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Abstract. The dynamic evolution pattern of regional wa-
ter supply-demand risks under the combined effects of cli-
mate change and human activities remains unclear, particu-
larly against the backdrop of agricultural expansion in arid
regions. This study focuses on the Tailan River Basin (TRB),
a typical arid watershed in China and a vital base for high-
quality fruit and grain production. By integrating the PLUS
(Patch-generating Land Use Simulation) and InVEST (Inte-
grated Valuation of Ecosystem Services and Tradeoffs) mod-
els, we constructed a water supply-demand risk assessment
framework encompassing 24 climate-land change scenarios
to quantify their impacts on regional water resource patterns
and risks. Results reveal that climate change profoundly in-
fluences water supply, while land use significantly affects
water demand. Under the Balanced Economic and Ecolog-
ical Development Scenario (BES), 531.2 km?2 of additional
cultivated land could be developed by 2050. However, this
cultivated land expansion leads to a sharp increase in irri-
gation water demand, with the minimum demand reaching
4.87 x 108 m?, while the maximum regional water supply is
only 0.16 x 108 m?, resulting in a significant supply-demand
gap (> 4.71 x 108 m3). The risk assessment framework indi-
cates that by 2050, the entire TRB will face a water supply-
demand crisis, with at least 46 % of the area experiencing se-
vere (Level III) or higher risks. The study demonstrates that
continuous cultivated land expansion driven by agricultural
activities — which drastically increases irrigation water de-
mand — is the root cause of intensifying water supply-demand

conflicts and high risks in the TRB. By 2050, the proportion
of irrigation water to total water use will exceed 70 %, re-
gardless of scenario. These findings underscore the necessity
of deeply integrating multidisciplinary approaches within
a water risk framework to elucidate land-eco-hydrological
feedback mechanisms and better address water security chal-
lenges under climate change. The results provide a scientific
basis for optimizing regional water-land resource allocation
and promoting agro-ecological sustainable development.

Highlights. Irrigation water demand surge critically amplifies wa-
ter supply-demand risk in arid regions.

Water resources in arid regions are more susceptible to anthro-
pogenic impacts.

Regional water supply-demand risk continues to rise through the
mid-21st century.

1 Introduction

Drylands, covering 41 % of the Earth’s land area, are crit-
ical components of global terrestrial ecosystems. They not
only support 38 % of the world’s population but also host
approximately one-third of the planet’s biodiversity hotspots
(Berdugo et al., 2017; Li et al., 2021). However, these regions
— predominantly located in developing countries (Huang et
al., 2016; Chen et al., 2024c) — face extreme water scarcity
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and exhibit high ecological fragility (Li et al., 2021), mak-
ing them particularly sensitive to human activities (espe-
cially agricultural practices) and climate change. Northwest-
ern China’s arid regions serve as a typical example of the
interplay between ecological vulnerability and agricultural
pressure. Since 1980, cultivated land in this area has ex-
panded significantly by 25.87 % (Zhu et al., 2021), pro-
foundly altering water and land resource allocation and eco-
logical balance (Liu et al., 2025b). Although climate change
has led to increased runoff (Li et al., 2025b) and rainfall (Yao
et al., 2022) in the region, providing more available water
resources (Chen et al., 2023a), agricultural activities domi-
nated by continuous cultivated land expansion have sharply
intensified regional water stress. Irrigation water use has now
become the major consumer of water resources. Simulta-
neously, cultivated land expansion has elevated evapotran-
spiration levels (Zhu et al., 2025), and inefficient irrigation
practices (e.g., the irrigation water use efficiency in Xinjiang
is only 0.585) have further exacerbated groundwater over-
extraction (Yan et al., 2025) and soil salinization (Perez et
al., 2024). These factors have intensified the contradiction
between water supply and demand, continuously constrain-
ing sustainable water use options, and amplifying ecological
vulnerability (Huggins et al., 2022) and food security risks
(Jones et al., 2024).

The imbalance between water supply and demand is in-
fluenced by both climate change and human activities (par-
ticularly agricultural practices). Climate change profoundly
affects key processes in the hydrological cycle, including al-
terations in precipitation and evapotranspiration (Konapala
et al., 2020). The AR6 Synthesis Report highlights that for
every 0.5 °C increase in global temperature, extreme heat-
waves, heavy rainfall, and regional droughts become more
frequent and severe (Mukherji, 2023), elevating risks of ex-
treme floods (surplus) and droughts (deficit). Research in-
dicates that changes in critical climate variables (precipi-
tation, temperature, evapotranspiration) significantly disrupt
runoff patterns and alter the availability of surface water re-
sources (Lipczynska-Kochany, 2018). Simultaneously, agri-
cultural activities (e.g., irrigation) directly impact the water
cycle by modifying hydrological processes such as evapo-
ration, soil moisture, and water storage, while also affect-
ing water and energy balances through artificially enhanced
evaporation (Yan et al., 2025). Furthermore, agricultural ac-
tivities directly shape water supply and demand by altering
water use patterns and intensity, thereby creating bidirec-
tional feedback loops with the water cycle and ecosystems
(Chen et al., 2023b). Under the influence of climate change
and agricultural activities, the mismatch between the natu-
ral endowment of water resources (in terms of spatiotempo-
ral distribution) and human demands further exacerbates re-
gional water scarcity, making it increasingly challenging to
meet both ecological and societal needs (Caretta et al., 2022).

This mismatch and dislocation are jointly driven by cli-
mate change and human activities (particularly agricultural
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practices). Studies have demonstrated that the increased
runoff observed during the 20th century resulted from the
combined effects of climate change and land cover changes
(Piao et al., 2007). Land use changes can influence precipi-
tation patterns through modifications in surface energy bal-
ance, hydrological cycles, and large-scale atmospheric cir-
culation (Zhang et al., 2025a), while climate change ex-
acerbates the impacts of land alterations by reshaping the
hydrological cycle, thereby aggravating meteorological ex-
tremes (e.g., floods and droughts). Furthermore, the rela-
tive influences of climate change and agricultural activities
vary significantly across different environmental issues. Cli-
mate change dominates changes in runoff (Zeng et al., 2024),
ecosystem services (Jia et al., 2024), and vegetation dy-
namics (Hu et al., 2025). In contrast, land use changes ex-
ert greater impacts than climate change on terrestrial pro-
ductivity (He et al., 2025), carbon use efficiency (Chen et
al., 2024b), and soil variables (Ding et al., 2024). How-
ever, the relative contributions of climate change and land
use to water supply-demand balance, as well as how their
interactions shape the spatial patterns and temporal evolu-
tion of supply-demand risks, remain poorly understood. Ex-
isting studies on water supply and demand have predomi-
nantly focused on unilateral impacts of either land use (Deng
et al., 2024; Wen and Liu, 2025) or climate change (Gharib
et al., 2023; Li et al., 2024). Simultaneously considering
the effects of both climate and land use changes on wa-
ter supply-demand balance is crucial and necessary (Liu et
al., 2022; Guo et al., 2023). Therefore, investigating the re-
sponse mechanisms of water supply-demand balance and
risks under the combined effects of climate change and agri-
cultural activities represents a critical scientific question that
urgently needs to be addressed.

Model prediction serves as a powerful tool for analyz-
ing land use changes, water resource evolution, and water
supply-demand dynamics. The Patch-generating Land Use
Simulation (PLUS) model, which integrates spatial, empir-
ical, and statistical approaches, enables accurate analysis of
drivers behind land use changes and patch evolution (Liang et
al., 2021). Studies demonstrate that PLUS outperforms many
other models in simulation precision, more realistically cap-
turing the spatial characteristics of land use changes (Gao et
al., 2022). The InVEST model excels in allocating water re-
sources and evaluating water conservation functions at the
watershed scale, offering advantages such as minimal data
requirements and strong spatial representation capabilities.
Its water yield module has been widely applied and validated
for water supply assessments across diverse global basins
(Chen et al., 2024a; Ma et al., 2024). The coupled PLUS-
InVEST framework has been extensively utilized in fields
such as carbon storage simulation, habitat quality assess-
ment, and optimization of ecosystem service spatial patterns
(Zhang et al., 2024; Huang et al., 2024; Wang et al., 2024b).
Furthermore, the PLUS-InVEST coupled model has demon-
strated good performance in regional water supply assess-
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ment (Liu et al., 2023). Although its effectiveness in com-
prehensive regional water-soil balance analysis remains in-
sufficiently explored (Liu et al., 2022), it holds potential for
functional expansion through integration with other methods,
thereby better supporting efficient regional water and land re-
source management.

Based on this, our study focuses on a typical water-
shed in the arid region of Northwest China, aiming to
investigate water supply-demand balance under the influ-
ence of climate change and human activities, and to iden-
tify the primary factors driving water supply-demand risks.
The specific objectives of this research are: (i) to deter-
mine land change trends under six development scenar-
ios (Natural Increase Scenario (NIS)/Food Security Sce-
nario (FSS)/Economic Development Scenario (EDS)/Water
Protection Scenario (WPS)/Ecological Protection Scenario
(EPS)/Balanced Economy and Ecology Scenario (BES)) us-
ing the PLUS model, and to identify high-contribution fac-
tors driving land changes; (ii) to clarify the dynamics of
water supply and demand under 24 land-climate combina-
tion scenarios (incorporating four climate change scenarios
and six land use change scenarios), and to analyze the key
drivers behind these changes; (iii) to quantify water supply-
demand risks under these land-climate combination patterns
and identify the main factors influencing these risks. By
coupling multi-scenario analyses of climate and land use
changes, this study systematically evaluates their impacts on
water supply-demand patterns and associated risks in a typi-
cal arid basin, providing actionable recommendations for op-
timizing water-land resource allocation and promoting agro-
ecological sustainable development in the region.

2 Datasets and methods
2.1 Study area

The Tailan River originates from the southern foothills of
Tomur Peak in the Tianshan Mountains and is primarily
recharged by alpine snow and ice melt, with a multi-year
average runoff of 7.766 x 108 m3. The Tailan River Basin
(TRB) (Fig. 1) is a typical inland river basin in the arid region
of northwestern China, covering a total area of 4218 km?.
The basin features diverse landforms including gravel Gobi,
alluvial plains, and fine soil plains, and is characterized by
a continental arid climate of the northern temperate zone
with intense solar radiation, high evaporation rates, an aver-
age annual precipitation of only 177.7 mm, and evaporation
reaching 2912 mm. The mean annual temperature is 8.6 °C,
with an average wind speed of 1.25ms™! (Fig. SI in the
Supplement). Located in southern Xinjiang, TRB’s climatic
and hydrological characteristics are highly representative of
arid regions both in China and globally. The process of wa-
ter resources formation in its high mountain areas and con-
sumption in the oasis-desert zones reflects the universal wa-
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ter cycle and utilization patterns of inland river basins in
arid regions. TRB has a relatively concentrated population
and developed oasis agriculture, forming a diversified agri-
cultural production structure dominated by cotton and food
crops, alongside equally important forestry and fruit indus-
tries, making it a typical representative of oasis economic
systems in arid regions. As an important regional producer of
grain, cotton, oil, and fruits, TRB yields high-quality rice and
cotton, as well as abundant walnuts, apples, red dates, and
fragrant pears. Its water and land resource utilization patterns
and oasis-desert ecosystem structure provide valuable refer-
ences for other arid river basins. Therefore, although TRB
is a single basin, its physiographic conditions, climatic and
hydrological characteristics, ecological structure, and human
activity patterns all reflect the universal attributes of inland
river basins in arid regions, possessing both typicality and
representativeness for regional pattern studies.

2.2 Datasets

This study collected two sets of datasets to simulate land use
and water supply-demand in the TRB (Table 1). The first set
of data was used to simulate land use change, involving a
total of 19 factors influencing land use to establish a driv-
ing factor library. These include 10 socio-economic factors,
3 climate factors, 3 topographic factors, 2 soil factors, and 1
vegetation factor. The second set of data was used to simulate
water supply and demand quantities, with a total of 12 fac-
tors employed for the simulation. Additionally, land use and
future climate were used as the base data, and land use data
were obtained from RESDC (https://www.resdc.cn/, last ac-
cess: 12 April 2025), constructed using interactive visual in-
terpretation methods based on Landsat MSS, TM/ETM and
Landsat 8 images (Zhuang et al., 1999), which include cul-
tivated land, forest land, grassland, water bodies, built-up
land and unutilized land, with an overall accuracy of more
than 95 % (Liu et al., 2014). Future meteorological data were
obtained from TPDC (https://www.tpdc.ac.cn/, last access:
1 June 2025), and Coupled Model Intercomparison Project
(CMIP6) was selected as the data source. Considering the
size of the study area, modeling efficiency, and informa-
tion richness, bilinear interpolation was employed to harmo-
nize the spatial resolution of all datasets to 30 m within the
Krasovsky_1940_Albers coordinate system.

2.3 Methods

The research approach of this study is to first predict land
use change in the TRB under six scenarios for the period
2020-2050 and screen for the high-contribution drivers of
land change in the TRB. subsequently predict the change
processes of water supply and demand quantities in the TRB
under 24 land-climate combination patterns for 2020-2050,
and analyze the key drivers of these water supply-demand
changes. finally quantify water supply-demand risks under
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Figure 1. Overview of the Tailan River Basin (TRB): (a) schematic map showing the location of TRB in China; (b) actual landscape of the
Tailan River; (c¢) Digital Elevation Model (DEM) of TRB; (d) precipitation and potential evapotranspiration for historical and future periods
in TRB (The base map is from the standard map service system of the Ministry of natural resources (no modification) Base map review

No. GS (2020) 4619).

the land-climate combination patterns, identify the main fac-
tors influencing these water supply-demand risks, and pro-
pose management and policy recommendations aligned with
regional development. The framework and workflow of this
research approach are illustrated in Fig. 2.

2.3.1 Land-climate model setting

To explore the diverse possibilities for TRB’s development,
this study integrated the “Aksu Prefecture National Eco-
nomic and Social Development 14th Five-Year Plan and
Long-Range Objectives Through the Year 20357, the “Aksu
Prefecture National Economic and Social Development Sta-
tistical Bulletin (2020-2024)”, the “Aksu Prefecture Terri-
torial Spatial Plan (2021-2035)”, the “Xinjiang Uygur Au-
tonomous Region Territorial Spatial Plan (2021-2035)”, and
previous research findings (Kulaixi et al., 2023; Song et
al., 2025) to establish six land development scenarios.
Natural Increase Scenario (NIS). Based on the land evo-
lution process in the TRB from 2000 to 2020, this scenario
maintains the current land transition processes, adds no new
policy influences, and imposes no restrictions on the transfer
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probabilities between land use types. It serves as a baseline
and reference for the other scenarios. It also functions as a
control for observing transitions in the other restricted sce-
narios.

Food Security Scenario (FSS). Based on the characteris-
tics of the TRB region, this scenario emphasizes food se-
curity and enhances agricultural productivity. It reduces (by
5 %) the transfer probability of cultivated land to other land
use types while increasing (by 10 %) the transfer probability
from other land use types to cultivated land.

Economic Development Scenario (EDS). Driven by accel-
erating urbanization and economic development needs, this
scenario enhances economic construction and fundamental
urban capacity. It increases (by 20 %) the transfer probabil-
ity from cultivated land, forest land, grassland, and unused
land to built-up land, keeps the transfer probability from wa-
ter bodies to built-up land unchanged, and simultaneously
protects the TRB’s economic infrastructure by reducing (by
30 %) the probability of built-up land converting to other land
use types except cultivated land.

https://doi.org/10.5194/hess-29-6373-2025
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Table 1. Data Factors of the Land-Climate Model in the Tailan River Basin. Last access for all web pages cited in this table is: 20 June 2025.

Model Category Data Year  Spatial Source
resolution
Average annual precipitation 2000-2020 https://www.resdc.cn/
Climatic Average annual temperature 1000 m
Drought Index 2022 https://www.plantplus.cn/
Digital Elevation Model
Terrain Slope - 30m https://www.gscloud.cn/
Slope direction
Soil Soil type 2009 30m https://www.fao.org/
Soil erosion 2019 1000 m
PLUS Plant Normalized Difference Vegetation Index 30m https://www.resdc.cn/
Population 2010, 2015,2020  100m https://hub.worldpop.org
Gross Domestic Product 1000 m https://www.resdc.cn/
Nighttime lights 500 m https://eogdata.mines.edu
Distance to railway
Distance to highway
Socioeconomic  Distance to river system 2020 30m https://www.ngcc.cn/
Distance to primary road
Distance to secondary road
Distance to township Road
Distance to residential areas
CMIP6 Monthly precipitation
(MRI-ESM2.0)  Monthly temperature 2021-2100  30m https://www.tpdc.ac.cn/
Monthly potential evapotranspiration
Plant available water content https://www.fao.org/
InVEST  Soil Root restriction layer depth 2009 - Yan et al. (2020)
Per-capita household water consumption
Water consumption per CNY 10000 GDP Xinjiang Uygur Autonomous Region
Socioeconomic  Per-hectare farmland irrigation consumption 2000-2020 - Water Resources Bulletin

GDP of Tailan River Basin

POP of Tailan River Basin

WenSu County and the Aksu

City Statistical Yearbooks

Water Protection Scenario (WPS). Addressing water
scarcity and the need for aquatic ecological balance, this sce-
nario prioritizes safeguarding ecological functions such as
water resource protection and water conservation from in-
fringement. It prohibits the encroachment of existing water
body areas by other land use types and reduces (by 30 %) the
transfer probability from other land types to cultivated land.

Ecological Protection Scenario (EPS). Given the ecologi-
cal fragility and sensitivity of the TRB, this scenario aims to
enhance the resilience of its eco-environment. It restricts (by
30 %) the transfer probability from other land use types to
built-up land and increases (by 20 %) the transfer probabil-
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ity from built-up land to forest land, grassland, water bodies,
and unused land.

Balanced Economy and Ecology Scenario (BES). Re-
sponding to the dual demands of economic development and
ecological governance in the TRB. This scenario seeks paral-
lel development of urbanization and ecological conservation.
It reduces (by 20 %) the transfer probability from grassland
and water bodies to built-up land, and reduces (by 10 %) the
transfer probability from cultivated land and forest land to
built-up land. Building upon this, it reduces (by 20 %) the
transfer probability from built-up land to forest land, and re-
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Figure 2. Framework and Workflow for Multi-Scenario Water Supply-Demand Risk Assessment.

duces (by 10 %) the transfer probability from built-up land to
water bodies, grassland, and unused land.

In response to the increasingly severe climate change,
combining historical rainfall and potential evapotranspiration
trends in the TRB (Fig. 1). this scenarios with Shared Socio-
economic Pathways (SSP) and Representative Concentration
Pathways (RCP) under CMIP6 were selected. While SSP de-
scribes possible future socio-economic developments, RCP
depicts future greenhouse gas concentration and radiative
forcing scenarios (O’ Neill et al., 2016, 2017). Here, the typ-
ical SSP-RCP scenarios from the second-generation climate
model (MRI-ESM2.0) as developed by the Meteorological
Research Institute (MRI) of Japan were used. This includes:
(1) land, to compare current and future climate change;
(ii) SSP119, the lowest radiative forcing scenario with radia-
tive forcing of &~ 1.9 W m~2 by 2100; (iii) SSP245, a medium
radiative forcing scenario that stabilizes at ~4.5W m~2 by
2100; (iv) SSP585, a high forcing scenario with emissions
rising to 8.5 W m~2 by 2100.
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2.3.2 Land use projections

This study employed the PLUS model to predict land use
evolution trends in the TRB. The PLUS model consists of
the Land Expansion Analysis Strategy (LEAS) and the CA
based on multi-type random patch seeds (CARS) (Liang et
al., 2021). The LEAS module utilizes the random forest al-
gorithm to explore the relationships between multiple driving
factors and different land types, thereby determining the de-
velopment potential for each land use type (Shi et al., 2023).
The CARS module simulates patches of different land types
by integrating a transition matrix and neighborhood weights
of land use types to achieve the prediction outcome. In this
study, the sampling rate of the random forest was adjusted to
0.2 and the number of decision trees was set to 60 to adapt
to the geographical environment of the TRB. We selected the
Figure of Merit (FOM), Overall Accuracy (OA), and Kappa
index (Liu et al., 2017) to measure the accuracy of the sim-
ulations. To enhance the applicability and precision of the

https://doi.org/10.5194/hess-29-6373-2025
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PLUS model, the collected 19 driving factors were used as a
“factor bank”. Under consistent other simulation parameters,
factors with lower contribution capabilities were systemati-
cally removed, and land use patterns for both 2015 and 2020
were simulated. Driving factors were screened based on the
random forest algorithm within the LEAS module and the
evaluation metrics. When the number of driving factors was
reduced to 13, the simulation achieved the highest accuracy
(Table S1 in the Supplement) and exhibited strong consis-
tency (Fig. S2). Consequently, this study adopted these 13
driving factors for subsequent simulations.

2.3.3 Water supply and demand forecasting
1. Water supply forecasting

This study utilized the water yield module of the InVEST
model to predict changes in water yield within the TRB
(Tailan River Basin). The Budyko framework (Budyko and
Miller, 1974) was applied to determine the difference be-
tween precipitation and actual evapotranspiration for each
grid cell, which was then used to calculate water yield (Chen
et al., 2024a). The calculation formula is as follows:

AET
Yix) = (1 - m) X Pixy, )]

where Y(,) is the annual water yield of grid cell x; AET )
is the actual evapotranspiration in grid cell x; and Py is the
annual precipitation in grid cell x. Evapotranspiration of veg-
etation under the various land use types was calculated (i.e.,

A?’z(;) ) after Zhang et al. (2004) as follows:

AET ) 14 AETy _ |:1 i (PET(X)>wi|1/w o
Py Py Py ’

where PET,) is the potential evapotranspiration (mm) of
grid cell x, and w is an empirical value related to natural
climate and soil properties. The term w (x) is calculated after
Donohue et al. (2012) as:

AWC
wkx) =Z =% 1 05 3)
P
AWC(y) = min(MaxSoilDepth,, RootDepth,,)
X PAWC(X), “

where Z is a seasonal constant of the water yield model,
representing hydrogeological characteristics such as regional
precipitation distribution. Based on “the Wensu County Wa-
ter Resources Development Plan for the 14th Five-Year Plan
Period” and “the Comprehensive Report on the Tailan River
Basin Planning”, the surface water resources volume in the
plain area was determined to be 65 x 10° m3. Through man-
ual optimization, it was found that when the model parameter
Z =1.5, the discrepancy between the simulated and observed
values was minimized (Fig. S3).
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AWCy is the effective water content of grid cell x;
PAWCy, is the effective water content of vegetation in grid
cell x; MaxSoilDepth(y) is the maximum soil depth in grid
cell x; and RootDepth,) is the root depth in grid cell x. The
term PAWC ) is as follows (Zhou et al., 2005):

PAWC() = 54.509 — 0.132SAND ), — 0.003(SAND )’
—0.055SILT ) — 0.006(SILT )’
—0.738CLAY () +0.007(CLAY (1))
—2.6990My) 4 0.501(OM(y))*, (5)

where SAND(y), SILT (), CLAY (1), and OM(,) respectively
stand for sand, silt, clay, and organic matter contents of grid
cell x.

2. Water demand forecasting

As indicated by “the Wensu County Statistical Bulletin on
National Economic and Social Development” and “the Aksu
Statistical Bulletin on National Economic and Social Devel-
opment”, the water use structure in the TRB (Tailan River
Basin) is well-defined, primarily sourced from agricultural
irrigation, residential consumption, and economic develop-
ment activities. Therefore, this study conducted separate pro-
jections for agricultural water demand, domestic water de-
mand, and economic water demand within the TRB. In order
to account for the impact of climate change on the average
crop water requirement in the TRB, and based on the find-
ings of Li et al. (2020), which indicate that a temperature in-
crease of 2 °C leads to an increase in the average crop water
requirement of 19 mm, the formula for calculating irrigation
water demand per hectare was derived as follows:

Acwd p) =95 x (T —T1), (6)
N(a,by = do + Acwdg p), @)

where Acwd(, ) represents the change in average crop wa-
ter requirement for grid cell b in year a, T1 denotes the air
temperature for a grid cell during the baseline period, and
T, denotes the air temperature for the same grid cell during
the change period. n(4,p) is the irrigation water demand per
hectare for grid cell b in year a under climate change im-
pacts, and dj is the irrigation water demand per hectare dur-
ing the baseline period. Therefore, the calculation formulas
for agricultural water demand, domestic water demand, and
economic water demand are as follows:

POPu) = S X PORe ®
gdpi iy = w2 — x GDP,, ©)
b=18(a,b)
WDa,b) =POP(4p) X Lia,b) +8dPa,p) X Ma(a,b)
+agry, ) X n(a,b)s (10)

where p(, ) and g(,,») are respectively the initial population
and economic status of grid cell b in year a; POP, and GDP,
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are respectively the population and GDP in year a; pop(q,p)
and gdp.,») respectively the calibrated population and GDP
of grid cell b in year a; and agr(, ) is the cultivated land
area of grid cell b in year a. The terms [,, m,, and n, re-
spectively represent the per capita water use, water use per
CNY 10000 of GDP, and irrigation water use per hectare of
farmland in year a. To exclude recharge from the mountain
in the study area, the amount of surface water resources in
the mountains was equally dispersed in a raster. The popula-
tion and GDP for 2030-2050 were determined using linear
regression method. To exclude the water contribution from
the upper reaches of the Tailan River to this study, the multi-
year average runoff from the upper reaches was evenly allo-
cated to each grid cell to reduce its influence on water de-
mand calculations. Additionally, this study employed linear
regression to project the population and GDP for the period
2030-2050, which was used to support the prediction of the
temporal change in water demand within the TRB from 2030
to 2050.

2.3.4 Risk framing of water supply and demand

The water supply-demand risk framework serves as a cru-
cial tool for assessing regional water supply-demand risks.
Maron et al. (2017) classified the computational results gen-
erated within this framework into seven categories (Table 2),
enabling the assessment of regional water risk levels by cal-
culating the water supply-demand relationship and facilitat-
ing the quantification of regional water supply-demand risk
grades. This framework comprises four indicators: the water
supply-demand ratio, the trend in the water supply-demand
ratio, the water supply trend, and the water demand trend.
The calculation procedures for these indicators are as fol-
lows:

1. The water supply and demand ratio that expresses spa-
tial heterogeneity of water supply and demand contra-
dictions:

Ry =WY(x)/WD(y), (11)

where Ry is the water supply-demand ratio of grid cell
x;and WY () and WDy are respectively the water sup-
ply and demand of grid cell x.

2. The trend of water supply-demand ratio expresses the
relative changes in water supply and demand:

Ry =R; — Rj, (12)

where Ry is the difference between water supply-
demand ratios in years i and j; R; and R; are respec-
tively the water supply-demand ratios in years i and j.

3. The trend of water supply and demand volume ex-
presses the absolute changes in water supply and de-
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mand volume:

Sy =WY; —WY;, (13)
Dy = WD; — WD, (14

where Sy and Dy are respectively the differences in
water supply and demand volumes; WY; and WY ; re-
spectively the water supply volumes in years i and j;
WD; and WD respectively the water demand volumes
in years i and j.

3 Results

3.1 Land use change characteristics under multiple
scenarios

The evolution of land use in the TRB from 2020 to 2050
under six scenarios was simulated using the PLUS model.
Overall, the land use structure remained relatively stable
across the multiple scenarios, with the most significant
changes primarily manifested in cultivated land (33 %) and
grassland (29 %) areas (Fig. 3). Notably, grassland area gen-
erally exhibited significant degradation (with an average re-
duction of 535.36 kmz), whereas cultivated land area ex-
panded substantially (the contribution of population is the
highest (0.22); Fig. 4) due to factors such as policy in-
centives and population growth (with an average increase
of 524.87 kmz). Under the NIS, the intensity of cultivated
land reclamation continuously increased, with its propor-
tion jumping from 33 % (2020) to 46 % (2050). A signifi-
cant portion of this expansion stemmed from the reclamation
of grassland. Simultaneously, the encroachment of built-up
land also constituted a major component of grassland con-
version. Compared to NIS, the FSS resulted in a greater ex-
pansion of cultivated land (545.28 km?). This scenario em-
phasizes intensive land use and promotes sustainable culti-
vated land development through the consolidation of frag-
mented farmland. The cultivated land expansion under FSS
primarily originated from the conversion of grassland. Un-
der the EDS, the area of built-up land surged from 62.88 km?
(2020) to 113.05km? (2050), significantly exceeding that in
other scenarios. Relative to NIS, the WPS mitigated grass-
land reclamation and degradation, increased water conser-
vation and ecological land, and augmented grassland area
through soil conservation measures and the development of
wasteland. Building upon WPS, the EPS further restricted
human activities, resulting in the smallest built-up land area
(104.08 km?). While controlling the growth rate of culti-
vated land area, it significantly increased the area of eco-
logical land, such as grassland and water bodies, thereby
further restoring the fragile ecosystems in the arid region.
As a key measure to balance ecology and economy in the
arid oasis region, the BES maintained a relatively high cul-
tivated land area (531.20km?) to safeguard the agricultural
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Table 2. Assessment of water supply and demand risk level in the study area.

Grade code  Risk grade Water supply—demand Water trend of Trend of water supply (Sir)

ratio (R)  supply—demand and demand (Dy)

ratio (Rg)

1 Extinct/Dormant R=0 Ry <0 -
I Critically endangered O0<R<l1 Ry <0 Str <0, D >0
111 Endangered O0<R<l1 Ry>0 Sy <0, Dy <0or Sy >0, D >0
v Dangerous O0<R<1 Ry>0 Sy <0, Dy <0o0rS;>0, D >0
\"% Undersupplied O0<R<1 Ry <0 Sr >0, Dy < 0
VI Vulnerable R>1 Ry >0 -
vl Safe R>1 Ry >0 -

economic backbone. Simultaneously, it ensured that ecolog-
ical land, such as woodland and water bodies, remained free
from encroachment. Furthermore, it involved further devel-
opment of unused land (wasteland and saline-alkali land),
converting it into grassland (31.08 km?) with ecological con-
servation functions.

Different land types exhibit significantly varying degrees
of responsiveness to driving factors due to differences in their
spatial demand and evolutionary trajectories (Fig. 4). Specif-
ically, population plays a core driving role in the evolution
of multiple land types: it exhibits the highest contribution
rates to cultivated land (0.22), forest land (0.19), grassland
(0.17), built-up land (0.18), and unutilized land (0.43). Other
key driving factors also show specific influences: the Night-
time Light Index has relatively high contributions to culti-
vated land (0.12) and built-up land (0.29), the Aridity Index
to forest land (0.11) and grassland (0.09), and the Digital El-
evation Model (DEM) also contributes significantly to water
bodies (0.38).

3.2 Multi-scenario water supply-demand dynamics
3.2.1 Variation in water supply

Based on the InVEST model, the variation trends of water
supply under different climate change and land use scenar-
ios were investigated. The spatial distribution of water re-
sources supply remains consistent across scenarios, with a
stable water supply pattern (Fig. 5a). This pattern demon-
strates markedly higher water supply in the northern region
than elsewhere, which is closely linked to the spatial distri-
bution of precipitation in the TRB. During 2020-2050, water
supply trends under different scenarios show distinct vari-
ations: both Land and S245 exhibit an upward trend, with
S245 increasing at an appreciably faster rate than land. In
contrast, the water yield capacity of S119 and S585 gradu-
ally declines over time, though their decreasing trends dif-
fer substantially (Table S2). Furthermore, the contribution
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of water yield capacity from different land types to wa-
ter supply also varies, with grassland providing higher wa-
ter supply than cultivated land (Fig. 5a). Using the scenario
maintaining current rainfall and potential evapotranspiration
(Land) as the baseline, TRB’s water supply fluctuates un-
der different land use scenarios, ranging from 64.78 x 103
to 65.7 x 10° m3. Under different climate scenarios, TRB’s
water supply shows pronounced variations, with a fluctua-
tion range of 25.33 x 107 to 162.2 x 10°> m3 when referenced
against the NIS baseline scenario. The highest water supply
in TRB (162.8 x 10° m?) occurs under the S245-FSS, while
the lowest (25.23 x 10° m?) is observed under the S119-EPS.

3.2.2 Variation in water demand

Compared with water supply, the spatial distribution and pat-
tern of water demand also remain relatively consistent and
stable across different scenarios (Fig. 5b) This pattern ex-
hibits stronger water demand capacity in the southwestern
and central-eastern regions but weaker capacity in the north-
ern and southeastern areas, which is closely associated with
the spatial distribution of land use and population aggrega-
tion density in the TRB (Fig. 5b). During 2020-2050, wa-
ter demand under all scenarios shows a continuous upward
trend, though with significant variations in the rate of in-
crease. Furthermore, the contribution of water demand ca-
pacity from different land types varies markedly, with culti-
vated land and built-up land demonstrating stronger demand
capacity, while unutilized land shows the weakest capacity.
Using the scenario maintaining current rainfall and temper-
ature (Land) as the baseline. TRB’s water demand exhibits
significant variations under different land use scenarios (Ta-
ble S2), ranging from 1575 x 103 to 4935 x 10° m>. Under
different climate scenarios, TRB’s water demand displays
similar upward trends over time, with a fluctuation range
of 1887 x 10° to 5316 x 103 m? relative to the NIS base-
line scenario. The highest water demand (5390 x 10° m?)
occurs under the S585-FSS scenario, whereas the lowest
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Figure 3. Transfer process under six land-use scenarios in the Tailan River Basin, 2020-2050 (scenario labels indicate cultivated land
expansion area (blue; in km2) and grassland degradation area (green; in kmz)).
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Figure 4. Driver banks (left) and screened high contributors (right).

(1575 x 10°m?) is observed in the Land-WPS scenario. flect water resource allocation capacity. The impacts arising
Agricultural water use has consistently constituted the pri- from supply-demand imbalances remain unclear and warrant
mary consumption component in the TRB. Across all land further investigation. To better elucidate the impacts of wa-
and climate change scenarios, irrigation accounts for over ter supply-demand dynamics on TRB’s water resources, in-
70 % of the total share (Fig. 6a, b). Although the proportion depth analysis of regional water security risks is required,
of irrigation water gradually decreases over time, its total vol- which will facilitate the formulation of tailored water man-
ume continues to increase (Fig. 6¢). Nevertheless, unilateral agement and conservation strategies.

studies of water supply or demand alone cannot directly re-
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Figure 5. Spatial patterns of (a) water supply and (b) water demand in the Tailan River Basin under the Natural Increase Scenario (NIS) in

2050.
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Figure 6. Dynamics of total water demand and agricultural irrigation demand with proportional distribution across latitudinal gradients in the
Tailan River Basin, 2030-2050; (a) different land change scenarios (Natural Increase Scenario (NIS)/Food Security Scenario (FSS)/Economic
Development Scenario (EDS)/Water Protection Scenario (WPS)/Ecological Protection Scenario (EPS)/Balanced Economy and Ecology Sce-
nario (BES)); (b) different climate change scenarios (Land/S119/S245/S585); (c¢) temporal evolution (percentages in the figure represent the

proportion of irrigation water to the total water demand).

3.3 Multi-scenario water supply-demand risks and
attribution

To assess water supply-demand risks in the TRB region, an
evaluation framework was established using four indicators:
water supply-demand ratio, trend of water supply-demand ra-
tio, water supply trend, and water demand trend. Spatial pat-
terns of water supply-demand risk in the TRB exhibit hetero-
geneity across scenarios (Fig. 7). Although risk classification
levels vary under different climate scenarios, no grid cell in
the TRB escapes hazardous (Level IV) risk (Table 2 indi-
cates a 7-level classification system). This is closely linked
to continuously increasing water demand in the TRB. Using

https://doi.org/10.5194/hess-29-6373-2025

NIS as the baseline, the scenario maintaining current rainfall
and potential evapotranspiration (Land) shows the most se-
vere water scarcity: Level Il risk accounts for 51.31 %, while
Level IV risk constitutes merely 0.85 %. Under the other
three climate scenarios, water supply-demand risks are alle-
viated, with Level IV risk proportions being 29.24 % (S119),
53.60 % (S245), and 49.34 % (S585) respectively (Fig. 8).
The S245-EPS scenario achieves maximum risk mitigation
in the TRB, as its rainfall levels increase steadily per decade
among the three climate scenarios (Fig. 1d), thereby allevi-
ating regional water stress. While the TRB’s harsh current
climate exacerbates water risks, future climatic changes may
moderately alleviate these risks compared to present condi-

Hydrol. Earth Syst. Sci., 29, 6373-6392, 2025



6384 Y. You et al.: Growth in agricultural water demand aggravates water supply-demand risk

tions. In summary, by 2050 the entire TRB will face water
supply-demand crises, with at least 46 % of the area sub-
jected to endangered (Level III) risk, including no less than
10 % of land confronting critical endangered (Level II).

4 Discussion
4.1 Multi-scenario land use spatial patterns

Land use changes alter regional hydrological processes and
water resource patterns — such as infiltration, groundwater
recharge, baseflow, and runoff — thereby affecting regional
water supply and demand dynamics (Lin et al., 2007). During
2020-2050, land type transitions in the TRB will predomi-
nantly involve cultivated land and grassland, which will pro-
foundly influence water supply-demand dynamics (Fig. 3).
In this study, the Food Security Scenario (FSS) prioritizes
cohesive cultivated land expansion with high intensification
and contiguity (1937.58 km?). Although rapid cultivated land
growth directly boosts regional agricultural economies, it
significantly increases agricultural irrigation water demands
(Sharofiddinov et al., 2024), intensifying pressure on water
supply-demand balance. Notably, under the Economic De-
velopment Scenario (EDS), further intensification of human
activities exacerbates this pressure. Rapid urbanization not
only elevates domestic and industrial water demands (He et
al., 2021) but may also degrade water quality and availability
by altering surface runoff and amplifying non-point source
pollution (Strokal et al., 2021).

In contrast, the Ecological Protection Scenario (EPS) rein-
forces ecological barriers by restraining agricultural expan-
sion and limiting grassland conversion, thereby reducing wa-
ter consumption. The Water Protection Scenario (WPS) mit-
igates land fragmentation, potentially preserving more natu-
ral hydrological processes and water conservation functions.
Together, these measures slow ecological degradation and
indirectly support long-term water sustainability. These re-
sults demonstrate that the rate of natural resource consump-
tion by human activities (particularly agricultural practices)
far exceeds the rate of natural recovery, and this antago-
nistic relationship weakens as human interventions inten-
sify. Consequently, the Balanced Economic and Ecological
Development Scenario (BES) seeks to reconcile economic
growth with ecological conservation (especially water re-
sources) by moderately controlling cultivated land and con-
struction land expansion (reducing encroachment on grass-
land to 689.17 km?), making it a prioritized land use model
for the future. Different land use scenarios highlight the crit-
ical leverage of land use policies in water resource manage-
ment. The significant spatial heterogeneity across the region
calls for targeted strategies to alleviate future pressures from
human activities (especially agriculture) on water resource
systems.

Hydrol. Earth Syst. Sci., 29, 6373-6392, 2025

Table S1 indicates that using more driving factors does
not necessarily improve model performance, and the selec-
tion of these factors is a critical source of uncertainty in the
results. Although the Random Forest algorithm effectively
addresses multicollinearity among factors, complex interac-
tions between driving factors can still introduce noise and
increase the predictive uncertainty of simulations (Liang et
al., 2021). Specifically, this study achieved optimal simula-
tion accuracy with 13 driving factors. Adding factors with
low contributions beyond this number distorted the direc-
tion and quantity of simulations, thereby reducing model
accuracy. Conversely, when the number of factors was re-
duced to 7, simulation performance declined significantly.
This high sensitivity suggests that the PLUS model is vul-
nerable to input uncertainty; the absence of key driving fac-
tors directly increases bias in the accuracy of simulations.
The significant differences in factor contributions (Fig. 4)
further highlight uncertainties arising from human activities.
The intensity of human activities and population distribu-
tion density profoundly influence land use change processes.
Changes in population size trigger cascading effects on land
resources, agricultural ecosystems, and water resources by
altering wealth levels and food calorie demands (Beltran-
Pefia et al., 2020; Harifidy et al., 2024). Land use change is
a multidirectional process, and quantifying human activities
(e.g., economic dynamics and population migration) remains
challenging. Climate variability further exacerbates simula-
tion uncertainties. Therefore, it is essential to employ multi-
scenario simulations to provide decision-makers with a range
of possible future land change pathways, thereby reducing
policy risks.

4.2 Land use and climate change impacts on water
supply-demand dynamics

4.2.1 Impacts of climate change and land use on water
supply

Water supply in the TRB is jointly constrained by human ac-
tivities and climate change. Under the same climate change
conditions, there are differences in water supply between dif-
ferent land use scenarios (Table S2), and these differences
are caused by different land use structures (Jia et al., 2022).
Analysis of variance across the 24 climate-land combina-
tion scenarios revealed that their variability range was signif-
icantly lower than that of different climate change scenarios
(Table S3), indicating that climate change (precipitation) ex-
erts a more pronounced influence on water supply in the TRB
than human activities (land use) (Luo et al., 2025). Because
precipitation change is the decisive factor driving interannual
water supply variation (Zhang et al., 2025b), water yield ca-
pacity is highly sensitive to rainfall levels (Shirmohammadi
et al., 2020). Significantly similar trends between rainfall and
water supply have been found in 17 typical Chinese basins
(Guo et al., 2023), and this has also been validated in multi-
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Figure 7. Spatial evolution of water supply-demand risk classification levels in the Tailan River Basin under 24 climate-land combination
scenarios (2020-2050) (Land change scenarios (Natural Increase Scenario (NIS)/Food Security Scenario (FSS)/Economic Development
Scenario (EDS)/Water Protection Scenario (WPS)/Ecological Protection Scenario (EPS)/Balanced Economy and Ecology Scenario (BES));
Climate change scenarios (Land/S119/S245/S585); Color gradient indicates decreasing risk from Level I (highest) to Level VII (lowest)).

ple watersheds in Argentina (Nuiiez et al., 2024), the Gulf of
Mexico Basin (Ouyang, 2025), and the United States (Duarte
et al., 2024).

Furthermore, precipitation exerts a profound influence
on the spatial distribution of water resources (Zhang et
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al., 2011). Rainfall determines the uneven distribution of
water resources across different regions, and this influence
exhibits distinct characteristics in arid versus humid areas
(Zhang et al., 2014; Feng et al., 2025). In arid regions, wa-
ter supply demonstrates a significant correlation with rain-
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Figure 8. Temporal variation in proportional distribution of risk
classification levels across the Tailan River Basin (TRB) under 24
climate-land combination scenarios (2020-2050) (decreasing risk
from I to VII).

fall, and precipitation can explain a substantial portion of the
variability in water availability (Adem et al., 2024). Notably,
although water supply in humid areas is more sensitive to
rainfall variations than in arid regions, the extreme scarcity of
water resources in arid areas means that even minor changes
in precipitation can lead to significant discrepancies in wa-
ter supply-demand relationships. Consequently, arid regions
face higher risks and vulnerability regarding water scarcity
and thus require greater attention (Taylor et al., 2019).

4.2.2 Impacts of climate change and land use on water
demand

Water demand in the TRB is also constrained by both hu-
man activities and climate change (Table S2). Under the same
land use scenario, water demand varies across different cli-
mate scenarios, with this variation driven by temperature-
induced changes in irrigation water use (Li et al., 2020).
Analysis of variance across the 24 climate-land combina-
tion scenarios revealed that the impact of climate change on
water demand was significantly lower than that of land use
changes (Table S3), indicating that human activities (land
use) exert a more substantial influence on water demand
in the TRB than climate change. It is clear that irrigation
water consumption accounts for the majority of TRB wa-
ter consumption (Fig. 6). Changes in TRB’s irrigation wa-
ter are closely linked to (1) conversions between cultivated
land and other land types, and (2) adjustments in planting
patterns within cultivated areas. Studies demonstrate that
volatile land allocation significantly affects agricultural ir-
rigation, particularly through land type conversions (Cao et
al., 2024). Simultaneously, land fragmentation levels influ-
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ence water user numbers, while changes in irrigated area
and frequency intensify irrigation water pressure (Sharofid-
dinov et al., 2024). This indicates that expanding cultivated
land areas drive increased irrigation water usage (Liu et
al., 2025a), aligning with our findings. Additionally, plant-
ing area and planting structure significantly impact irriga-
tion water use (Chen et al., 2020). Sun et al. (2024) con-
fined irrigation water within manageable levels while boost-
ing yield and carbon sequestration by adjusting rice, maize,
and soybean cultivation areas; Other research reduced irri-
gation water by 34.48 % while decreasing crop greenhouse
gas emissions by 10 % through planting structure optimiza-
tion (Li et al., 2025a). Moreover, interactions between irri-
gation technology and planting structure adjustments affect
irrigation demand. Wu et al. (2024) found that combining
deficit irrigation with high-density planting reduces irrigation
water by 20 % without compromising cotton yield. Further-
more, growers’ strong traditional agricultural values make
produce value and labor costs more critical concerns than ir-
rigation water consumption (McArthur and McCord, 2017;
Nourou et al., 2025).For instance, widespread maize cultiva-
tion (an economic crop) in the TRB substantially increases
regional irrigation water volumes (Huang et al., 2015).Con-
sequently, adjusting regional cropping structures within a
macro-agricultural framework is crucial for ensuring sustain-
able water use and safeguarding growers’ economic returns.

Currently, most studies on water supply and demand focus
primarily on the unilateral impacts of either climate or hu-
man activities (land use changes) (Wen and Liu, 2025; Bai
et al., 2025; Deng et al., 2024), or emphasize recent tempo-
ral changes. For example, Chen et al. (2024a) quantitatively
evaluated the water conservation function of the Yangtze
River over the past 40 years, while Ma et al. (2023) analyzed
the effects of land use and land cover (LULC) changes on
water yield (WY) in the Bosten Lake region from 2000 to
2020. However, studies have shown that complex interactive
feedback mechanisms exist between climate change and land
use, but their degrees of influence on water resources differ
(Qi et al., 2025). Changes in water supply and demand are
also affected by their combined impacts (Dey and Mishra,
2017; Tan et al., 2025; Tian et al., 2025). Therefore, it is
essential to assess future water supply-demand relationships
under the dual influences of climate and land use changes.
Based on comprehensive calculations across 24 climate-land
combination scenarios, this study revealed a notable disparity
between the change in water supply (137.47 x 10° m?) and
the change in water demand (3815 x 10°> m?), indicating that
human activities have a greater impact on water resources
in the TRB than climate change. This significant imbalance
between water supply and demand will have profound impli-
cations for regional water supply-demand risks.
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4.3 Land Use and Climate Change Impacts on Water
Supply-Demand Risks

By mid-century, water resource vulnerability in the TRB
will be profoundly impacted by climate change and human
activities (Fig. 7). Global parallels exist: Lu et al. (2024)
demonstrated under multiple land-climate scenarios that syn-
ergies between crop production and water yield requirements
increase agricultural output but exacerbate water deficits.
Chen et al. (2023a) documented significant oasis expan-
sion in China (1987-2017), where increased precipitation
and runoff provided partial compensation, yet climate-land
changes substantially altered regional water supply. Gaines
et al. (2024) found forest cover crucial for maintaining con-
sistent surface water areas across climate-land cover sce-
narios. Based on this, the study established a water supply-
demand risk assessment framework, confirming that water
demand continues to increase over time, primarily driven by
expanding cropland leading to rising irrigation water needs —
a finding consistent with previous reports (Qi et al., 2025).
Furthermore, this growing demand will exacerbate water
supply-demand risks. Although agriculture water demand
share of total water demand declines during 2020-2050, it re-
mains dominant (70 %) (Fig. 6). This correlates directly with
Sect. 4.2 findings: (1) conversions between cultivated land
and other land types, and (2) adjustments in planting pat-
terns within cultivated areas. Crucially, the arid TRB’s lim-
ited rainfall cannot meet growing irrigation demands, elevat-
ing water supply-demand risk (Land scenario). Compared to
current rainfall, three other climate scenarios increase pre-
cipitation (2020-2050), improving supply and moderately
reducing water supply-demand risk (Figs. 7-8). Neverthe-
less, supply-demand gaps persist at nearly 2 orders of magni-
tude, with all areas remaining in “hazardous (Level IV) risk”.
Thus, human activities remain the primary driver of TRB’s
water supply-demand risks. Human activities dominate mul-
tiple dimensions within these climate-human interactions.
Wang et al. (2025) identified human withdrawals as the key
driver of reduced runoff and dampened seasonal variability
in the Wei River Basin. Similarly, human exceed climate ef-
fects on soil moisture decline in China’s monsoon loess crit-
ical zone (Wang et al., 2024a). Therefore, amid increasing
uncertainty, integrating multi-method approaches within wa-
ter risk frameworks to decipher land-eco-hydrological feed-
backs, quantify risks, implement preemptive water regula-
tions, and minimize secondary disasters to ecosystems and
societies is imperative.

4.4 Limitations and recommendations for future
research

Nevertheless, this study has certain limitations.

1. While land use change served as the starting point of our
research, and multiple driving factors were incorporated
for land change simulation, uncertainties in the direc-
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tion and process of land evolution persist — despite the
use of defined transition probability ranges and multiple
land use scenarios. These uncertainties may constrain
an in-depth exploration of the conversion and evolution
processes among different land classes. Although we fil-
tered out driving factors with low contributions, the in-
fluence of the TRB’s unique geographical environment
and ecological processes on land class conversion war-
rants further investigation. Future studies could explore
the impact of arid region ecology-climate-environment
on land use transition processes under the premise of
quantifying national land planning and government pol-
icy guidance.

2. This study utilized the InVEST model to simulate water
yield and employed 24 climate-land combination sce-
narios to reduce uncertainty in TRB’s development. Al-
though the biophysical table in the water yield module
was constructed based on the FAO’s Crop Evapotran-
spiration: Guidelines for Computing Crop Water Re-
quirements (https://www.fao.org/, last access: 20 June
2025) and relevant research (Yan et al., 2020), the evap-
otranspiration coefficients and plant root depth param-
eters relied heavily on accurate input values. The dy-
namic nature of crop growth and water demand pro-
cesses introduces additional uncertainty into the simu-
lations. To better isolate the independent effects of cli-
mate, soil, and vegetation on water supply, follow-up
studies should incorporate long-term crop observation
data and crop models based on clarified regional crop-
ping structures. This would help refine key parameters
(e.g., evapotranspiration coefficients) and disentangle
the individual contributions of climate, soil, and vege-
tation to water supply, thereby reducing uncertainties in
the simulation process.

Located in an arid oasis region, water resources constitute
the lifeline for human activities and ecosystems in the TRB.
However, the arid and rain-scarce climate of TRB has led
to a continuous amplification of the impact of human activi-
ties on the ecological environment, with irrigation water de-
mand escalating daily (Chen et al., 2023a; Zhu et al., 2025).
Concurrently, human survival necessitates improved living
standards and economic development, intensifying human-
land conflicts. Based on our findings, we recommend adopt-
ing the Balanced Economy and Ecology Scenario (BES) de-
velopment model in the TRB, implementing diverse water-
saving measures (sprinkler irrigation, subsurface drip irriga-
tion, brackish water irrigation) to control water consumption
(Han et al., 2022; Liang et al., 2024), thereby expanding cul-
tivable land reserves.
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5 Conclusions

Elucidating the impacts of climate change and human activi-
ties on water supply-demand risks is critical. We applied the
PLUS model with six land change scenarios to identify suit-
able land development strategies for the TRB, and coupled
it with the InVEST model under 24 climate-land scenarios
to simulate dynamic changes in water supply and demand.
Based on this, a water supply-demand risk framework was
established to quantify TRB’s water supply-demand risks
during 2020-2050. Results show that the Balanced Economy
and Ecology Scenario (BES) land development model pro-
motes agricultural growth while protecting ecological bar-
riers, adding 531.2km? of cultivated land by 2050. How-
ever, this cultivated land expansion creates a water demand
deficit (increasing to 4.87 x 108 m?), while maximum re-
gional supply reaches only 0.16 x 108 m?, disrupting water
balance. Consequently, the entire TRB will face water crises
by 2050, with >46 % of the area subjected to endangered
(Level III) risk. Climate change and human activities jointly
drive escalating water supply-demand risks. The root cause
lies in persistent cultivated land expansion from intensive hu-
man activities, increasing irrigation demand and intensify-
ing supply-demand conflicts. Findings emphasize deep inte-
gration of multi-method approaches within the risk frame-
work to decipher land-eco-hydrological feedbacks and con-
sider the complex interrelationships between climate, land,
and water supply-demand. Deepening understanding of these
linkages is vital for developing effective water scarcity miti-
gation strategies, providing crucial scientific support for pol-
icymakers and land managers.
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