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Drylands in northwest China have limited water resources, which negatively

impacts economic development, ecological security, and the United Nations

Sustainable Development Goals. However, few studies have examined water

supply and demand under multiple future spatial patterns of land use, particularly

under sustainable development scenarios. Further research is therefore needed

to determine how affect water output services under various land use patterns.

We used the GMOP-PLUS (Gray Multi-objective Optimization-Patch-generating

Land Use Simulation) and the InVEST (Integrated Valuation of Ecosystem Services

and Tradeoffs) models to investigate future land use programs and the current

and future trends in water yield services supply and demand in the typical dryland

region of Xinjiang, China. The GMOP-PLUS model was used to project the spatial

patterns of land use/land cover (LULC) change in Xinjiang in 2025 and 2030

under programs of business-as-usual, rapid economic development, ecological

land protection and sustainable development. We then used the InVEST model to

project the spatiotemporal evolution of water yield services supply and demand

under the four different scenarios. Our results show that Our results show that

water production in Xinjiang decreases to 911.30 × 108 m3 in 2020–2030 under

the business-as-usual scenario, with an expansion in arable land and a reduction

in forested land being the main causes of this decrease. The decline in water

production under the ecological land protection scenario is 913.88 × 108 m3.

The retention effect of vegetation slows the decline in water production, but the

ecological land protection scenario is not effective in controlling the reduction

in arable land. The rapid economic development scenario produces a significant

increase in water yield of 915.09× 108 m3, mainly due to an increase in the area of

impervious surfaces caused by the expansion of built-up land; however, the rapid

economic development scenario leads to a decreasing trend in ecological land.

The sustainable development scenario produces 914.15 × 108 m3 of water. The
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sustainable development scenario increases water production while balancing

the development of Constructed and the protection of ecological land, and

the arable land also shows a slow growth trend. Between 2025 and 2030, the

water security index fluctuates between –0.0225 and –0.0400, with a continued

future deficit in water supply and demand in Xinjiang and a high degree of

spatial heterogeneity. Programs for advancing sustainable development narrow

the supply–demand gap for services that produce water.

KEYWORDS

land use/land cover change, different scenarios, terrestrial ecosystem services, water
yields, Xinjiang

1. Introduction

The use of water resources has increased with the rapid
socioeconomic development seen in recent years and water
scarcity is now a global problem (Vorosmarty et al., 2000;
Tang et al., 2018). Water scarcity is a key constraint in
socioeconomic development, affecting ecological security, and
hindering the sustainable development agenda and regional
agricultural development. Industrialization, urbanization, and the
continuous and widespread activities of humans seriously affect
water production and other ecosystem services (Wang Y. et al.,
2022). Water resources in China’s Xinjiang are mainly derived from
alpine environments (Jasper et al., 2004). However, the supply of
water from alpine rivers is severely affected by the combined effects
of human activities and climate change (Bradley et al., 2006). It
is expected that future conflicts arising from water scarcity and
the uneven spatial and temporal distribution of water resources
will make their distribution and management increasingly difficult
(Luo et al., 2019). To meet the water resource needs of the 14th
5 years Plan, we need to combine multi-year data on temperature,
precipitation, and land use to reveal the changing patterns in the
supply of water resources (Cortinovis and Geneletti, 2020). The
timely assessment of the water yield of terrestrial ecosystems is an
important issue in current research (Liu et al., 2022).

Land use, one of the most dominant ways in which humans
transform nature (Shi et al., 2023), has a dramatic impact on
water yields in an ecosystem (Zheng et al., 2014). A single
land use type cannot meet the needs of social development, so
competition between land use types drives changes in land use.
The study of planned land development under different scenarios
helps to achieve the goal of sustainable regional development
(Jin et al., 2019). Land use/land cover (LULC) affects the water
production services of terrestrial ecosystems by changing the
actual evapotranspiration through alteration of the Earth’s surface
features (Lang et al., 2017). Previous studies of water output in
the upper sections of the Black River Basin have shown that the
physical characteristics of soils and the land cover alter gradually as
the hydrothermal conditions change (Fuping et al., 2018). These
changes, in turn, affect evapotranspiration and water yield by
changing the surface roughness and the soil environment at the
surface (Fuping et al., 2018). A study of water yield from ecosystem
services in the Sanjiangyuan region found that changes in LULC led

to changes in the surface albedo, the local circulation of water vapor,
and surface runoff, which, in turn, affected the regional climate
and thus the water yield (Tao et al., 2013). A study of water yield
and the influence of environmental factors in the Aksu River Basin
showed that increased vegetation cover effectively contributes to
increased water yield and that changes in water yield are related to
the direction of land use changes (Guo et al., 2020). Previous studies
have shown that the impact of changes in land use on ecosystem
water yields depends mainly on the type of ecosystem and the
direction of land use transfer, providing a guide to optimizing
land use structure with the goal of balancing water supply and
demand. However, few studies have explored changes in LULC
scenarios and their ecosystem water yield in the context of regional
sustainable development scenarios at spatial and temporal scales
(Zhu et al., 2019). The China Sustainable Development Water
Resources Strategy Report clearly states that China’s water resources
will face serious challenges in the next two decades.

Many studies have modeled future trends in water resources.
For example, in the Upper Mississippi River Basin, the Soil and
Water Assessment Tool (SWAT) hydrological model has been
used to determine the impact of climate change on hydrological
ecosystems (Jha et al., 2006). However, the SWAT model does
not allow for multi-scale simulations, the accuracy of the weather
generator data is low, the model relies on monitoring data, and
the results are not spatially visualized. A systems dynamics model
was used in one study to project supply and demand mechanisms
to evaluate the present and potential vulnerability of water in the
Bayinguole region. The results indicated that water supply and
demand could be mitigated by reducing the demand for irrigation
water by 20% per hectare and increasing the total water supply by
5% (Wu et al., 2013). However, the study did not set up different
scenarios for analysis and therefore the future trends are uncertain
and need to be explored in a different geographical context.

Previous studies have used statistical and economic regression
models to examine and project Beijing’s industrial water demand
and supply. The results suggested that industries in Beijing will face
severe water shortages in the future (Wei et al., 2010). The use of
the FLUS model in the Beijing-Tianjin-Hebei urban agglomeration
to simulate and forecast the spatial distribution pattern of land
use in 2045 under multiple scenarios, with a subdivision of built-
up land simulated, is rarely seen in the past. The InVEST model
was then used to predict and quantify future ecosystem services
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such as habitat quality and water production in the region, and a
hierarchical analysis was constructed to compare the overall levels
of multiple ecosystem services under different scenarios and to
explore the impact of land use change on ecosystem services (Ry
et al., 2023). However, most of the previous studies were based on a
single ecological model and most of the studies sought to maximize
either the ecological or economic benefits. There is a lack of studies
coupling land use with multiple ecological models and multiple
scenarios, and few assessments of water supply and demand under
sustainable development scenarios (Wu et al., 2022).

To cover these research gaps, we assessed the water production
of terrestrial ecosystems in Xinjiang under several land use
situations for 2025 and 2030 using the GMOP-PLUS model in
conjunction with the InVEST model and analyzed the balance
of supply and demand. A variety of future land use scenarios in
Xinjiang need to be considered to clarify the pattern of water
yield services supply and demand and to coordinate and resolve
inter-regional conflicts over water use.

The main objectives of this study were: (1) to plan four different
land use development scenarios applicable to Xinjiang; (2) to value
and map the supply and demand for water yield services under
these four development scenarios by 2025 and 2030; and (3) assess
and analyze Xinjiang’s water supply and demand balance under
these four land use scenarios in 2025 and 2030.

2. Materials and methods

2.1. Study area

The Xinjiang region is located in northwest China (73◦ 40′–
96◦ 18′ E, 34◦ 25′–48◦ 10′ N) and has a total area of roughly
1.66 × 106 km2 (Figure 1). The climate is typically temperate
continental. The annual amount of sunshine is 2,500–3,500 h. This
arid inland region has a dry climate and scarce water resources.
Xinjiang as a whole is rich in water resources, but the total
amount of water resources is small (Luo et al., 2019). With
recent economic developments and the promotion of the Belt
and Road Initiative, Xinjiang has become increasingly prominent
in the national regional synergy strategy due to its position as
an significance node on the overland Silk Road. Water scarcity
and other reasons have led to an increasingly fragile ecological
environment in Xinjiang, which can also have a negative impact on
regional economic development. Faced with the current problems
of the incongruous relationship between people and water in
Xinjiang and the outstanding contradiction between supply and
demand of water resources, in-depth studies are needed.

2.2. Data sources and processing

The Data Center for Resource and Environmental Sciences of
the Chinese Academy of Sciences (RESDC)1 provided the basic
geographical data, including the administrative divisions and water
systems. The LULC data at 30 m resolution for five time periods

1 http://www.resdc.cn

(2000, 2005, 2010, 2015, and 2020) were also obtained from the
RESDC. To enhance the display of the role of different LULC types
on water yield services and to highlight the differences in impact,
six land use types were classified according to the China Land Use
Category 1 classification system: cropland; forest; grassland; water;
constructed; and bare land (Liang et al., 2021).

The raster of soil types was derived from the Food and
Agriculture Organization of the United Nations.2 The absolute
soil depth (i.e., surface to rock depth) and the available moisture
content of vegetation were obtained from the World Harmony Soil
Database, a scientific data center for cold and dry regions.3 The
slope data were retrieved from the digital elevation model available
from the Geospatial Data Cloud.4

The meteorological data included the annual average
temperature, precipitation, and potential evapotranspiration,
with the temperature and precipitation data obtained from the
RESDC (see text footnote 1) and the potential evapotranspiration
data are from the multi-year average potential evapotranspiration
dataset (30 arc-seconds) published by Zomer et al. (2022).

The RESDC (see text footnote 1) provided us with
socioeconomic data, including the spatial distribution of the
population and the gross domestic product kilometer grid. The
distance to rail, the distance to major roads, the distance to
secondary roads, and the distance to water were determined
using Open Street Map.5 Euclidean distance analysis is required
after the data has been downloaded. The China Research Data
Service6 provided night-time lighting data. The hydrological data
included data on the total water resources, water supply, and
water consumption from the Xinjiang Uygur Autonomous Region
Water Resources Bulletin7 and the Xinjiang Statistical Yearbook.
To ensure the robustness of the model and the consistent accuracy
of the spatial data, by using the cropping and resampling tools in
ArcGIS 10.7, we converted the model drivers and land use data
into a uniform (250 m× 250 m) precision raster file.

2.3. GMOP-PLUS model

2.3.1. PLUS
The PLUS model is a new model built on the cellular automaton

model of meta cellular automata (Hu et al., 2022). Existing cellular
automata models typically struggle to predict patch-level changes
in a variety of land use types in a spatially and temporally dynamic
manner, making them of limited utility in determining the causes
of changes in LULC (Yang J. et al., 2020). The PLUS model,
which integrates the Land Expansion Analysis Strategy (LEAS) and
the multi-class random patch-seeding-based cellular automaton
model (CARS), overcomes the shortcomings of existing cellular
automaton models in terms of both translational rule mining
strategies and simulation strategies for landscape dynamics (Liang
et al., 2021). Under the development probability constraint, this

2 https://www.fao.org

3 http://bdc.casnw.net

4 http://www.gscloud.cn

5 http://www.openstreetmap.org

6 https://www.cnrds.com

7 https://slt.xinjiang.gov.cn
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FIGURE 1

(A) Location of the research region in China, (B) terrain heights and (C) land use.

FIGURE 2

Evaluation framework and impact of changes in land use on water yield.

is paired with random seed generation and a threshold-reducing
process to optimize the land use structure (Liang et al., 2021; Hu
et al., 2022).

In the CARS module, the following parameters were set:
the “Start Amounts” in the land requirements were calculated
automatically by the model and the “Future Amounts” were filled
in according to the Markov module in the model. The transfer
matrix and domain weights were set according to the needs of
the different land use scenarios, taking into account the results of
previous studies (Shi et al., 2021; Wang J. et al., 2022).

2.3.2. GMOP-PLUS
The GMOP model is an optimization system derived from

gray prediction theory and multi-objective linear programming
(Ma et al., 2023). The optimum land use structure under the
conditions set by the decision maker and the future development
trend of the optimum land use structure can be obtained
through gray multi-objective dynamic planning (Wang and Wang,
1997; Zhao et al., 2004). The GMOP model is practically
applicable and can take into account ecological and environmental
protection, socioeconomic developments, and comprehensive
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benefits; optimizing the LULC structure is an effective method
to achieve rational allocation and sustainable land use (Zhang
and Zhang, 2011). We used the GMOP model and LINGO 12.0
software to simulate the trends of LULC patterns for each LULC
type in 2025 and 2030 under the sustainable development scenario
and to construct an optimum spatial configuration of LULC that
maximized the ecological and economic benefits (Yang et al., 2013).

2.3.3. Constructing the objective function
We established the functions in terms of both economic and

ecological benefits—namely, maxEd(x) , and maxEp(x) .
The maximum economic efficiency objective function is:

Ed(x) =
n∑

i = 1

di · xi (1)

where Ed(x) denotes the economic efficiency, xi denotes the variable
land type i (i = 1, 2, . . ., 6), and di denotes the economic efficiency
coefficient of that land type per unit area. di is calculated based on
the total output value of agriculture, forestry, grassland, fisheries,
and secondary and tertiary industries in the Xinjiang Statistical
Yearbook and the land area of the Site type corresponding to the
production of the output values.

The maximum coefficiency objective function is:

Ep(x) =
n∑

i = 1

pi · xi (2)

where Ep(x) denotes the ecoefficiencyxi denotes ground class
variable i (i = 1, 2, . . ., 6), and pi denotes the ecoefficiency of this
land class per unit area The coefficient of ecoefficiency refers to the
research results of Xie et al. (2017).

Maximizing both the economic and ecological efficiency
objective functions to obtain the optimum LULC structure under
the sustainable development scenario gives:

max
{
Ed(x),Ep(x)

}
(3)

2.3.4. Objective function constraints
The constraints on the marker function are based our previous

research methods (Shi et al., 2022) that defined the total surface of
the land and the land area of the six land use types.

2.3.5. Objective function solving
LINGO 12.0 was used to solve the objective function to obtain

the land demands of the six LULC types, which is the LULC pattern
in 2025 under sustainable development. By analogy, the constraints
of the objective function can be set for the 2030 sustainable
development scenario and solved to obtain the land use pattern
for that scenario.

2.4. Research framework

Ecosystem water yield services—as an integrated ecological
process based on temperature, precipitation, soil type, land use
practices, and other factors—have an important role in ecosystem
sustainability. We used the same representative multi-year average
data (except for land use data) during the simulation of water yield.

The study was broadly divided into three steps. First, we
collected and processed LULC data and data for various drivers to
develop conversion rules for LULC in different contexts. Second,
the PLUS model and a Markov chain were used to optimize the
spatial pattern of future LULC and to plan four different land
use development scenarios. The third part of the study involved

TABLE 1 Change in area for each land use/land cover (LULC) category in 2025 under each scenario.

LULC type Areal coverage (km2)

2020 2025 BAU 2025 RED 2025 ELP 2025 SD

Cropland 90255.7 93594.9 94215 86520.5 90956.1

Forest 27454.1 27321.6 27250 28004.6 28008.1

Grassland 484605 487602 480355 490659 486124

Water 34784.8 35401.4 34900.2 33694.9 33503.6

Constructed 9185.8 9393.3 9597.38 9314.3 9599.1

Bare land 992105 985077 992073 989940 989942

TABLE 2 Change in area for each land use/land cover (LULC) category in 2030 under each scenario.

LULC type Areal coverage (km2)

2025 BAU 2030 BAU 2030 RED 2030 ELP 2030 SD

Cropland 93594.9 96911.3 98051.9 83327.4 91802

Forest 27321.6 27189.9 26917.4 28120.4 29410.6

Grassland 487602 490577 476350 496092 489906

Water 35401.4 36013.8 35011.7 34974.5 34784.3

Constructed 9393.3 9599.2 10074.6 9398 10003.1

Bare land 985077 978099 991985 986479 982485
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simulating water yield under different land use scenarios using the
InVEST model’s water yield module. A freshwater security index
(FSI) was used to analyze and assess the supply and demand balance
of the water production. Figure 2 shows the logic framework and
flow chart for this study.

2.5. Scenario setting

Four scenarios were set up to project future LULC patterns
using the methods of Shi et al. (2022): business-as-usual (BAU),
which is similar to historical trends; rapid economic development
(RED), where the expansion of constructed land is rapid; ecological
land protection (ELP), where various ecological conservation
projects are implemented; and a sustainable development (SD)
programme with maximum economic and ecological benefits.

2.6. LULC accuracy verification

Comparison of simulated year data with actual year data. The
accuracy test showed that the kappa coefficient for the projected
2015 LULC was 0.931, with an overall accuracy of 0.964. The kappa
coefficient for the projected 2020 LULC was 0.905, with an overall
accuracy of 0.949. The test results met the accuracy requirements
(Huang et al., 2019).

2.7. Supply and demand for water
production

2.7.1. Supply of water production
Water production services are extremely important in

terrestrial ecosystems (Li et al., 2017). We used the InVEST model
to evaluate water supply services in Xinjiang (Chaplin-Kramer
et al., 2019). The model is based on the balance of precipitation
and evapotranspiration and takes into account the effects of
precipitation, surface evapotranspiration, plant transpiration, root
depth, and soil depth for simulation (Sun and Shi, 2020). The
calculation formula is as follows:

Yx =

(
1−

AETx

Px

)
Px (4)

AWCx

Px
=

1+ ωxRxj
1+ ωxRxj + 1/Rxj

(5)

ωx = Z
AWCx

Px
(6)

Rxj =
kxj × ET0x

Px
(7)

where Yx is the water yield of image element x; Px is the average
annual precipitation; AETxj is the actual annual evapotranspiration

FIGURE 3

Transfer matrix alluvium map for the four different land use/land cover (LULC) scenarios in Xinjiang (2020–2030). Panel (A) is an alluvial map of the
land use transfer matrix for the business as usual scenario from 2020 to 2025. Panel (B) is an alluvial map of the land use transfer matrix for the rapid
economic development scenario from 2020 to 2025. Panel (C) is an alluvial map of the land use transfer matrix for the ecological land protection
scenario from 2020 to 2025. Panel (D) is an alluvial map of the land use transfer matrix for the sustainable development scenario from 2020 to 2025.
Panel (E) is an alluvial map of the land use transfer matrix from the 2025 business as usual scenario to the 2030 business as usual scenario. Panel (F)
is an alluvial map of the land use transfer matrix from the 2025 business as usual scenario to the 2030 rapid economic development scenario. Panel
(G) is an alluvial map of the land use transfer matrix from the 2025 business as usual scenario to the 2030 ecological land protection scenario. Panel
(H) is an alluvial map of the land use transfer matrix from the 2025 business as usual scenario to the 2030 sustainable development scenario. BAU,
business as usual; RED, rapid economic development; ELP, ecological land protection; SD, sustainable development.
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of image element x; ωx is a parameter used to describe the soil
properties and natural climate as a ratio of the annual plant water
demand to precipitation;Rxj is the ratio of the potential evaporation
to precipitation (the drying index); Z is the Zhang coefficient,
a constant that characterizes the seasonality of precipitation and
which varies from region to region; AWCx is the vegetation water
content; kxj is the evapotranspiration coefficient of the vegetation;
and ET0x is the potential evapotranspiration.

Given the interannual variation in precipitation, we used the
arithmetic mean of the four periods of annual average precipitation
data for 2000, 2005, 2010, and 2015 instead of the precipitation data
for 2025 and 2030. A multi-year average evapotranspiration data
set was used for the potential evapotranspiration data. We used the
absolute soil depth. The plant available water content is the amount
of water obtained from the soil by the plant root system and was
calculated based on data from studies of the depth of the plant

root system combined with literature research on the main types
of vegetation in the study area.

2.7.2. Confidence arguments for results of water
yield simulation

We assessed the confidence level of the modeling results
in relation to the total water resources in the Xinjiang Water
Resources Bulletin issued by the Xinjiang Water Resources
Department to ensure that the modeling results were scientific
and reasonable and to avoid unrealistic conclusions due to the
low confidence level of the results. The Water Resources Bulletin
showed that the total water resources in Xinjiang in 2015 were
917.60 × 108 m3 and the simulated water production was
911.54 × 108 m3 with an overall accuracy of 99.34%. These data
are the best simulation results.

FIGURE 4

Changes in the spatial pattern of each land type in Xinjiang between 2020 and 2030.
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2.8. Demand for water production

In light of the definition of hydrological information in the
Water Resources Bulletin and considering the characteristics of
water use in Xinjiang, the water demand was divided into three
parts: water for production; water for living; and water for ecology.
The primary water demand in the production sector includes water
for irrigation, fishpond replenishment, and livestock; the secondary
water demand includes water for industry and construction; and
the tertiary water demand is water for the service sector. The water
requirements for the study area were calculated as:

Di = Dproi+Dlif i + Decoi (8)

where Di is the total water demand of Xinjiang in year i; Dproi is the
production water demand of Xinjiang in year i; Dlif i is the domestic
water demand of Xinjiang in year i; and Decoi is the ecological water
demand of Xinjiang in year i.

We calculated the water use statistics for each sector in
the Xinjiang region from the water consumption and water
demand and expressed the results spatially according to the spatial
distribution of LULC type to give a spatial discretization of the
water demand for each sector. Irrigation water was mainly allocated
to cropland, ecological water to forest and grassland, livestock water
to grassland, and domestic and industrial water to constructed land.

2.9. Evaluation of the water yield services
supply and demand balance

The FSI was used to evaluate the balance of water yield services
supply and demand in the research region (Li et al., 2017). The FSI
is calculated as:

FSIi = log10

(
Si
Di

)
(9)

where FSIi is the water security index of Xinjiang in year i; Si is
the water production service supply of Xinjiang in year i; and Di
is the water production service demand of Xinjiang in year i. If
FSI > 0, then there is a surplus of water production service supply
and demand in Xinjiang. If FSI ≤ 0, then there is a deficit of water
yield service supply and demand in Xinjiang.

3. Results and analysis

3.1. LULC projection and analysis under
multiple scenarios

The PLUS model was used to project the LULC data for
Xinjiang in 2025 and 2030 based on four different programs
(Tables 1, 2). The BAU program continues the historical changes
for Xinjiang of a slow expansion of cropland and constructed land,
with increases in area of 3.70 and 2.26%, respectively, in 2025
and 3.54 and 2.19%, respectively, in 2030 (Figure 3). According to
the RED program, the area of constructed and cropland land will
increase by 4.39 and 4.48%, respectively, in 2025, whereas the areas
of forest and grassland decrease by 0.74 and 0.87%, respectively.
The areas of cropland and constructed land in 2030 increase by 4.76

and 7.25%, respectively, whereas the areas of forest and grassland
decrease by 1.48 and 2.30%, respectively (Figure 3). Under the
ELP program, areas of grassland and forest increase by 2.01 and
1.25%, respectively, in 2025 and by 2.92 and 1.74%, respectively,
in 2030 (Figure 3). In the sustainable development scenario, the
trend is more balanced across the land types, with a slow expansion
of arable land and forested grassland alongside the expansion of
constructed land (Figure 3).

We calculated the area of each LULC type separately for
the time period 2020–2030 to assess the spatial and temporal
differentiation of landscape patterns under the four LULC scenarios
in Xinjiang (Figure 4). In 2025, cropland showed a significant
growth trend, with increases in area of 3339.2, 3959.3, and
700.4 km2 in 2025 under the BAU, RED, and sustainable
development programs, respectively. The expansion of arable land
is closely linked to water resources, with arable land expanding
firstly in central areas where water and soil resources are
coordinated, secondly on the edges of oases where water resources
are more plentiful and, with the development of water conservation
techniques in Xinjiang, a small amount of arable land will be
distributed in areas where water is scarce. The area of forest land
showed slight reductions in 2025 of 132.5 and 204.1 km2 under
the BAU and RED programs, respectively. There were reductions
in the Altai Mountains, Ili Valley, and the buffer zone of the river
valley near the Kunlun Mountains. The ELP scenario shows a
trend of woodland expansion, with the expansion areas located
within natural forest conservation projects, and the expansion
of woodland benefiting from a series of ecological conservation
projects. In 2030, rapid economic development in Xinjiang led to
a continuous expansion of constructed land, which was particularly
pronounced in the RED program, with an expansion in area of
about 681.3 km2. The construction of transport facilities and the
exploitation of resources such as oil are the main reasons for the
expansion of land for construction.

3.2. Projection of future water demand
and supply based on different land use
scenario

Analysis of the temporal changes in future water yield showed
varying degrees of fluctuation from 2025 to 2030 under all four
land use scenarios (Figure 5). The water yields for the BAU,
RED, ELP, and sustainable development scenarios all showed a
downward trend between 2025 and 2030, decreasing by 2.76× 108,
0.19 × 108, 1.96 × 108, and 1.47 × 108 m3, respectively. In 2025,
the RED scenario produced 1.22 × 108 more water than the BAU
scenario, due to the expansion of constructed land leading to an
increase in impervious surface and consequently a decrease in
water infiltration. The ELP and sustainable development scenarios
produced 0.56 × 108 and 0.34 × 108 m3 more water than the RED
scenario, respectively. The ELP scenario shows a slower decline
in water production due to the retention effect of vegetation,
but arable land shows a decrease, probably due to ecological
construction and conservation projects such as reforestation. The
fluctuations in water production in 2030 under the four different
land use scenarios were similar to those in 2025. The calculations
based on the total water resources and water supply data from
the Water Resources Bulletin published by the Xinjiang Water
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FIGURE 5

Spatial and temporal distribution of water production under the four different scenarios. Panel (A) shows the amount of water produced in 2020.
Panel (B) shows the water production in 2025 under the business as usual scenario. Panel (C) shows the water production in 2025 under the rapid
economic development scenario. Panel (D) shows the water production in 2025 under the ecological land protection scenario. Panel (E) shows the
water production in 2025 under the sustainable development scenario. Panel (F) shows the water production in 2030 under the business as usual
scenario. Panel (G) shows the water production in 2030 under the rapid economic development scenario. Panel (H) shows the water production in
2030 under the ecological land protection scenario. Panel (I) shows the water production in 2030 under the sustainable development scenario.
BAU, business as usual; RED, rapid economic development; ELP, ecological land protection; SD, sustainable development.

TABLE 3 Water production and supply for each scenario in 2025 and 2030.

Year Water yield (× 108 m3) Water yield supply (× 108 m3)

BAU RED ELP SD BAU RED ELP SD

2025 914.06 915.28 915.84 915.62 566.72 567.47 567.82 567.69

2030 911.30 915.09 913.88 914.15 565.01 567.36 566.61 566.77

TABLE 4 Water yield service supply and demand for each scenario between 2025 and 2030.

Year Water yield supply (× 108 m3) Water yield demand (× 108 m3)

BAU RED ELP SD BAU RED ELP SD

2025 566.72 567.47 567.82 567.69 597.95 597.95 597.95 597.95

2030 565.01 567.36 566.61 566.77 619.5 619.5 619.5 619.5

Resources Department in previous years showed that water supply
accounts for about 62% of the total water resources in the target
year and therefore the supply of water produced in 2025 and 2030
under the different land use scenarios can be calculated (Table 3).

The water supply was largest in northern Xinjiang, followed by
southern Xinjiang, whereas the water supply in eastern Xinjiang
was extremely scarce. A majority of the water supply in northern
Xinjiang was found near urban areas located on the northern slopes
of the Tian shan Mountains, the Ili Valley, and the Altay Mountains,
whereas in southern Xinjiang, water was mainly supplied from

the Kashgar region and Kunlun Mountains, showing an uneven
spatial distribution.

We collected data on production water, domestic water use, and
ecological water demand in the study area from 2000 to 2020 (at
intervals of 5 years) and then used linear regression in conjunction
with data from the Xinjiang Water Resources Bulletin to forecast
production water use, domestic water use, and ecological water use
in 2025 and 2030. Based on this approach, the total water demand
for the future time period was forecast in conjunction with the total
water demand formula (Table 4 and Figure 6). The water demand
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FIGURE 6

Spatiotemporal distribution of water demand under the four different scenarios. Panel (A) shows the amount of water demand in 2020. Panel (B)
shows the water demand in 2025 under the business as usual scenario. Panel (C) shows the water demand in 2025 under the rapid economic
development scenario. Panel (D) shows the water demand in 2025 under the ecological land protection scenario. Panel (E) shows the water
demand in 2025 under the sustainable development scenario. Panel (F) shows the water demand in 2030 under the business as usual scenario.
Panel (G) shows the water demand in 2030 under the rapid economic development scenario. Panel (H) shows the water demand in 2030 under the
ecological land protection scenario. Panel (I) shows the water demand in 2030 under the sustainable development scenario. BAU, business as usual;
RED, rapid economic development; ELP, ecological land protection; SD, sustainable development.

was assumed to be the same for each scenario in the forecast
year.

3.3. Water production service supply and
demand balance under different future
programs

We calculated the spatiotemporal correlations between water
production service supply and water demand in study area to give
water security indices for 2025 and 2030 of –0.0233 and –0.0400,
respectively, under the BAU scenario, –0.0227 and –0.0382,
respectively, under the RED scenario, –0.0225 and –0.0388,
respectively, under the ELP scenario, and –0.0226 and –0.0386,
respectively, under the sustainable development scenario. The
water security index increased in the sustainable development
scenario relative to the BAU and RED scenarios, but decreased
relative to the ELP scenario. Both the 2025 and 2030 water
security indices indicated an overall shortage of water resources
in Xinjiang under all four scenarios, with an imbalance between
supply and demand. Changes and differences in water supply
and demand were the main cause of the differences. The more
imbalanced water supply and demand in the RED scenario is likely
to be due to the rapid expansion of constructed land, resulting
in industrial activities with a higher water use and agricultural

irrigation activities with a higher water demand, combined with
concentrated population growth, which results in higher domestic
water use. In terms of water supply and demand, the ELP and
sustainable development programs were closer to equilibrium than
the other scenarios as a result of the conservation of ecological
land, which increases the amount of vegetation and traps water
resources, increasing the amount of water available, although this
is still relatively scarce in this arid region of China.

4. Discussion

4.1. Future LULC changes in different
scenarios

The GMOP-PLUS model was coupled with the water
production module of the InVEST model. We then simulated
the land use patterns and spatiotemporal distribution of water
production in Xinjiang in 2025 and 2030 by formulating conversion
rules and designing sustainable development scenarios that
accounted for both ecological and economic benefits. In the BAU
scenario, each land type continues the historical trend, with a slight
increase in cropland land and constructed land as the economy
grows. In the RED program, the rapid economic development and
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rapid expansion of land for construction will inevitably encroach
on some ecological land, resulting in a slight decrease in forest
land and grassland. In the ELP scenario, the implementation
of ecological conservation projects leads to an increasing trend,
with forest land and grassland expansion concentrated in the Ili
Valley and the alpine forest–grassland belt. Under the sustainable
development scenario, the land use pattern is more reasonably
configured: economic development is balanced with the protection
of the ecological environment and the expansion of constructed
land slows down, while the area of ecological land grows slowly.

Previous studies (Shi et al., 2021) in the Ili Valley have shown
that, in the future ecological conservation scenario, constructed
land expands more rapidly near the cultivated zone of the river
valley plain, which is consistent with this study. Previous studies
in Bortala Mongol Autonomous Prefecture (Wang Z. et al., 2022)
have shown that all scenarios lead to a continuous expansion of
constructed land. In this study, the four scenarios also showed
a continuous expansion of constructed land and a more rapid
expansion in the RED scenario, consistent with previous studies.
In addition, we found that the sustainable development scenario,
while balancing ecological and economic benefits, also limits the
increase in construction land and to some extent prevents its
uncontrolled expansion (Peng et al., 2021).

4.2. Evaluation of supply and demand for
water production services under four
future scenarios

Ecosystem water yield services—as an integrated ecological
process based on temperature, precipitation, soil type, and land use
practices—are an important ecosystem supply service. The impact
of LULC on evapotranspiration mainly occurs through changes in
the substratum conditions and thus the water yield (Lang et al.,
2017). It difficult for local governments to reasonably allocate water
between production, domestic and ecological uses (Liu, 2018).
Different ecological processes will occur as a result of different land
use patterns, which, in turn, affect the production of water.

A GMOP-PLUS model was coupled with the InVEST model
to simulate LULC patterns under different programs for 2025
and 2030 to investigate the role of changes in land use on the
balance between water production service supply and demand.
The water production in 2025–2030 showed varying degrees of
fluctuation under all four LULC programs. The water yield in the
BAU, RED, ELP, and sustainable development scenarios all showed
a decreasing trend between 2025 and 2030, which may be due to
an increase in the annual evapotranspiration as a result of global
warming (Chattopadhyay and Hulme, 1997). Alternatively, the
future year 2025 could be a partial water year and 2030 a water-
rich year. In 2025, the RED scenario produced more water than
the BAU scenario due to rapid economic growth and an increase in
constructed land, which increases the area of impervious surfaces.
The sustainable development scenario, balancing economic and
ecological benefits, yielded more water than the RED scenario,
indicating that vegetation retains more water and that increasing
the proportion of ecological land can contribute to an increase in
water yield (Yang Y. et al., 2020).

4.3. Water supply and demand balance
assessment

Previous simulations and scenarios applying a systems
dynamics approach to the carrying capacity of water resources in
Xinjiang have shown that neither the pursuit of high economic
and population growth, nor the sacrifice of economic and
population growth to reduce water consumption, is able ensure
both sustainable water resources and socioeconomic development,
consistent with the results of this study (Aman and Fang, 2020).

A study of different scenarios for the carrying capacity of water
resources in Xinjiang based on a back-propagation neural network
(Yang et al., 2016) showed that a sustainable development scenario
aimed at enhancing the ecological efficiency of water resources
could resolve the tension between water supply and demand, with
a surplus of 4.23% by 2020. This may be due to differences between
the back-propagation neural network and the InVEST model used
in our study. It could also be due to differences in the settings
of the sustainability scenarios, with the earlier study setting the
sustainable development scenario by adjusting the development
and utilization rate of water resources and the industrial water
use efficiency parameters. By contrast, our study used the GMOP-
PLUS model to set the sustainable development scenario with
both ecological and economic benefits, making our results more
accurate. A significant reduction in the risks associated with water
supply and demand in agricultural production has been achieved
through the promotion of water-saving agriculture (Li et al., 2016).

The water security index was developed to assess the future
water yield service supply and demand balance in the study area
(He et al., 2022). Under the four different scenarios, both the
2025 and 2030 water security indices showed an overall lack of
water resources in Xinjiang, with a mismatch between supply and
demand. Changes and differences in water supply and demand
were the main cause of the differences in the water production
service supply and demand conditions. There is still a need for more
in-depth research on how to build a configuration model for the
synergistic development of water resources, socioeconomic growth,
and ecological environment; how to reach the sustainable use of
water resources; and how to make more accurate and reasonable
simulations of the future supply and demand of water yield services
based on future changes in land use and global climate change (Sun
et al., 2017).

4.4. Limitations and perspectives

The PLUS and InVEST models have been applied to the
assessment and trade-off of ecosystem services in many regions,
including studies of the regional yield of water resources, and are
well-suited to the regional context (Pan et al., 2020; Wei et al., 2021).
However, the model still has some limitations due to its set-up
and simplification algorithms. We only modeled four different land
use scenarios; however, future land use development is uncertain
and these four scenarios are not representative of future trends.
We should therefore consider more comprehensive scenarios and
combine future climate data and relevant government policies for
in more in-depth study. In this study, when using the PLUS model
to predict the 2025 and 2030 LULC, it is necessary to project the
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demand for each land use type in 2025 and 2030. The demand
for land use types in the BAU scenario is estimated using the
Markov model, which is objective, but the other scenario settings
and parameter adjustments are different due to the purpose of the
simulation and the method chosen, thus increasing the subjectivity
of the user. Whether a more objective estimation method can
be chosen for the future demand for each scenario site type, the
transfer cost matrix, the parameterization of the neighborhood
factors, and the construction of the constraint functions needs to be
further investigated. This study without considering the interaction
between LULC and climate, which is very complex and holds vast
research promise, and therefore requires more in-depth study (Hu
and Gao, 2020).

In this study all data were replaced with mean values except
for the LULC data. The reason for choosing data substitution
in this study, apart from the difficulty in obtaining future data,
was to highlight the role of future LULC scenario-setting and
to minimize the excessive differential impact of other variables
on the simulation results (Baosheng et al., 2020). The InVEST
model water production module ignores the interaction between
surface water and groundwater. Also the errors arising from the
coupling of multiple models need to be discussed in depth. By
linking ecosystem services to human needs to determine human
wellbeing, this study enables a more scientific dissection of nature’s
contribution to people and the needs of people to benefit from
nature. It is therefore of great relevance to analyse the supply and
demand of water produced by ecological supply services in the
study area.

5. Conclusion

We coupled the GMOP-PLUS model with the InVEST model
to simulate the spatiotemporal distribution of water production
under different land use scenarios. We formulated conversion rules
and designed sustainable development scenarios that considered
both ecological and economic benefits to project LULC patterns in
Xinjiang for 2025 and 2030 and then evaluated the balance of water
production services supply and demand under these programs. All
four scenarios for 2025 and 2030 indicated a shortage of water
resources in the Xinjiang region, with continued deficits in future
supply and demand.

The more imbalanced supply and demand of water production
service in the RED scenario was due to the rapid increase in
constructed land, resulting in more industrial activities with higher
water consumption and agricultural irrigation activities with higher
water demand, combined with concentrated population growth,
resulting in higher domestic water consumption. The ELP and
sustainable development scenarios were closer to equilibrium than
the other scenarios because the conservation of ecological land
increased the amount of vegetation. This, in turn, increased the
retention of water resources, resulting in an increase in water
supply, although the total amount of water was still low.

Water supply and demand were highly unequal under all four
LULC scenarios, not only in terms of quantity, but also in terms
of the spatial pattern. The supply of water production services
was concentrated in the high mountain forests and grasslands and
the less accessible areas around the Kunlun and Altai mountains,

whereas the demand was concentrated in the more populated
areas along the valley farming belt. Our sustainable development
scenarios may help to alleviate this spatial imbalance. Local
governments can use our results to formulate policies to reduce the
withdrawal of water from agricultural land and industrial regions
while maximizing ecological water use. Local governments should
set up buffer zones of forest and grassland near the cultivation
zones of the river valley plains, change the large water-flooding
cultivation methods used in agriculture and develop water-saving
ecological agriculture techniques, enrich the diversity of vegetation,
improve industrial water conservation techniques, and control
water pollution. These strategies will ensure a balanced and
reasonable distribution of water among the various sectors.
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