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Exploring the driving factors of changing ecosystem services is critical for

supply capacity maintaining and ecological management zoning. Xinjiang of

Northwest China, is considered one of the most fragile ecological environment

areas. However, studies on how ecosystem services’ driving forces respond

to the environmental conditions of Xinjiang are still insufficient, especially in

sub–regions with considerable spatial heterogeneity. Based on 106 counties

across Xinjiang, we employed models of the Integrated Valuation of Ecosystem

Services and Tradeoffs (InVEST) and Revised Wind Erosion Equation (RWEQ) to

quantify four essential ecosystem services (carbon storage, habitat quality, and

sand fixation and water yield). Then, we investigated the spatial distribution

of four ecosystem services and drivers at the county scale in 2020 by using

multi–scale geographically weighted regression (MGWR). The results showed

that the spatial distribution of ecosystem services is higher in the north and

lower in the south, and hotspots and high–value ecosystem services areas were

consistent. Precipitation, temperature, and fractional vegetation cover were the

dominant factors influencing the four ecosystem services. Therefore, regulating

climate and increasing vegetation will maximize the improvement of regional

ecosystem services in Xinjiang. Significant differences exist in the counties of

the type, intensity, and direction of ecosystem services drivers. The correlation

between carbon storage, habitat quality and fractional vegetation cover was

more robust stronger in the south. Water yield was more closely related to

fractional vegetation cover in southern Xinjiang. Under different ecological and

social conditions, the impact of driving forces on ecosystem services showed

different changing trends. Three suggestions for improving ecosystem services

management were proposed based on our results. The comparative analysis

of the driving factors of county ecosystem services in this study will help to

formulate differentiated ecological protection policies and promote a sustainable

supply of ecosystem services in Xinjiang. In the future, it is necessary to strengthen

the long-term monitoring and evaluation of ecosystem services and the research

on the interaction of multiple drivers.
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1. Introduction

Ecosystem services are the benefits humans obtain directly
or indirectly from an ecosystem. They serve as a link between
humans and nature and have been the focus of considerable
research (Costanza et al., 1997). However, the over–exploitation of
land resources under climate warming and changing precipitation
regimes has led to extensive global species extinctions. Ecosystems
and sustainable human development are facing severe threats, and
the supply capacity of ecosystem services is gradually declining
(Jordan et al., 2005; Dobson et al., 2006). Therefore, it is
urgent to support the sustainable use of ecological resources and
determine how to use natural capital sustainably. The county
scale plays a connecting role in China’s ecological protection and
restoration. Ecological and socio–economic driving factors affect
ecological restoration policies and their implementation (Ding
et al., 2022). Therefore, it is essential for guiding ecosystem services
management decisions in the spatial distribution, hotspots, and
driving factors of ecosystem services that have been examined at
the county scale.

Quantifying ecosystem services, identifying ecosystem service
hotspots, and investing limited resources in places with the
greatest need for protection will help maximize the benefits of
these resources. Ecosystem service “hotspots” (“coldspots”) have
gradually been more commonly used in works on ecosystem
services mapping to determine priorities for regional protection
(Zhang L. et al., 2015; Wu et al., 2016; Li et al., 2017; Gao et al.,
2022). The Gi ∗ statistical method is the most widely used. It can
be used to identify spatial clustering of ecosystem services which
show strong spatial correlations. This method identify hotspots of
ecosystem services and determine which areas multiple ecosystem
services are prioritized (Li and Zhang, 2021). The hotspots and
coldspots for soil protection are also determined to support targeted
ecosystem policy formulation (Li et al., 2017). Random areas
are divided according to coldspots and hotspots of ecosystem
services to mitigate the adverse impacts on ecosystem services
(Han et al., 2020).

Ecosystem services are comprehensively affected by climatical
and social factors. Several studies have explored the relationship
between ecosystem services and driving factors at global and
regional scales (Su et al., 2012; Yang et al., 2021; Rong et al., 2022).
However, due to differences in geographical and socio–ecological
factors, the response of ecosystem services to driving factors has
spatial heterogeneity in direction and intensity. Therefore, the
traditional global analysis (generalized linear model and ordinary
least squares) cannot reasonably describe the nonstationary
relationship in the ecosystem process. Multi–scale geographically
weighted regression (MGWR) not only considers spatial non-
stationarity, but also considers the scale differences of different
variables (Fotheringham et al., 2019), which offers a new idea
for the process analysis. For example, Hu et al. (2021) used the
MGWR model to investigate the relationship between ecosystem
services and drivers in Shanxi Province, which showed pronounced
spatial heterogeneity in the nature and intensity of their correlation.
Tang et al. (2016) and Luo et al. (2020) proposed differentiated
ecological protection policies through quantitative measurement
and comparative analysis of driving factors in different regions to
promote the ecosystem service value. Therefore, we implement the

MGWR model in this study to explore the spatial heterogeneity
of ecosystem service drivers. Expected results could clarify the
driving factors and mechanisms of ecosystem services and serve
as a benchmark for how ecosystem service protection policies in
various regions should be measured. The patterns and processes
of ecosystem services show different characteristics at different
scales, and the influence of scale is the focus of current research.
The drivers of ecosystem services are usually related to specific
scales, that is, the drivers of ecosystem services may change at
different scales. Multiple driving factors of ecosystem services
have been evaluated at different scales in macro–regions such as
countries and urban belts, and micro–regions such as provinces
and cities (Lyu et al., 2019; Chen et al., 2020; Qiu et al., 2020).
The relationship between ecosystem services has also varied at
different kilometer scales, and may even be the opposite (Liu et al.,
2017; Sun et al., 2022). At the county level, the impact of driving
forces on ecosystem services significantly differs in the east and
west of Sichuan Province (Huang et al., 2022). Significant spatial
heterogeneity affects a range of influencing factors in the Three
Gorges Reservoir Area on the degree of coupling of ecosystem
services and economic development (Li F. et al., 2022). Grid–scale
can describe the spatial distribution of ecosystems in more detail,
but the county scale is more conducive to ecological management
zoning and regulation (Shen and Li, 2022). Therefore, this study
studied the spatial distribution, hotspots and driving factors of
ecosystem services at the county level.

Xinjiang Autonomous Region has a variety of ecosystems,
which can provide various ecosystem services and species habitats.
Xinjiang is also a typical arid and fragile ecosystem region, whereas
vulnerable to human activities. It is enormously challenging to
recover in a short time once it has been degraded. In recent
years, population increase and infrastructure construction have
accelerated land transformation and environmental degradation.
This has resulted in declining in ecosystem services in the entire
Xinjiang region. There has been an increase in soil erosion
intensity, and a decline in the amount of sand fixation in the north
(Zhang W. et al., 2015; Sun et al., 2021; Niu et al., 2022). Therefore,
it is an ideal area to study the heterogeneity of ecosystem services
and drivers. For example, research shows that the relationship
between net primary productivity, soil and water conservation and
water yield services in Xinjiang has changed in time and space
on the grid scale, but the driving factors have not been analyzed
(Wang et al., 2020). There is an essential interaction between
urbanization and the continuous expansion of agricultural activities
caused by population growth and ecosystem services (Zhang et al.,
2020; Shi et al., 2021). Li et al. (2019) showed that the types
and intensity of driving factors of ecosystem services in Xinjiang
differed between southern and northern Xinjiang. Most studies on
ecosystem services in Xinjiang have been undertaken at the grid
scale (Wei et al., 2018; Yushanjiang et al., 2018; Lu et al., 2022).
Therefore, given the high heterogeneity of Xinjiang’s ecosystem, it
is significant to study the ecosystem, and its driving factors at the
county level for zoning management.

This study aimed to analyze the spatial distribution of
ecosystem services, and the spatial heterogeneity of ecosystem
services drivers at the county level in Xinjiang. Four typical
ecosystem services, namely, carbon storage, habitat quality, sand
fixation and water yield were quantified using InVEST and RWEQ
model. Redundancy analysis (RDA) was then used to explore the
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relationship between ecosystem services and climate, vegetation,
the proportion of urban area, and other multi–factors. A multi–
scale geographically weighted regression (MGWR) model was used
to express the spatial heterogeneity of driving factors to provide
a reference for the sustainable development of ecosystem services
and ecosystem management in Xinjiang.

2. Materials and methods

2.1. Study area

Xinjiang (34◦ 22′–49◦ 33′ N, 73◦ 32′–96◦ 21′ E) is located
in the hinterland of Eurasia near the northwest border of China,
with a total area of approximately 166 × 104 km2, including
106 counties (cities and districts). This study’s counties, cities and
districts are all represented by counties. The land uses comprise
grassland (30%), cultivated land, and the Gobi Desert (Figure 1).
The landforms are relatively complex and are characterized
by the distribution of “three mountains and two basins.” The
specific geographical location and the interaction of various
complex geographical environments form various ecosystem types,
supporting many rare animal and plant species, such as Populus
canescens, Ferula sinkiangensis, and Testudo horsfieldii, etc., (Li
et al., 2011). Xinjiang has an arid and semi–arid climate zone, with
an annual precipitation of approximately 145 mm. The fractional
vegetation cover is generally low, land desertification is severe,
and the ecological environment is highly fragile (Liu et al., 2018;
Bi et al., 2021).

2.2. Data sources

The research data included land use type data, meteorological
data, landform data, and population spatial distribution network
datasets (Table 1).

2.3. Data processing

The station data of wind speed, precipitation, temperature
and sunshine hours are interpolated by the ANUSPLIN method
based on thin slice spline theory, with a spatial resolution of
1 km. The vegetation coverage data is derived from MODIS image
data (MOD13Q1). First, the NDVI annual data is calculated by
resampling, filtering and maximum synthesis methods, and then
the maximum annual vegetation coverage data in Xinjiang is
calculated according to the pixel dichotomy model theory, with
a spatial resolution of 1 km. The percentage of the urban area is
calculated by extracting the construction land in each county’s land
use data and then calculating the percentage of construction land
in the whole county.

2.4. Evaluation of ecosystem services

A series of ecological problems have emerged in Xinjiang,
including water shortages, soil erosion, and desertification

(Zhang W. et al., 2015; Chen et al., 2016). Therefore, according to
the classification of ecosystem services proposed by the Millennium
Ecosystem Assessment (Reid et al., 2005), four important ecosystem
services were selected and combined with the current ecosystem
and ecological pressure in the study area. This included carbon
storage, habitat quality, sand fixation, and water yield. Carbon
storage is vital in climate regulation (Xu et al., 2019). Diversified
ecosystems provide habitats for organisms (Liu and Xu, 2020).
Xinjiang has a large area of sand and bare land, and sand erosion
by wind is severe (Gong et al., 2014). The lack of water resources
and the uneven spatial and temporal distributions are the main
influencing factors restricting economic development in Xinjiang
(Li F. et al., 2022). The ecosystem services was quantified at a
1 km2 scale in 2020, and then the mean values of ecosystem service
indicators at the county scales was calculated. The county scale
was chosen because it is more conducive to ecological management
zoning and regulation.

2.4.1. Carbon storage (CS)
Carbon storage in ecosystem services plays a vital role in

climate regulation and is an essential indicator for measuring the
function of regional ecosystems. Strengthening the carbon fixation
function of terrestrial ecosystems has become one of the primary
needs in mitigating global climate change (Hu et al., 2018). The
carbon pool (Ctotal) includes the aboveground biomass (Cabove),
underground biomass (Cbelow), dead organic carbon (Cdead), and
soil carbon pool (Csoil). The four carbon reserve types were added
to the InVEST model to determine the carbon reserves in the area.
The calculation formula is as follows:

Ctotal = Cabove + Cbelow + Csoil + Cdead (1)

2.4.2. Habitat quality (HQ)
Habitat quality refers to the ability of ecosystems to provide

living conditions suitable for individuals and populations based
on the availability of living resources, biological reproduction,
and existing quantity. It can reflect regional biodiversity and is
closely related to regional land use types (Fellman et al., 2015;
Sallustio et al., 2017). The habitat quality module of the InVEST
model is based on the relationship between land use and stress
factors. It considers the sensitivity of different habitat types to
stress factors and the threat intensity from these stress factors. The
degree of habitat degradation is calculated and then combined with
the habitat adaptability of different land use types to score the
habitat quality to generate a habitat quality grade map. The specific
calculation process is as follows:

Dxj =

R∑
r=1

Yr∑
y=1

(
Wr∑R

r=1 Wr

)
ryirxyβxSjr (2)

Where Dxj is the habitat degradation level of pixel x in habitat
type j; r refers to a single stress factor; y is the pixel of stress factor
r; Wr is the stress factor weight; ry is the number of stress factors
in each grid of the study area; βx is the threat level of habitat pixel;
Sjr is the sensitivity of habitat type j to stress factors and irxy is the
threat level of stress factor in pixel y to habitat pixel x.

Qxj = Hj

(
1−

Dx
xj

Dz
xj + kz

)
(3)
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FIGURE 1

Location, elevation, and land use type of the study area. (A) Xinjiang location. (B) Elevation. (C) Land use type.

Where Qxj is the habitat quality level of pixel x in habitat type j;
Hj is the habitat adaptability of habitat type j; z is a constant, usually
2.5; k is the semi–saturation constant, and the default value is 0.5.

2.4.3. Sand fixation (SF)
Sand fixation is an important ecosystem function. Sand fixation

can reduce soil erosion caused by wind erosion through its
structure and processes. This soil conservation and wind erosion
inhibition service is the sand fixation service. This is the most
important protective service provided by the ecosystem in arid and
semi–arid areas. The revised wind erosion equation (RWEQ) was
used to estimate the sand fixation at the plot scale, taking into
account the climate conditions, surface soil roughness, vegetation
conditions, soil erodibility, and soil crust:

SR = SLS − SL (4)

Qx =
Qmax

[
1−e(

x
s )

2]
x

(5)

Qmax = 109.8
(
WF× EF× SCF× K′ × COG

)
(6)

Where SR is the sediment fixation amount (t · hm−2), SLS is the
potential soil wind erosion under the condition of potential bare
soil, t · hm−2; SL is the actual soil wind erosion under fractional
vegetation cover, t · hm−2; Qx is the sand flux at x (kg· m−1); x
is the length of the plot; Qmax is the maximum transfer amount,
kg/m; s is the length of the key plot (m); WF is the climate
factor, which is calculated from wind speed, soil moisture factor
and snow cover factor; K

′

’ is the surface roughness factor; EF
is the erodible soil factor, calculated according to Fryrear et al.
(2000) equation; SCF is the soil crust factor, and COG is the
fractional vegetation cover factor, which is calculated by vegetation
coverage.

2.4.4. Water yield (WY)
The water yield service is one of the essential ecosystem services

in arid and semi–arid areas. It is crucial to agriculture, industry,
hydropower generation, and entertainment activities. It is also an
important link in achieving sustainable development of ecosystem
services. The water yield service was predominantly based on the
water production module in the InVEST model, that is, the water
yield per unit area at a specific time. According to the water balance
principle, the regional water supply is the precipitation per unit
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TABLE 1 Study data sources.

Data type Data description Data sources

Meteorological data Daily average temperature,
daily precipitation, daily

average wind speed, sunshine
duration (point data.)

The China Meteorological
Data Service Center
(http://data.cma.cn/)

Monthly value of rainfall and
potential evapotranspiration

data (1 km)

National Earth System
Science Data Center

(http://www.geodata.cn/)

Land use data Based on landsat TM image
(1 km)

Research and Environment
Science and Data Center
(https://www.resdc.cn)

Fractional vegetation
cover

Calculated by pixel
dichotomy based on NDVI

data (250 m)

https://ladsweb.modaps.
eosdis.nasa.gov

Snow depth, Soil
attribute data

Snow depth, soil attribute
table and spatial distribution,

soil calcium carbonate
content distribution data

Environmental and
Ecological Science Data
Center for West China

(http:
//westdc.westgis.ac.cn)

Digital elevation
model (DEM) data

SRTMDEMUTM 90 m
resolution digital elevation

data product

Geospatial Data Cloud
(http://www.gscloud.cn/)

Population density Raster data (1 km) WorldPop (http:
//www.worldpop.org/)

area minus evapotranspiration. The main formula for calculating
the water yield under each grid pixel is:

Yx,j =

(
1−

AETx,j

Px

)
· Px (7)

AETxj

Px
=

1+ ωxRxj

1+ ωxRxj +
(

1
Rxj

) (8)

ωx = Z
AWCx

Px
(9)

Where Yx,j is the water yield of pixel x of land use type j
(mm); Px is the annual precipitation on different pixels x (mm);
AETx,j is the annual actual evapotranspiration of pixel x of land
cover type j (mm); ωx is the ratio of annual vegetation available
water and precipitation; Rxj is the dry coefficient; and AWCx is the
effective moisture content of vegetation of pixel x (mm), and Z is
Zhang’s coefficient.

2.5. Analysis of ecosystem services
hotspots

Spatial hotspot analysis can identify high–value spatial clusters
of specific phenomena, limited direct resources to places with
greater need, and achieve more effective and strategic resource
allocation. This technique has been widely used in the field of
ecological geography. In this study, the county was taken as the
smallest unit, using the “Zone Statistics as Table” in ArcGIS 10.8
to calculate the average value of ecosystem services and drivers in
each county. The Getis Ord Gi ∗method in the ArcGIS 10.8 hotspot

analysis tool was used to identify the hotspot area with solid spatial
correlation and the coldspot area with weak spatial correlation of
ecosystem services. The Z score is statistically significant in Getis
Ord Gi ∗. The larger the Z–score, the higher the cluster value
(hotspots). The smaller the Z–score, the lower the cluster value
(coldspots) (Benjamini and Yekutieli, 2001).

2.6. Drivers analysis

Factors affecting ecosystem services mainly include two types:
ecological factors and socio–economic factors (Hu et al., 2022;
Huang et al., 2022; Lu et al., 2022; Zhuang et al., 2022). The
ecological factors selected in this study include precipitation (PRE),
temperature (TEM), fractional vegetation cover (FVC), slope (SL),
and digital elevation model (DEM). Social factors include a
percentage of urban area (PU) and population density (PD) (Peng
et al., 2017). RDA was used to detect the relationship between
multiple response variables, such as ecosystem services and several
explanatory variables such as drivers. This study used RDA to
analyze the multicollinearity relationship between variables and
perform a collinearity test in SPSS. When 0 < VIF (Variance
inflation factor) < 10, it indicates that there is no collinearity for the
driver (Sheng et al., 2017). Canoco software (version 5.0) was used
to explore the correlation between ecosystem services and impact
factors using RDA.

Geographically weighted regression (GWR) establishes the
regression relationship between independent and dependent
variables at the local scale, effectively avoiding errors caused by
spatial differences of variables. The expression is as follows:

yi = β0 (ui, vi)+

p∑
j=1

βj (ui, vi) xij + εi, i ∈ {1, 2, · · · ,n} (10)

Where y is the dependent variable (including different types
of ecosystem services); (ui, vi) is the position of the ith sample;
βj (ui, vi) is the intercept; xij is the independent variable, including
altitude, precipitation and other factors; βj(ui, vi) represents the
regression coefficient of the ith sample for the jth driving factor,
and εi is the error term.

Multi–scale geographically weighted regression (Oshan et al.,
2019) is an improved version of GWR, which considers
spatial multi–scale heterogeneity and reflects these differences in
ecosystem services. The MGWR model expression is as follows:

yi = β0 (ui, vi)+

p∑
j=1

βbwj (ui, vi) xij + εi, i ∈ {1, 2, · · · ,n} (11)

Where βbwj in bwj is the broadband used to calibrate
the jth conditional relationship. MGWR allows local regression
coefficients of dependent and independent variables to be estimated
at different spatial scales.

In this study, the MGWR and GWR models used the Gaussian
kernel function and golden section broadband selection routine for
calibration. The OLS, GWR, and MGWR parameters were then
compared. The higher R2 indicates a better degree of the fitting. All
the model calibrations were performed using MGWR2.2 software.
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3. Results

3.1. Analysis of ecosystem services
patterns

Four ecosystem services, namely, carbon storage, habitat
quality, sand fixation and water yield were significantly different
across the entire Xinjiang region (Figure 2), and they clustered
in space (Moran’s I > 0.43, p < 0.001). Due to Xinjiang’s
geographical location, the spatial heterogeneity of water and heat
conditions was relatively high. As a result, the spatial distribution
of various ecosystem services was quite different. Carbon storage,
habitat quality, and water yield presented similar spatial patterns.
High–value areas were predominantly distributed in the Tianshan
Mountains and the eastern part of the Kunlun Mountains, as
well as the Ili Kazakh Autonomous Prefecture, Altay City, Burqin
County, and Habahe County near the Altay Mountains. Important
areas of forest land and grassland were distributed in these areas.
At the county scale, the maximum carbon storage, sand fixation
and water yield per unit area are 116.4 t/hm2, 385.2 t/hm2, and
291.17 mm. The highest habitat quality in Xinyuan County of Ili
Kazak Autonomous Prefecture is 0.78. Among them, there was
a significant difference in water yield between the north and the
south. High–value areas were mainly distributed in the north of
Xinjiang. High–value water source protection areas were found in
Altay and Tacheng. In the south of Xinjiang, the water yield of 30
counties is lower than 0. The high–value areas for sand fixation
had a dispersed distribution and were predominantly in the east
of the Taklimakan Desert, around the Altun Mountains, and near
the Junggar Basin. The altitude was 500–1,000 m, the wind speed
was relatively low, and the service level for sand fixation on the
construction land was high, possibly due to buildings blocking
some of the wind. In general, the spatial distribution of ecosystem
services was higher in the north and lower in the south.

3.2. Analysis of ecosystem services
hotspots

Regarding individual ecosystem services, the spatial pattern of
hotspots and coldspots of ecosystem services showed pronounced
spatial heterogeneity (Figure 3). The hotspots were predominantly
concentrated in northern Xinjiang. Compared with the other three
services, hotspots for water yield services were the largest, with 49
counties accounting for 46.23% of the total number in Xinjiang.
They were mainly distributed in the Altay region, a national key
ecological functional area for water conservation. The hotspots
for carbon storage and habitat quality were highly coincident,
with 35 and 31 counties, respectively, mainly distributed in Ili
Kazakh Autonomous Prefecture, Bortala Mongolian Autonomous
Prefecture, and Tacheng region in the west of the Tianshan
Mountains. The hotspot area is mainly forest with strong carbon
storage capacity, while the coldspot area is mainly unused land,
cultivated land and other land use types with weak carbon storage
capacity. As a whole, the level of habitat quality in Xinjiang is
low. Due to urbanization construction, the surface vegetation is
destroyed and the habitat quality is degraded. There are 39 counties
serving as hotspots for sand fixation, and 48 counties serving

as coldspots. Owing to the vast expanse of desert, sand fixation
capacity in Xinjiang is weak, and the number of cold spots is
larger than that of hotspots, mainly located in the northern part
of Xinjiang.

Four counties, namely, Kuitun City, Huyanghe City, the Duzi
Mountain Area and Karamay City provided four ecosystem service
types. At the same time, there are 26 counties with three kinds
of ecosystem service hotspots and 21 counties with two kinds
of ecosystem service hotspots. These areas can be classified and
managed according to the actual situation, prioritizing protecting
cold spot services (Figure 4). In general, the supply capacity of
ecosystem services in these areas is relatively low due to the
ecological degradation in most of northern Xinjiang. In the future,
we should not only maintain the ecosystem services of hotspots, but
also take measures to improve the ecosystem services of coldspots.

3.3. Drivers analysis

3.3.1. Drivers of ecosystem services
We used the variance expansion factor for diagnosis. As

shown in Table 2, VIF < 10 indicates no multicollinearity
between the seven drives. Figure 5 showed that ecosystem services
were significantly correlated with the precipitation, fractional
vegetation cover, the percentage of urban area, DEM, temperature
(p < 0.01), and population density (p < 0.05). Ecological factors
predominantly determined the first RDA axis explaining 49.01%
of the variance. Social factors and altitude mainly determined
the second axis explaining 14.87% of the variance. Precipitation
and fractional vegetation cover contributed 61.7 and 17.0% to
ecosystem services, respectively, which was considered decisive.
This showed that precipitation and fractional vegetation cover were
the main limiting factors for ecosystem services in Xinjiang. The
percentage of urban area was also an important factor with an 8.7%
contribution, indicating that urbanization considerably affected
ecosystem service. Precipitation, fractional vegetation cover, and
slope were positively correlated with water yield, carbon storage,
and habitat quality, and were negatively correlated with sand
fixation. Temperature, population density, and the percentage of
urban area were positively correlated with sand fixation. However,
these factors had little impact on ecosystem services. In general,
the contribution of ecological factors was substantially higher
than social factors, which indicated that precipitation, fractional
vegetation cover, and terrain played an important role in the spatial
distribution of ecosystem services in Xinjiang.

3.3.2. Spatial heterogeneity of ecosystem service
drivers

The MGWR model was used to determine the spatial
distribution of the influence of different driving factors on the
change in ecosystem services. The Akaike information criterion
(AIC) and calibration R2 are widely used to describe the predictive
power of models, whereby the lower the AIC, the closer the
situation is to reality. The higher the adjusted R2, the better
the variance explanation. In general, the MGWR had strong
explanatory power (Table 3).

The MGWR regression coefficient was positive, indicating that
increasing influencing factors will increase the ecosystem service
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FIGURE 2

Spatial distribution of ecosystem services. (A–D) Carbon storage, Habitat quality, Sand fixation, and Water yield.

FIGURE 3

Spatial distribution of ecosystem service hotspots and coldspots. The statistical significance is shown as follows: (1) ∗∗∗ refers to the 99% confidence
level; (2) ∗∗ refers to the 95% confidence level, and (3) ∗ represents the 90% confidence level. (A–D) Carbon storage, Habitat quality, Sand fixation,
and Water yield. (E) Legend.

level. Meanwhile, the negative regression coefficient indicated that
increased in influencing factors would reduce the ecosystem service
level. The results have shown that the regression coefficients
in different regions had different values. In Xinjiang, the local
coefficients for the seven drivers varied between counties, which
reflected the non–stationary spatial response of ecosystem services
to the influencing factors in Xinjiang. The seven influencing factors
selected in this study could explain 73.0, 79.0, 77.1, and 97.8%,
of carbon storage, habitat quality, sand fixation and water yield,
respectively (Table 4).

Figure 6 and Table 4 show that carbon storage and habitat
quality correlate strongly with fractional vegetation cover, with
correlation coefficients of 0.737 and 0.440, and higher in the
south. The correlation between carbon storage and precipitation,
the percentage of urban area gradually increases from north
to south (Figures 6C, D). The relationship between habitat
quality and precipitation gradually increases from east to west
(Figure 6F). The proportion of urban areas will lead to the
reduction of habitats suitable for biological survival and the

reduction of habitat quality (Figure 6G). There is a negative
correlation between sand fixation and the percentage of urban
area. The impact direction and intensity of precipitation on sand
fixation in different regions of Xinjiang are also very different
(Figure 6I). Temperature, DEM, and fractional vegetation cover
negatively impacted water yield, with correlation coefficients of
−0.730,−0.639 and−0.139, respectively. Precipitation has a direct
positive impact on water yield, and the correlation coefficient is
0.693. The relationship between fractional vegetation cover and
water yield is closer in the south of Xinjiang. In the north,
the relationship between water yield and DEM, temperature and
precipitation is closer. With the intensification of human activities
and the increase in domestic water consumption, with the increase
of cultivated land in the north, the expansion of irrigation area
has increased evaporation to a certain extent, negatively impacting
water yield (Liang et al., 2021). To sum up, ecological factors
were the main driving factors for changes in regional ecosystem
services. Therefore, regulating climate and increasing vegetation
will maximize the improvement in regional ecosystem services.
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FIGURE 4

Concurrence of the four ecosystem service hotspots.

TABLE 2 Collinearity test.

Variable Digital elevation
model

Slope Fractional
vegetation cover

Precipitation Temperature Percentage of
urban area

Population
density

VIF 5.700 7.063 1.893 3.759 4.158 5.316 4.937

The spatial correlation and correlation intensity changes between
the seven factors selected and the four ecosystem services were
significantly different. This indicated that the ecosystem services
in different regions were affected by different factors and that
zoning management may be crucial to the sustainable supply of
ecosystem services.

4. Discussion

In this study, our results show that high–value areas for
carbon storage, habitat quality, sand fixation, and water yield,
were predominantly distributed in the Tianshan Mountains, Altai
Mountains, and oases around the southern Tarim Basin across
Xinjiang. It is consistent with the finding of Wang et al. (2020). It
was mainly attributed to the large area of forest land and grassland
in the north, where is abundant rain, provides excellent habitat
for species, and has a high capacity for carbon storage and sand
fixation (Li et al., 2021). Altay, known as the “water tower” in
northern Xinjiang, is a water conservation type mountain grassland
ecological functional area that has significantly improved water
supply. Therefore, conserving of mountain vegetation and water
resources is a top priority for sustainable development in Xinjiang.

Identifying the hotspots of ecosystem services helps to set priorities
and take measures to maintain the level of ecosystem services.
In the coldspots of ecosystem services, we should take targeted
measures to improve the level of ecosystem services by analyzing
the driving factors of ecosystem services.

According to the results of RDA and the regression coefficient
of the MGWR model, we found that ecological and social factors
significantly differ in the impact of ecosystem services in different
regions. The comprehensive impact of precipitation and fractional
vegetation cover on ecosystem services is significantly stronger than
other factors (Figure 5). Precipitation is the main factor affecting
the water yield in Xinjiang, and its coefficient value increases from
south to north in turn (Figure 6N). Previous studies have shown
that precipitation increase is the most important factor, because
it significantly affects water volume and land hydrological process
(Ziadat and Taimeh, 2013; Ma et al., 2021a,b). Temperature reduces
water yield by affecting precipitation and evapotranspiration.
Climate change can affect the distribution of water production
by affecting hydrological processes and energy balance. Therefore,
climate change can affect the water yield by changing the
precipitation and temperature of Xinjiang. Sand fixation is affected
by precipitation, vegetation and human activities, showing spatial
heterogeneity, reflecting the comprehensiveness and complexity of
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FIGURE 5

RDA showing the relationship between four ecosystem services and
seven ecological, social drivers. The black arrow represents
ecosystem services, and the red arrow represents ecological, and
social driving factors. CS, carbon storage; HQ, habitat quality; SF,
sand fixation; WY, water yield; DEM, digital elevation model; SL,
slope; FVC, fractional vegetation cover; PRE, precipitation; TEM,
temperature; PU, percentage of urban area; PD, population density.

the ecological process (Gong et al., 2022; Niu et al., 2022; Cui
et al., 2023). From the perspective of the regression coefficient,
fractional vegetation cover and precipitation strongly impact
windbreak and sand fixation, and are the main driving factors
for sand fixation. Higher precipitation can promote the growth
of vegetation, which is conducive to soil surface crusting and
thus enhance the resistance of the surface to wind erosion (Wu
et al., 2021). The spatial distribution of precipitation in Xinjiang
is extremely uneven, resulting in strong spatial heterogeneity of
the impact of precipitation on sand fixation. Fractional vegetation

cover can affect the wind erosion resistance of soil by affecting
temperature, humidity and evapotranspiration (Řeháček et al.,
2017). Fractional vegetation cover in eastern Xinjiang is low, and
evaporation reduces the water content, which may be the reason
for the spatial differentiation of the impact of fractional vegetation
cover on sand fixation in eastern and western regions.

The carbon storage of terrestrial ecosystems is mainly
distributed in vegetation and soil carbon pool, and the correlation
between carbon storage and fractional vegetation cover is the
strongest. There is a negative correlation between carbon storage
and slope. When the slope is gentle, the soil erosion intensity
is small, the conversion rate of microorganism to soil organic
matter is low, and the soil carbon loss is low, conducive to carbon
storage and fixation (Olson et al., 2012). Habitat quality is mainly
affected by vegetation coverage, however, He et al. (2017) showed
that habitat quality is mainly affected by land use types given
that extensive construction land will occupy biological habitat. An
important breakthrough required to improve the habitat quality in
Xinjiang is to strategically determine the scope of construction land
expansion from the perspective of land use, increase development
of unused land, and reduce damage to forest land, grassland,
and other natural landscapes (Deng et al., 2021). The study
shows that the correlation between social factors and ecosystem
services is weak, and there is spatial heterogeneity in direction and
intensity, consistent with previous research results (Bennett et al.,
2009; Guo et al., 2021). However, Zhang et al. (2020) showed a
strong interaction between ecosystem services and human activities
in Xinjiang, mainly due to differences in calculation methods
and human activity indicators. In this study, the MGWR model
was used to distinguish the spatial relationship strength between
ecosystem services and driving factors, and the key factors affecting
ecosystem services were identified from the perspective of spatial
non–stationary, but the interaction between several variables could
not be investigated.

This study reveals the impact of driving factors on
ecosystem services in space, which is crucial to ecosystem
service management. On this basis, three suggestions were put
forward to improve the management of ecosystem services in

TABLE 3 Comparison of OLS, GWR, and MGWR model parameters.

Ecosystem services AICc Adjusted R2 Moran’s I p

AICcO AICcG AICcM RO
2 RG

2 RM
2

Carbon storage 192.647 194.985 183.599 0.680 0.679 0.730 0.430 0

Habitat quality 157.079 159.684 155.658 0.771 0.774 0.790 0.454 0

Sand fixation 270.976 228.461 182.647 0.330 0.656 0.771 0.725 0

Water yield −17.932 −36.002 −73.216 0.956 0.968 0.978 0.833 0

TABLE 4 Mean of regression coefficient of ecosystem services and drivers in the MGWR model.

Mean value
of correlation
coefficient

Digital elevation
model

Slope Fractional
vegetation

cover

Precipitation Temperature Percentage of
urban area

Population
density

Carbon storage 0.275 −0.324 0.737 0.280 −0.019 0.259 −0.188

Habitat quality 0.080 0.137 0.440 0.271 −0.206 −0.335 0.073

Sand fixation 0.109 −0.178 −0.153 0.167 −0.032 −0.251 0.285

Water yield −0.639 −0.064 −0.139 0.695 −0.730 0.026 −0.002
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FIGURE 6

Expression of spatial heterogeneity of drivers. (A–D) CS–SL, CS–FVC, CS–PRE, and CS–PU. (E–G) HQ–FVC, HQ–PRE, and HQ–PU. (H–K) SF–FVC,
SF–PRE, SF–PD, and SF–PU. (L–O) WY–DEM, WY–FVC, WY–PRE, and WY–TEM. (CS, carbon storage; HQ, habitat quality; SF, sand fixation; WY, water
yield; DEM, digital elevation model; SL, slope; FVC, fractional vegetation cover; PRE, precipitation; TEM, temperature; PU, percentage of urban area;
PD, population density).

Xinjiang. This study has shown that among the ecological factors,
temperature had the largest negative correlation with ecosystem
services (Figures 5, 6). This indicated that policymakers should
attempt to reduce temperature to improve ecosystem services.
Crops can reflect sunlight to reduce temperature. According
to the differences in climate, landform, and other conditions
of counties, selecting suitable crops can effectively reduce the
surface temperature (Ridgwell et al., 2009). Second, water is
the lifeline of sustainable development in Xinjiang. The main
potential of water–saving in Xinjiang lies in agriculture. On the
one hand, we should strengthen the construction of farmland
and water conservancy infrastructure, and on the other hand,
we should implement sustainable farmland to restore rivers and
lakes to reduce habitat fragmentation caused by human activities

(Wang et al., 2017). Third, ecosystem service hotspots should be
reserved to avoid being damaged. In this study, the hotspots of
ecosystem services mainly appear in areas with high vegetation
coverage, while the coldspots appear in areas with high unused
land (Figure 6). Based on this, we suggest that the afforestation
plan should be appropriately implemented in the coldspot area in
combination with local conditions. However, farmers often destroy
forests to increase their income. Appropriate commercial plants
can be introduced into mixed agriculture to protect biodiversity
and farmers’ livelihoods (Njurumana et al., 2021).

This study focused on the spatial distribution, hotspots, and
driving factors of ecosystem services, which can provide a reference
for ecosystem management in Xinjiang. However, there were still
some limitations in this study. Our method only captured the
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relationship between ecosystem services and their social drivers
in 2020. However, the study lacked provision for long–term
monitoring and assessment of changes in ecosystem services.
Future research should focus on the “over time” approach. In
addition, we only focused on four typical ecosystem services in
Xinjiang, excluding other supply services such as food and cultural
services such as tourism. There are many scenic spots in Xinjiang.
The spatial area of cultivated land and grassland is relatively large,
and the self–sufficiency rate for grain, oil, meat, eggs, and milk
is relatively high. Therefore, the comprehensive assessment of
ecosystem services should be the focus of future research (Castillo-
Eguskitza et al., 2018). To date, most studies on the impact of
ecosystem services have only focused on a single factor while
excluding the impact of the effects on ecosystem services. However,
the response of ecosystem services to climate factors is not a
simple, isolated, linear response, but rather an in–depth response
to multiple climate factors, vegetation conditions, and other
conditions (Xue et al., 2023). Therefore, it is necessary to strengthen
research on the compounding mechanisms of ecological and social
factors on ecosystem services. Regional differences and the main
driving factors should be considered when formulating policies.

5. Conclusion

Based on the InVEST and RWEQ models, this study evaluated
ecosystem service hotspots and determined the priority for their
protection by exploring the spatial distribution of carbon storage,
habitat quality, water yield and sand fixation in Xinjiang. RDA
and MGWR models analyzed the driving factors of ecosystem
services and their spatial differentiation by integrating climate,
vegetation, terrain, and social factors. The results showed that the
ecosystem services (carbon storage, habitat quality, sand fixation
and water yield) showed spatial heterogeneity at the county level.
The high–value areas of ecosystem services were consistent with
the hotspots, mainly distributed in the north of Xinjiang, e.g., Ili
Kazak Autonomous Prefecture, Bortala Mongolian Autonomous
Prefecture, Tacheng Prefecture and Altay Prefecture. The types,
intensities, and directions of ecosystem services drivers were
significantly different at counties scale. There was a stronger
correlation between carbon storage, habitat quality and fractional
vegetation cover in the southern regions. Water yield was affected
by many drivers, and is more closely related to fractional
vegetation cover in southern Xinjiang. This study contributes to
determining the local characteristics that affect ecosystem services
and formulating effective ecosystem management policies for
different regions, intending to provide a reference for sustainable
development and ecological security of ecosystems in Xinjiang.
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