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Abstract: [ Objective] In arid and semi-arid regions, clarifying the spatiotemporal response relationship between
vegetation water use efficiency (WUE) and ecosystem services (ESs) and its influencing mechanisms is crucial for
promoting water-carbon management and high-quality development of irrigation areas. [ Methods] Taking the
Hetao Irrigation Area watershed in Inner Mongolia as the study area, this study integrated multi-source remote
sensing and meteorological data from 2001 to 2020 to systematically analyze the spatiotemporal evolution
characteristics of WUE. Multiple linear regression, random forest, and geographically weighted regression models
were comprehensively employed to reveal the nonlinearity and spatial heterogeneity of its driving mechanisms.
Based on the IN'VEST model, three ecosystem services-carbon storage, water yield, and grain production-were
quantified. A WUE-ESs coupling degree index was constructed, and the Getis-Ord G, hotspot analysis was applied
to identify the spatial agglomeration pattern of coupling intensity. [ Results] From 2001 to 2020, WUE showed an
overall fluctuating downward trend, with a decline rate of 0.003 g/(mm-+H,O yr) (measured in C). Spatially, high-
value areas were found in cultivated land and the periphery of Wuliangsuhai Lake, while low-value areas were
located in grassland and the periphery of the Hetao Irrigation Area. The analysis of driving mechanisms indicated
that net primary productivity (NPP) and vapor pressure deficit (VPD) had a continuous and significant positive
impact on WUE. The random forest model further identified VPD as the dominant factor for WUE in the early
period (2001—2005) (importance 0.40), while the influence of root-zone soil moisture significantly increased in the
later period (2015—2020) (importance 0.93). Geographically weighted regression (GWR) revealed significant
spatial heterogeneity in the effects of different factors. For instance, precipitation had negative effects in the
southeast and positive effects in the southwest. Coupling analysis showed that WUE and ESs exhibited high
coupling hotspots concentrated in irrigated farmland areas, while grassland systems were mainly characterized by
low coupling coldspots. The highest coupling degree across the entire area was observed in 2001. This study
recommended that in farmland areas, precise management based on water availability should be strengthened to
enhance service synergy, while vegetation structure should be optimized in the grassland systems to improve system
resilience. [Conelusion] This study provides a scientific basis for the efficient utilization of water resources and
ecological coordinated management in arid irrigation districts through the integration of multiple methods.
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Fig. 6 Significance of influencing factors of water use efficiency in Hetao Irrigation Area watershed (2001—2020)
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Fig. 7 Spatial heterogeneity of influencing factors of water use efficiency in Hetao Irrigation Area watershed (2001-2020)
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