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Abstract

In arid regions, water constitutes the fundamental element for oasis formation.
Alpine regions in arid areas serve as the water source that sustains the existence
of oases in northwestern arid regions, supports local sustainable economic devel-
opment, and maintains ecological stability. Mountain forest ecosystems play a
crucial role in water conservation and are referred to as “green reservoirs.” Cli-
mate change will alter the structure, composition, and water cycle of mountain
ecosystems, exacerbate water scarcity, and threaten oasis security in arid re-
gions. This paper reviews and synthesizes research progress on climate change
in arid regions and its impacts on the stability and hydrological processes of
mountain forest ecosystems in these areas, identifies existing problems in cur-
rent research, and proposes that future studies in arid region mountains should
evaluate climate change trends at spatial resolutions finer than 1 km. Compre-
hensive research should be conducted from multi-scale, multi-interface, multi-
disciplinary, and multi-method perspectives on the impacts of climate change
on the stability and hydrological processes of mountain forest ecosystems in arid
regions. This will promote the development of mountain ecology in arid regions,
provide a theoretical foundation for management departments in arid regions
to adapt to and mitigate climate change, scientifically formulate water resource
management plans under climate change conditions, and achieve effective wa-
ter resource management, thereby promoting environmental and socioeconomic
sustainability in arid regions under climate change conditions.
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Abstract

Water is the fundamental element for oasis formation in arid regions. Alpine
mountains in northwest China’ s arid areas serve as critical water source zones
that sustain oasis existence, support sustained local economic development, and
maintain ecological environmental stability. Mountain forest ecosystems play
a vital water conservation function, earning them the designation of “green
reservoirs.” Climate change will alter mountain ecosystem structure and compo-
sition, modify terrestrial water cycle elements, exacerbate water resource short-
ages, and threaten oasis security in arid regions. This paper reviews research
progress on climate change and its impacts on the stability and hydrological
processes of mountain forest ecosystems in arid regions, identifies existing prob-
lems in current research, and proposes future directions. Specifically, we argue
that climate change trends in arid mountain regions must be assessed at spatial
resolutions finer than 1 km. Comprehensive studies should be conducted from
multi-scale, multi-interface, multi-disciplinary, and multi-method perspectives
to investigate climate change impacts on mountain forest ecosystem stability
and hydrological processes. This approach will promote the development of
mountain ecology in arid regions, provide a theoretical foundation for manage-
ment departments to adapt to and mitigate climate change, enable scientifically
sound water resource management planning under changing climate conditions,
and facilitate effective water resource management to promote sustainable envi-
ronmental and socioeconomic development in arid regions under climate change.

Keywords: climate change; ecosystem stability; forest ecohydrological pro-
cesses; arid region alpine mountains

1. Climate Change Research in Northwest Arid Regions

Temperature and precipitation are the primary climatic drivers of ecosystem pro-
cesses from regional to global scales. Research has revealed increasing trends in
both temperature and precipitation in northwest China’ s arid region. Analysis
of 60 meteorological stations showed that temperatures in mountainous, oasis,
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and desert areas increased by 0.34 °C - (10a)"-1, 0.36 °C - (10a)"-1, and 0.39 °C-
(10a)"-1, respectively, while precipitation increased by 10.15 mm - (10a)"-1, 6.29
mm - (10a)"-1, and 0.87 mm - (10a)"-1, respectively—rates significantly exceed-
ing the global average. Studies of the Qilian Mountains specifically show that
since 1961, the northern slope has experienced warming and wetting trends
with annual mean temperature and precipitation increasing at rates of 0.033
°C-+a”-1 and 0.57 mm + a"-1, respectively. In the central Qilian Mountains, the
average annual temperature has risen at 0.39 °C - (10a)”-1 over the past 60
years, with total precipitation on rainy days increasing at 13.86 mm - (10a)"-
1. Both observations and simulations demonstrate intensified warming in arid
regions over the past century, with high-altitude mountain ecosystems and tun-
dra zones responding more sensitively and rapidly to global warming. However,
these studies primarily reflect climate change trends at coarse spatial resolutions,
whereas managers require higher-resolution climate change research products to
establish and guide climate adaptation strategies.

2. Climate Change Impacts on Mountain Forest Ecosystem Stability

Rising temperatures and altered spatiotemporal precipitation distribution repre-
sent the most significant characteristics of climate change. These changes have
substantially impacted terrestrial ecosystem stability, manifested through phe-
nological shifts and extended growing seasons, altered tree growth patterns, up-
ward migration of alpine treelines, and tree mortality. The continuous changes
in forest composition, structure, and function largely depend on how individual
forest populations respond to changing environmental drivers and disturbance
regimes. KEcosystem stability is defined as a community’ s capacity to resist
change and can be quantitatively expressed as the ratio between the mean
and variability of selected characteristic indicators. Climate change impacts
on ecosystem temporal stability can be summarized through resistance and re-
silience metrics, which primarily consider synchronous and lagged effects of
climate change on ecosystems.

Recent studies have advanced our understanding of these dynamics. Research
using tree-ring width data and satellite imagery networks compiled absolute
annual indicators of forest growth and productivity for 21 forest types across
Mediterranean, temperate, and continental biomes in Spain, revealing that for-
est structural diversity positively influences stability while population density
has negative effects. Precipitation variability and slope primarily affect stabil-
ity indirectly through their influence on tree species richness. At the global
scale, studies of evergreen broadleaf forest communities found that resistance
and resilience are mainly controlled by temperature and radiation. In China’ s
subtropical forests, species richness and stand structure diversity enhance sta-
bility, while population density reduces it. However, for alpine mountain forest
ecosystems in arid regions, mechanisms linking climate change to forest struc-
ture and spatial pattern changes remain unclear. Questions persist regarding
how climate-biodiversity relationships translate into complex forest structural
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patterns and how climate change affects forest ecosystem stability. Clarifying
these mechanisms is essential for providing theoretical foundations for climate
change adaptation and selecting appropriate mitigation strategies.

3. Climate Change Impacts on Ecosystem Hydrological Processes

Changes in terrestrial ecosystem stability inevitably alter water balance and
plant water processes, modify land surface water cycle elements such as soil
moisture and evapotranspiration, accelerate ecosystem water cycling, and con-
sequently affect water yields in forested areas. Forest hydrological processes
primarily include canopy interception, throughfall, evapotranspiration, under-
story and soil water storage, and runoff generation. This section focuses on four
key aspects: soil moisture dynamics, evapotranspiration processes, root water
uptake, and coupled modeling studies.

3.1 Climate Change Impacts on Soil Moisture Soil moisture is the pri-
mary link connecting climate, vegetation, and hydrological processes. Climate
change, particularly precipitation variability, dominates soil moisture dynam-
ics, while plant diversity promotes soil moisture heterogeneity. Precipitation
changes and vegetation cover are key factors controlling soil moisture spatiotem-
poral variation. In arid alpine mountain forest ecosystems, however, the inter-
actions between climate and soil moisture at plot, slope, and watershed scales
remain poorly understood. The driving mechanisms of soil moisture spatiotem-
poral variability lack comprehensive quantitative results. Since many hydrolog-
ical processes are nonlinear functions of soil moisture, in-depth understanding
of soil moisture dynamics is essential for representing these processes at larger
scales. Recent studies have employed wavelet analysis to examine soil moisture
dynamics across grassland, forest, and invasive species zones, revealing coher-
ence between precipitation variability and soil moisture fluctuations. A novel
experimental and numerical framework investigated how tree architectural traits
affect stemflow and soil water dynamics on Scottish slopes. However, for arid
alpine mountain forests, integrated quantitative results on climate-soil moisture
interactions across scales are still lacking, hindering effective water resource
management and climate impact assessment.

3.2 Climate Change Impacts on Evapotranspiration Processes Cli-
mate change has extended vegetation growing seasons and altered physiology
and phenology, thereby modifying evapotranspiration (ET) processes. Global
ET has increased at 0.88 mm-a -1 from 1982-2011, while precipitation increased
at 0.66 mm - a”-1. However, excessive warming may accelerate soil water evapo-
ration, creating drought trends. In arid regions, potential ET shows increasing
trends in 70.6% of areas in winter, 64.7% in spring, 70.6% in summer, 76.5%
in autumn, and 70.0% annually. Process-based soil water models reveal that
despite increased winter and spring precipitation, elevated ET can reduce late
spring and summer soil moisture. Forest cover changes significantly impact ET,
with studies showing that a 68.0% increase in forest coverage raised average ET
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by 50% in certain catchments. For arid alpine mountain forest ecosystems, how-
ever, the mechanisms by which climate and stability changes alter ET processes
remain unclear. Understanding these mechanisms is crucial for effective water
resource management and improving climate impact assessment quality.

3.3 Root Water Uptake Studies Root water uptake plays a crucial role in
soil moisture spatiotemporal evolution. Plants absorb soil water through roots,
which then enters the atmosphere through transpiration and soil evaporation,
creating a continuous soil-plant-atmosphere system. Understanding root wa-
ter uptake patterns is fundamental for comprehending soil moisture variability
drivers and climate change impacts on vegetation hydrological processes. Stud-
ies using ground-penetrating radar and root coring have investigated root distri-
bution patterns in Mongolian pine plantations of different ages, recommending
that stand density should be determined based on root area to avoid degradation
or mortality from water competition. Neural network and multiple regression
models have been developed to predict sap flow in Qinghai spruce, highlighting
the importance of time-lag effects and soil moisture conditions. Recent advances
incorporate root architecture parameters into Richards equation-based models,
introducing water stress indices to improve soil moisture predictions. However,
for arid alpine mountain forest ecosystems, developing coupled models that inte-
grate leaf-scale physiology, above- and below-ground responses, root dynamics,
soil moisture, stand responses, and physical hydrology remains challenging due
to parameterization and calibration difficulties at large spatial scales.

3.4 Interactions and Feedbacks Between Climate Change and Eco-
hydrological Processes Research on climate and ecohydrological processes
requires multi-factor, multi-scale observations to collect and describe status in-
formation of various elements at different scales, thereby obtaining fundamental
scientific understanding of surface processes. To accurately predict and quan-
titatively study climate change impacts on ecohydrological processes and con-
duct quantitative research on watershed parameters and hydrological responses,
coupled models integrating climate, hydrological, and ecological processes are
needed. Distributed ecohydrological models have simulated hydrological pro-
cesses and vegetation dynamics in the upper Heihe River Basin, revealing that
actual ET spatial patterns are primarily controlled by precipitation and tempera-
ture, with vegetation distribution further enhancing spatial variability. However,
most studies have been conducted at single scales. Fully determining ecosystem
responses to climate change requires complex models that combine leaf-scale
physiology, stand responses, and physical hydrology, which are difficult to pa-
rameterize and calibrate at large scales. This necessitates developing coupled
models of climate, hydrological, and ecological processes with interactions and
feedbacks across different spatiotemporal scales.
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4. Future Perspectives

Mounting evidence demonstrates that climate change plays a crucial role in
controlling the water cycle by affecting soil moisture, evaporation, transpira-
tion, and runoff. However, arid alpine mountain ecosystems (such as the Qilian
Mountains) are highly sensitive and responsive to climate change, and research
on impact mechanisms remains in its infancy with insufficient quantitative re-
sults. Current ecohydrological process research in high-altitude arid mountains
has focused primarily on soil moisture dynamics, canopy structure-interception
relationships, plant transpiration and its influencing factors, and precipitation
impacts on forest water yields. Studies on climate change impacts on ecosystem
stability have examined phenology, treelines, radial growth of Qinghai spruce,
terrestrial primary productivity, ET changes, canopy position-climate-growth
relationships, and alpine plant communities, but comprehensive studies inte-
grating climate change impacts on both forest ecosystem stability and ecohy-
drological processes are lacking.

Looking forward, climate change research in arid mountains must evaluate
trends at spatial resolutions finer than 1 km to provide managers with theo-
retical foundations for climate adaptation. Studies on interactions between cli-
mate change and forest ecosystem stability and ecohydrological processes should
adopt multi-scale (plot, slope, watershed; individual, community, ecosystem)
and multi-interface (vegetation-soil, soil-atmosphere) approaches across multi-
ple disciplines (soil science, hydrology, ecology). Methods should include flux
observation, sap flow techniques, radar technology, field simulation experiments,
remote sensing, and modeling to elucidate mechanisms and predict future trends.
This integrated approach will promote the development of mountain ecology in
arid regions, provide theoretical foundations for climate adaptation and mitiga-
tion, and support sustainable environmental and socioeconomic development.
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