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Abstract
Against the backdrop of global warming and vegetation greening, elucidating
the impact of evapotranspiration (ET) on water resources in arid regions is of
critical importance. Taking the Qilian Mountains (QLM) as a case study, this
research, based on GLEAM data and employing trend analysis and structural
equation modeling, quantitatively analyzes the spatiotemporal characteristics
and driving mechanisms of ET and its components (plant transpiration T and
soil evaporation E) during 2000–2023, as well as their effects on water resource
availability (WA, WA/Pre) and effectiveness (T/ET, T/Pre). The results show
that ET increased significantly (1.58 mm・a-1), mainly driven by the increase
in T (1.79 mm・a-1), with T/ET (0.004 a-1) continuously rising, indicating
enhanced water resource effectiveness. Precipitation (Pre) is the dominant envi-
ronmental factor controlling ET variations, while T is driven by leaf area index
(LAI, total effect 0.90), and T/ET responds primarily to changes in temperature
(Tem, total effect 1.68); Tem is also the dominant factor influencing E (total ef-
fect -0.748). Although the increase in LAI enhances water resource effectiveness
by increasing T, the decrease in Pre combined with the increase in ET leads
to a reduction in WA and thus a decline in water availability. This indicates
that although the increase in ET (especially T) improves water use efficiency,
it intensifies water scarcity. Therefore, balancing the T/E ratio is key to al-
leviating this contradiction. This study can provide a reference for ecological
restoration and sustainable water resources management in arid regions under
climate change.
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Abstract

Under the dual contexts of global warming and vegetation greening, clarifying
the impacts of evapotranspiration (ET) on water resources in arid regions is
of critical importance. Focusing on the Qilian Mountains as a case study, this
research quantitatively examined the spatiotemporal characteristics and driving
mechanisms of ET and its components—plant transpiration (T) and soil evapo-
ration (E)—and their effects on water resource availability (WA, WA/Pre) and
effectiveness (T/ET, T/Pre) from 2000 to 2023. Using GLEAM data products,
trend analysis, and structural equation modeling, we found that ET increased
significantly at a rate of 1.58 mm・a−1, primarily driven by the growth of T
(1.79 mm・a−1). The T/ET ratio increased continuously at 0.004 a−1, indicating
enhanced water resource effectiveness. Precipitation (Pre) emerged as the dom-
inant environmental factor controlling ET variation, while T was mainly driven
by leaf area index (LAI) with a total effect of 0.90. Air temperature (Tem) was
the primary factor influencing both the T/ET ratio (total effect 1.68) and E
(total effect −0.748). Although ET growth—particularly in T—enhanced water
use efficiency, it also intensified water scarcity by reducing water availability.
This suggests that while vegetation restoration improves water resource effec-
tiveness, the combined pressures of decreasing precipitation and increasing ET,
especially the E component, must be carefully managed. Balancing the trade-off
between T and E thus represents a key strategy for reconciling these competing
dynamics. These findings provide a scientific basis for ecological restoration and
sustainable water resource management in arid regions under climate change.

Keywords: evapotranspiration; water availability and effectiveness; vegetation
restoration; Qilian Mountains
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Introduction

Arid regions exhibit significant changes in hydrological processes against the
backdrop of global climate change and vegetation restoration. These regions are
critical for achieving land degradation neutrality targets, and the success of vege-
tation restoration as a primary measure depends heavily on water resource avail-
ability and effectiveness. Evapotranspiration (ET) serves as a key component
of the water cycle, and its continuous variation under climate change directly
impacts terrestrial water availability. Global land ET has shown a significant
increasing trend, with profound implications for global water cycling, ecosystem
functioning, and water resource availability that have attracted widespread at-
tention. Accurately characterizing ET dynamics and quantifying the influence
of environmental factors is therefore essential for water resource and ecosystem
management in arid regions.

Global ET has changed dramatically over recent decades, with spatiotemporal
evolution and driving mechanisms showing regional differences. While tempera-
ture rise is the main cause of ET increase at the global scale, precipitation and
wind speed dominate in China, with precipitation change explaining 57% of ET
variation across mainland China. In addition to hydrothermal conditions, vege-
tation cover affects ET through transpiration, and global vegetation greening is
considered an important reason for ET enhancement. Although previous studies
have revealed complex regulatory mechanisms of climate and vegetation on ET,
research on ET components remains insufficient, limiting deeper understanding
of water resource redistribution mechanisms. Because different ET components
respond differently to climate and vegetation, and their varying change patterns
ultimately affect the effectiveness and availability of terrestrial water resources,
component-based ET research can improve understanding of ecosystem water
use pathways and reveal how arid region water cycles respond to atmospheric
and vegetation dynamics.

The Qilian Mountains, a critical ecological barrier in northwestern China, are
highly sensitive to climate change and vegetation variation. In recent years,
significant changes in soil and water conservation functions have profoundly
affected regional water resource recharge and sustainability. Since implementing
ecological engineering, vegetation coverage has increased rapidly from 48.86%
to 65.84%, but vegetation restoration may also intensify water consumption
through enhanced transpiration, potentially reducing regional water availability.
Current research mostly focuses on total ET changes, while quantitative analysis
of ET components and their responses to environmental factors remains lacking,
making it difficult to reveal water resource redistribution mechanisms under
climate-vegetation interactions. This study focuses on the Qilian Mountains
region to explore the responses of ET and its components to vegetation and
climate changes, and further analyze their impacts on water resource availability
and effectiveness, providing theoretical support for optimized water resource
management and ecological restoration in arid regions.
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Study Area

The Qilian Mountains region (36°30′–39°30′N, 93°30′–103°E) is located in the
northeastern Tibetan Plateau [Figure 1: see original paper]. Influenced by the
interaction of the Siberian High, East Asian monsoon, and westerly jet stream,
the region is highly sensitive to climate change. The area features both conti-
nental and alpine climate characteristics, with an average annual temperature of
−2.6 ∘C that decreases with elevation. Precipitation is relatively abundant, with
a multi-year average of 514 mm that gradually decreases from east to west. Var-
ious ecosystems exist, with grassland being the most widely distributed ecosys-
tem type. In recent years, combined effects of global warming and extreme
weather have significantly altered the region’s water and soil conservation func-
tions, profoundly affecting water resource sustainability. Alpine grassland degra-
dation and biodiversity decline have occurred, with meadow ecosystems being
particularly vulnerable due to cold, dry conditions and external changes that
affect ecosystem stability and regional hydrological characteristics.

Data and Methods

ET and Its Components This study used ET and soil moisture data from
the Global Land Evaporation Amsterdam Model (GLEAM v4.2a), a global
dataset with 0.25° spatial resolution available at monthly and annual scales
from https://www.gleam.eu/. Based on satellite and reanalysis data, GLEAM
has been validated and applied at multiple sites and basin scales in China. ET
is partitioned into transpiration (T) and evaporation (E), where E includes snow
sublimation (ES), open water evaporation (EW), interception loss (EI), and bare
soil evaporation (EB). We calculated monthly E values by summing ES, EW,
EI, and EB. This study primarily analyzed changes in ET and its components
and their impacts on regional water resource availability and effectiveness.

Environmental Variables Environmental variables included climate, vege-
tation, and land cover. Climate data comprised precipitation (Pre) and air
temperature (Tem) from the ERA5 reanalysis dataset, which contains monthly
data from 1979 to present at 0.1°$×$0.1° resolution with a lag of about 3 months.
Vapor pressure deficit (VPD) was calculated from dewpoint temperature. Soil
moisture (SM) data were obtained by summing root zone and surface soil mois-
ture from ERA5-Land. Leaf area index (LAI) data from MODIS (MOD15A2H-
061) provide 500 m composite data at 8-day intervals from 2000–2023. Us-
ing the maximum value method, we obtained monthly LAI series to minimize
cloud, aerosol, snow, and shadow effects. Land cover data used the 30 m annual
China Land Cover Dataset (1985–2023) from Wuhan University professors Yang
Jie and Huang Xin, with overall accuracy of 79.31%. We reclassified land use
into cropland, forest, grassland, and water/wetland ecosystems, with other land
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types grouped as “other ecosystems.”All raster calculations were performed
using ArcGIS and Python.

Trend Analysis We used the Theil-Sen slope estimator combined with Mann-
Kendall test to analyze ET trends and significance. This method, recommended
by the World Meteorological Organization, is robust for meteorological, hydro-
logical, and vegetation change analysis. The Theil-Sen slope quantifies ET
change trends, where 𝛽 represents the trend magnitude (positive 𝛽 indicates
increasing ET, negative 𝛽 indicates decreasing ET). The Mann-Kendall test as-
sesses trend significance. With sample size 𝑛 > 10, we used Z-statistics with
significance level 𝛼 = 0.05 (𝑍0.05 = 1.96). Following Wang et al., we defined
four trend levels: significant increase (𝛽 > 0, 𝑝 < 0.05), slight increase (𝛽 > 0,
𝑝 > 0.05), significant decrease (𝛽 < 0, 𝑝 < 0.05), and slight decrease (𝛽 < 0,
𝑝 > 0.05).

Structural Equation Model Structural equation modeling (SEM) is an ad-
vanced multivariate statistical method that effectively handles complex inter-
actions among multiple variables, reflecting direct, indirect, and total effects
while allowing error terms, thus overcoming limitations of traditional statistical
methods. This study used Bayesian SEM to analyze environmental influences
on ET components. Bayesian SEM introduces prior distributions for parame-
ters, combines prior information with observational data, and derives posterior
distributions based on Bayes’theorem:

𝑝(𝜃|𝐷) ∝ 𝑝(𝜃) × 𝑝(𝐷|𝜃)

where 𝜃 represents model parameters (e.g., path coefficients), 𝐷 is observational
data, 𝑝(𝜃) is the prior distribution, 𝑝(𝐷|𝜃) is the likelihood function, and 𝑝(𝜃|𝐷)
is the posterior distribution.

Using monthly raster data from 2000–2023, we extracted mean values from each
grid cell as input variables for SEM. We established Bayesian SEM models con-
taining environmental variables (Pre, Tem, VPD, SM, LAI) and ET components
(T, E, T/ET). Path coefficients used normal priors (coefficient ∼ normal(0, 1);
intercept ∼ normal(0, 10)). We used Markov Chain Monte Carlo (MCMC) with
two chains of 2,000 iterations each (including warm-up). Model convergence
was assessed when all parameters had 𝑅̂ < 1.05 and effective sample sizes were
sufficient. Path relationships were considered significant when 95% confidence
intervals excluded zero. Total effects were calculated as the sum of direct and
indirect effects. We used the Leave-One-Out Information Criterion (LOOIC)
for model comparison, where lower values indicate better fit.
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Results

Spatiotemporal Patterns of Environmental Variables At the interan-
nual scale, precipitation increased at 0.48 mm・a−1 from 2000–2013, but de-
creased at −2.19 mm・a−1 thereafter (𝑝 < 0.05), with a multi-year average
of 513.98 mm. The 2015 anomaly (264.35 mm) was significantly lower than
other years since 2000, caused by high temperatures and drought from Arctic
air masses and East Asian monsoons. Spatially, precipitation decreased from
south to north due to topography and atmospheric circulation [Figure 2: see
original paper]. About 51.39% of the region showed decreasing precipitation
trends, particularly in the east, with 48.61% showing slight increase trends con-
centrated in central areas and near Qinghai Lake, but no significantly increasing
regions.

Leaf area index increased significantly at 0.010 a−1 (𝑝 < 0.05) from 2000–2023,
with a multi-year average of 0.85. Spatially, LAI decreased from southeast to
northwest [Figure 3: see original paper]. Approximately 89.85% of the region
showed increasing trends, with 39.24% significantly increasing, mainly in cen-
tral and eastern areas. These results demonstrate overall vegetation greening,
though some local areas showed decreasing trends due to climate change and
human activities.

Spatiotemporal Changes in Evapotranspiration ET showed a signifi-
cant increasing trend at 1.58 mm・a−1 (𝑝 < 0.05), with a multi-year average of
252.85 mm [Figure 4: see original paper]. ET components showed contrasting
patterns: E decreased insignificantly at −0.21 mm・a−1 (𝑝 > 0.05), while T
increased significantly at 1.79 mm・a−1 (𝑝 < 0.05). The higher T growth rate
relative to E’s decline rate made T the primary driver of ET increase. The T/ET
ratio increased significantly at 0.004 a−1 (𝑝 < 0.05), indicating vegetation green-
ing drives ET component shifts, channeling more water through transpiration
and making T the dominant ET component.

Spatially, ET changes varied significantly, with maximum increases of
6.11 mm・a−1 in marginal areas and maximum decreases of −5.57 mm・a−1 in
the west [Figure 5: see original paper]. Overall, 83.3% of the region showed
increasing ET trends, with 72.5% significantly increasing. E showed decreasing
trends in −4.43 to 2.86 mm・a−1 ranges, with 57.6% of the region decreasing
and 20.2% significantly decreasing, mainly in northwestern areas with sparse
vegetation. T showed increasing trends in 83.80% of the region, with 84.14%
significantly increasing. The T/ET ratio increased overall, with 64.8% of the
region showing significant changes, decreasing only in southwestern and eastern
local areas.

Factors Influencing ET Component Changes Bayesian SEM results for
T and E showed good model fit (𝑅̂ = 1.00), revealing distinct environmental
influences on ET components [Figure 6: see original paper]. For transpiration
(T), LAI had the strongest direct effect (path coefficient 0.90), followed by VPD
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(0.75), both significant. Pre showed weaker positive effects (0.42), while Tem and
SM showed negative effects, with SM’s negative effect being smallest. In total
effects [Figure 7: see original paper], LAI still dominated T (0.90), exceeding
other factors. Pre’s total effect on T (0.38) was reduced due to VPD’s negative
indirect effect (-0.04). For soil evaporation (E), LAI significantly inhibited E
(direct effect -0.65), while Tem and SM also showed negative effects, with SM’
s effect being weak (-0.08). VPD and Pre were the main positive factors (0.42
and 0.40, respectively). Except for Pre, all factors showed consistent indirect
and direct effect directions. Pre’s indirect negative effect was smaller than its
direct positive effect, maintaining a positive total effect as the main promoter
of E. Tem was the most important negative factor for E (total effect -0.748).

The T/ET ratio reflects vegetation’s key role in terrestrial ecosystem water
use, with higher values indicating greater water allocation to vegetation growth.
SEM results showed Tem as the main positive factor (total effect 1.68), while
VPD and Pre were main negative factors (total effects -0.90 and -0.85, respec-
tively) [Figure 8: see original paper]. VPD generated negative indirect effects
through LAI (-0.33) and SM (-0.15), while Pre generated negative indirect ef-
fects through LAI (-0.40) and SM (-0.12), though their direct effects dominated,
determining the total effect direction.

Changes in Available Water To explore changes in terrestrial total avail-
able water (WA) under increasing ET, we calculated WA as the difference be-
tween precipitation and actual ET based on water balance principles. At in-
terannual scales, WA showed an initial increase followed by decrease, growing
at 0.43 mm・a−1 from 2000–2013, then decreasing at −3.78 mm・a−1. Pre de-
creased significantly at −71.00 mm・a−1 (𝑝 < 0.05), while ET increased at
0.0057 mm・a−1 (𝑝 < 0.05), indicating a continuously decreasing proportion of
precipitation converted to available water resources. WA showed strong posi-
tive correlation with Pre. Linear regression revealed a precipitation threshold of
approximately 287.42 mm for WA; years below this threshold (e.g., 2015 with
264.35 mm) experienced deficits, while others remained surplus.

Spatially [Figure 9: see original paper], WA changes showed clear patterns: over-
all increase in southwest and decrease in northeast, with an average change rate
of −2.18 mm・a−1 (range: −12.92 to 5.40 mm・a−1). About 81.78% of the re-
gion showed decreasing WA, with 16.63% significantly decreasing, mainly in the
eastern region where ET increased significantly and Pre decreased. These results
indicate that regional available water resources have decreased in recent years,
primarily due to the combined effects of reduced precipitation and increased
ET.
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Discussion

Spatiotemporal Changes in ET and Its Components This study re-
veals that from 2000–2023, ET in the Qilian Mountains increased significantly
at 1.58 mm・a−1, with T increasing at 1.79 mm・a−1 while E decreased at
−0.21 mm・a−1. The T/ET ratio increased at 0.004 a−1, indicating a shift
toward transpiration-dominated water use and improved water resource effec-
tiveness. Although increased vegetation cover can suppress soil evaporation by
reducing surface solar radiation, E’s reduction is far less than T’s increase,
resulting in net ET growth. This aligns with studies in the Loess Plateau and
ecological restoration areas, confirming that vegetation greening is a key driver
of ET component changes.

Spatially, ET increased significantly in central and eastern areas but decreased
in the west, likely related to regional hydrothermal configurations and vegeta-
tion distribution gradients. More critically, T’s continuous rise may represent a
transition from physically-dominated evaporation to vegetation-dominated tran-
spiration in the Qilian Mountains. While this confirms ecological restoration
progress, total ET increase may intensify regional water pressure, particularly in
water-limited western areas. All environmental factors mediate ET component
changes through vegetation growth, confirming vegetation’s key role in water
resource allocation. However, vegetation dynamics are themselves regulated by
climate, and this study did not separate individual driving effects, which should
be addressed in future research coupling climate-vegetation feedback models.

Water Resource Availability and Effectiveness in the Qilian Moun-
tains Our analysis reveals distinct dominant factors for ET components,
jointly regulated by climate factors and vegetation dynamics. Precipitation,
as the main driver of ET in northwest China, demonstrates the fundamental
role of water supply. Notably, LAI is the primary factor for T increase (total
effect 0.90), indicating vegetation greening is a crucial driver of transpiration
changes, consistent with studies across China. Although VPD’s total effect on
E is positive, temperature, precipitation, and soil moisture enhance vegetation
root development and canopy closure, indirectly suppressing E and causing its
net reduction.

The T/ET ratio is most responsive to temperature (total effect 1.68), which
also dominates E (total effect -0.748). Different ecosystems show varied T/ET
characteristics and driving mechanisms due to differences in vegetation structure
and ecological functions. In grassland and cropland ecosystems, temperature is
the main positive factor for T/ET, while in forest ecosystems, both temperature
(1.68) and soil moisture (-0.85) drive T/ET changes. These differences further
demonstrate region-specific vegetation adaptation strategies.

Vegetation restoration measures alter ET spatial distribution and affect water
resources. While previous studies suggested vegetation greening negatively im-
pacts regional water resources, our findings show that vegetation greening inten-
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sifies water consumption while simultaneously improving effectiveness, proving
its complex effects. The precipitation threshold for WA (287.42 mm) is higher
than the 2015 precipitation (264.35 mm), suggesting that vegetation effective-
ness improvements may depend on glacier and snowmelt water. However, this
trend may not be sustainable under long-term precipitation reduction, poten-
tially weakening water cycles and exacerbating shortages. Different ecosystem
responses further highlight the need for strengthened monitoring and rational
planning of greening scales to avoid excessive water consumption and achieve
sustainable balance between ecological benefits and water resources.

Conclusions

Taking the Qilian Mountains as a case study, this research systematically ana-
lyzed the evolution of water resource effectiveness (T/ET, T/Pre) and availabil-
ity (WA, WA/Pre) by decomposing and attributing water balance components.
The main conclusions are:

1. From 2000–2023, ET and T increased significantly at 1.58 mm・a−1 and
1.79 mm・a−1, respectively, while E decreased at −0.21 mm・a−1. The
T/ET ratio increased at 0.004 a−1, indicating a regional shift toward
transpiration-dominated water use.

2. Precipitation is the dominant factor for ET variation, while LAI is the
key driver for T increase (total effect 0.90). Temperature is the primary
factor affecting the T/ET ratio (total effect 1.68) and E (total effect -
0.748). Vegetation restoration enhances water resource effectiveness by
increasing T, but decreased precipitation and increased ET jointly reduce
water availability at −3.78 mm・a−1, reflecting that vegetation restoration
improves water productivity while intensifying consumption pressure.

3. WA showed an initial increase followed by sustained decrease, indicating
current water conditions are approaching the critical threshold for sustain-
able vegetation restoration. Future management should regulate the T/E
ratio to synergistically improve water availability and ecological water use
efficiency.
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