiration, albedo, and surface roughness, while climate change influences temperature and hydrological cycles, consequently affecting water yield. For example, precipitation declines reduce water yield in arid regions [55], and warming negatively impacts grassland ESs in Mongolia [56].



We found that water yield in the URMR declined between 1990 and 2000 but increased in 2000–2010 and 2010–2020. Climate change positively contributed to regional water yield, with its relative contribution increased from 22.8% in 1990–2000 to 66.4% in 2010–2020, consistent with previous findings in the region [34]. The impact of LUC on water yield was negative in 1990–2000 and 2010–2020. Since grassland and cultivated land are major contributors to water yield [57], the reduction of those land areas in 1990–2000 and 2010–2020, likely caused decreased water yield. In contrast, the expansion of forest and cultivated land between 2000 and 2010 contributed to increased water yield, but their contribution was relatively low compared to that of climate change. Our finding that LUC has a dominant role in shaping in regional water yield aligns with previous findings [58,59,60] but contradicts others [61], likely due to differences in spatial scale. Urban surfaces with impervious layers increase runoff by reducing infiltration, thereby enhancing the surface runoff. Therefore, when other land use types are converted into urban areas or construction lands, the water yield is likely to increase. Between 1990 and 2020, the construction land in the URMR expanded from 0.02% in 1990 to 0.07% in 2020, adding 509.15 km2 area, mainly in low mountain valley areas. This expansion has likely contributed to increased surface runoff and subsequently increased regional water yield.



Theoretically, changes in precipitation patterns directly affect hydrological processes, influencing runoff, sediment transport, and soil erosion. Over the past 30 years, changes in regional soil conservation followed a similar trend consistent with the changes in water yield service, which decreased in 1990–2000 and increased thereafter. The gradually declining rate of increase was associated with changes in regional precipitation, suggesting the role of climate in stabilizing erosion control. In contrast, LUC had a negative impact on soil conservation, primarily through grassland decline and forest expansion. Grassland area decreased by 2.36%, 1.44%, and 0.3% in 1990–2000, 2000–2010, and 2010–2020, respectively, in URMR, whereas the forest cover expanded by 1.4%, 0.88%, and 0.39%, respectively (Figure 15 and Figure 16). While forest expansion helped contain soil erosion, the loss of grassland and increase in unused land increased regional soil erosion risks. The steep slope and complex topography of the URMR creates vertical heterogeneity in climate, vegetation, and landscape, further influencing soil and water conservation capacities [62].



From 1990 to 2020, carbon sequestration and habitat quality in the URMR increased by 0.69% and 1.01%, respectively. Forests with dense vegetation cover and high carbon storage potential play a critical role in enhancing these ESs [63]. Following the implementation of environmental policies after the 1998 floods, regional forest cover increased from 55.77% in 1990 to 58.41% in 2020, significantly contributing to regional carbon sequestration capacity and habitat quality improvement [32]. Although LUC positively influenced carbon sequestration, its contribution gradually declined over time. In contrast, LUC had positive impacts on habitat quality in 1990–2000 and 2000–2010 but a negative impact in 2010–2020 due to increased construction land and unused land, both are considered threat sources in habitat quality assessments. Expansion of construction land, in the valley lowland areas—due to their higher suitability for settlements—reduced cultivated land, thereby diminishing carbon sequestration capacity and habitat quality.



ES trends differed substantially across the three scenarios for 2050, particularly under the ED scenario. Under future climate change, SC, CS, and HQ were enhanced, while WY declined, consistent with the findings of a previous study [64]. This may reflect both altered precipitation patterns and reduced anthropogenic pressures under ED. While LUC had positively contributed to carbon sequestration, climate change exerted a negative influence—a result that contrasts with findings in arid zones [65], likely due to differences in precipitation patterns. The URMR located in the southwest monsoon area receives substantial monsoon rainfall, which buffers vegetation from precipitation fluctuations.



The loss of natural habitats from human activities weakens ecosystem functions and ES provision. The URMR is home to Tibetan, Qiang, Hui, Han, and other ethnic groups, whose traditional ecological knowledge emphasizes nature–culture harmony and environmental stewardship [66]. However, economic growth driven by tourism has increased environmental pressures despite the promotion of economic growth. The region’s growing tourist industry demands more infrastructure and resources, which can reduce ES provision and degrade habitat quality—effects likely to be exacerbated by climate change. Therefore, balancing the trade-off between economic growth and ecological sustainability is essential.



The analysis was based on data from four different time points (1990, 2000, 2010, and 2020), which may overlook finer-scale temporal variations and events, such as the 2008 Wenchuan earthquake. Nevertheless, this multi-temporal approach has been widely used in numerous studies [15,17,24]. With increasing availability of satellite remote sensing data, continuous time-series analyses should be carried out in the future. For example, Gao et al. [63] demonstrated such an approach, which could address these limitations. Additionally, cultural service is not included in the analysis due to the challenges in quantifying it and the lack of a robust framework. Evaluating cultural services in the URMR will require long-term ethnographic research that systematically integrates cultural practices and traditional ecological knowledge of minority communities into sustainability assessments.




5. Conclusions


This study provides empirical evidence on the spatiotemporal dynamics of ESs in the upper reaches of the Minjiang River Basin from 1990 to 2020. Using model simulations, we quantified the relative contributions of climate and land use changes to water yield, soil conservation, carbon sequestration, and habitat quality and assessed how these ESs have changed over the past three decades and are projected to change by 2050. The findings indicate that climate change played a dominant role in increasing water yield and soil conservation services, whereas land use change primarily contributed to improvements in carbon sequestration and habitat quality. These changes are driven by warming and wetting trends in the region, along with significant land use transitions—including forest expansion and the conversion of cultivated land to construction land—that have led to changes in ecosystem functions and thereby ES provisions. To sustain and enhance ESs in this ecologically sensitive region, it is crucial to implement climate-resilient land use policies, optimize spatial planning, and scale up ecological restoration initiatives. Such integrated strategies are essential for promoting regional sustainability and resilience under future climate and land use scenarios.
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Figure 1. Location map of the upper reaches of the Minjiang River, China. 
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Figure 2. A schematic of the methodological framework used in this study. 
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Figure 3. Changes in average annual temperature and annual precipitation in the upper reaches of the Minjiang River from 1990 to 2020. 
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Figure 4. Spatial distribution of average annual temperature and annual precipitation in the upper reaches of the Minjiang River. 
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Figure 5. Transfer of land use type area in the upper reaches of the Minjiang River from 1990 to 2020. 
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Figure 6. Distribution of land use (A) and land use transfer (B) in the upper reaches of the Minjiang River from 1990 to 2020; (a–d) of (B) are local land transformations of different periods. 
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Figure 7. Spatial distribution of water yield from 1990 to 2020. 
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Figure 8. Spatial distribution of soil conservation from 1990 to 2020. 
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Figure 9. Spatial distribution of carbon sequestration from 1990 to 2020. 
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Figure 10. Spatial distribution of habitat quality from 1990 to 2020. 






Figure 10. Spatial distribution of habitat quality from 1990 to 2020.



[image: Remotesensing 17 01884 g010]







[image: Remotesensing 17 01884 g011] 





Figure 11. Changes in ESs under different simulation scenarios from 1990 to 2020. 
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Figure 12. Land use type under future ND, ED, and EP scenarios in 2050. The colors of (a–c) present same land use type as (d). 
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Figure 13. Changes in ESs under future ND, ED, and EP scenarios in 2050. 
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Figure 14. Climate and land use contributions to ESs and their dynamics from 1990 to 2020 (a) and in 2050 (b). 
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Figure 15. The proportion of land use change types in different periods from 1990 to 2020. 
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Figure 16. The percentage of exchange between land cover types from 1990 to 2020. 
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Table 1. Sources of the spatial datasets used in this study.
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	Data
	Data Type/Resolution
	Source
	Website





	Land use/land cover
	Raster data/30 m
	National Earth System Science Data Center
	https://www.resdc.cn/



	Digital elevation model (DEM)
	Raster data/30 m
	National Earth System Science Data Center
	https://www.resdc.cn/



	Temperature
	Raster data/1000 m
	The National Tibetan Plateau Data Center
	https://data.tpdc.ac.cn/



	Precipitation
	Raster data/1000 m
	The National Tibetan Plateau Data Center
	https://data.tpdc.ac.cn/



	Potential evapotranspiration
	Raster data/1000 m
	The National Tibetan Plateau Data Center
	https://data.tpdc.ac.cn/



	Soil data
	Raster data/1000 m
	Harmonized World Soil Database
	https://www.fao.org/










 





Table 2. ES scenarios used in this study.
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1990–2000

	
Scenario 1

	
Scenario 2

	
Scenario 3

	
Scenario 4




	
Input

	
Climate

	
1990

	
1990

	
2000

	
2000




	
LULC

	
1990

	
2000

	
1990

	
2000




	
Output

	
Re1

	
ESlucc1

	
EScli1

	
ES1




	
2000–2010

	
Scenario 1

	
Scenario 2

	
Scenario 3

	
Scenario 4




	
Input

	
Climate

	
2000

	
2000

	
2010

	
2010




	
LULC

	
2000

	
2010

	
2000

	
2010




	
Output

	
Re2

	
ESlucc2

	
EScli2

	
ES2




	
2010–2020

	
Scenario 1

	
Scenario 2

	
Scenario 3

	
Scenario 4




	
Input

	
Climate

	
2010

	
2010

	
2020

	
2020




	
LULC

	
2010

	
2020

	
2010

	
2020




	
Output

	
Re3

	
ESlucc3

	
EScli3

	
ES3











 





Table 3. Land use type area in the upper reaches of the Minjiang River in 1990–2020.
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1990

	
2000

	
2010

	
2020




	

	
Area/km2

	
Ratio (%)

	
Area/km2

	
Ratio (%)

	
Area/km2

	
Ratio (%)

	
Area/km2

	
Ratio (%)






	
Cultivated land

	
744.47

	
2.55

	
725.56

	
2.48

	
811.55

	
2.78

	
532.2

	
1.82




	
Forestland

	
16,291.17

	
55.74

	
16,700.26

	
57.14

	
16,959.88

	
58.02

	
17,071.87

	
58.41




	
Grassland

	
11,758.12

	
40.23

	
11,069.27

	
37.87

	
10,647.58

	
36.43

	
10,560.18

	
36.13




	
Water

	
78.87

	
0.27

	
148.51

	
0.51

	
228.68

	
0.78

	
185.94

	
0.64




	
Construction land

	
350.16

	
0.02

	
576.92

	
0.03

	
564.2

	
0.06

	
859.31

	
0.07




	
Unused land

	
6.23

	
1.2

	
8.5

	
1.97

	
17.12

	
1.93

	
19.52

	
2.94
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