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Abstract: Land-use and climate changes can exert significant influences on ecosystem services value
(ESV). However, interactions of these drivers in shaping the ESV remain unclear in arid inland
regions. In this study, dynamic changes in ESV from 1980 to 2050 in the Hexi Regions were evaluated
by integrating land-use change and other environmental factors using the equivalent factor method,
local spatial autocorrelation analysis, and a geographical detector. Our results showed that the spatial
distribution of ESV increased in the northwest to southeast regions of the study area. The area-
weighted mean ESV of the Qilian Mountains (i.e., mountainous regions) was about 10.27–11.97-fold
higher than that of the Hexi Corridor (i.e., plain regions) during the study period. As for the ecological
protection (EP) scenario, from 2020 to 2050, the total ESV increase was estimated to be larger than
that under the natural development (ND) and rapid urbanization (RU) scenarios. Particularly,
under the EP scenario, by 2050, the enhancement of ESV in the Qilian Mountains mainly resulted
from the expansion of forests, shrubs, grasslands, and water. The geographical detector indicated
that LUCC was the dominant driver of the spatial heterogeneity of ESV, followed by climate and
vegetation. Specifically, LUCC explained 35.39% and 80.06% of the total variation in the ESV for
the Hexi Corridor and the Qilian Mountains, respectively. Natural drivers, such as temperature,
precipitation, evapotranspiration, and soil organic carbon, were assumed to exert larger impacts
on ESV in the mountainous regions than in the corridor. By contrast, anthropogenic factors played
more significant roles in altering the ESV patterns for the corridor. Our research highlighted the
importance of ecological protection in improving ESV in the future and emphasized that the difference
in driving factors of ESV between mountainous and plain regions should be considered in terms of
the ecosystem management for the inland regions of northwestern China.

Keywords: LUCC simulation; ecosystem services values; spatiotemporal dynamics; driving factors

1. Introduction

Ecosystem services are the potential benefits that human obtained from both natural
and artificial ecosystems [1], mainly consisting of provisioning, regulating, supporting
and cultural services [2], which affect human well-being (e.g., basic material, health, se-
curity, freedom of choice, and action) [3]. The ecosystem services value (ESV) was used
to quantify the economic value of ecosystem services and functions using economic anal-
ysis with monetary values [4,5], which can mitigate the growing scarcity of ecosystem
services, ensuring effective ecosystem management and scientific decision making [5,6].
For example, phytoplankton, an ecosystem engineer, has greatly promoted biogeochemical
cycles and nutrient cycling in aquatic and terrestrial ecosystems, providing fundamental
services (e.g., oxygen production, nutrient cycling, food, fuels, and drugs) for life to create
direct and indirect economic value [7]. Over the past decades, research has shown that the
functions and values of ecosystem services have degraded due to climatic and land-use
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changes [8–10]. Recently, the land use and land cover change (LUCC) has been more
frequent on the global and regional scales [11,12], and these land conversions may lead to
land degradation (e.g., soil erosion, salinization, desertification) [13], biodiversity decline,
and the loss of ecosystem services [14,15], which in turn affects food and ecological security.
Most studies have suggested that the land-use changes may exert negative impacts on the
ESV associated with inappropriate human exploitation [16] and the complex interactions
between human and natural drivers of the ESV, rendering the previous studies insuffi-
cient for predicting and addressing future problems. In order to further reduce ecological
risk, maintain the essential ecosystem functions, and achieve sustainable development
goals, we should explicitly explore the potential relationships between the ESV and envi-
ronmental controls, determining the interactive mechanisms of multiple controls under
multi-scenario simulations.

The estimation of ESV will enable us to better measure natural capital, making nature’s
values visible; thus, the importance of protecting the ecological environment in terms of
sustainable resource utilization and biodiversity conservation protection will be more signif-
icant for the public and policy-makers [8,17]. At present, there have been numerous studies
assessing the ESV; common methods include the ecological model method [18,19] and
the equivalent factor method [20,21]. Ecological models such as the Multiscale Integrated
Model of Ecosystem Services (MIMES) [22] and the Integrated Valuation of Ecosystem
Services and Tradeoffs (InVEST) model [23], were applied to calculated ecosystem functions
and the ESV based on spatially explicit gridded data. Compared with ecological models,
the equivalent factor method was widely used to assess the comprehensive ESV on the
regional or global scale by assigning monetary values to different land-use types [16,24].

However, previous research focused more on the evaluation of the historic ESV and its
driving factors. Due to the uncertainties and complexities of climate change, less attention
was paid to the future ESV estimation according to different climate and land-use change
scenarios. The commonly used methods to simulate land-used changes and the ESV include
the Markov chain [25], cellular automata (CA), CA-Markov chains [26], the conversion of
land use and its effects (CLUE-S) model [27], geographical simulation and optimization
system (GeoSOS) [28], the future land use simulation (FLUS) model [29], artificial neural
networks, mixed-cell CA models [30], and the patch-generating land use simulation (PLUS)
model [31]. Compared to other models, the PLUS model could efficiently simulate the spa-
tiotemporal dynamics of different land-use category conversions based on the combination
of CA models and land expansion analysis [32]. In addition, interactions among ecosystem
services due to policy interference and environmental changes may cause a change in
one service that alters another, including trade-offs in a competitive relationships, and the
fact that synergies can refer to an increase or decrease simultaneously [33]. For example,
the Grain to Green Program (GTGP) has enhanced the synergistic relationships among
soil conservation, habitat quality, and carbon sequestration over the head regions of the
Yangtze River, increasing trade-offs between these services and food production and water
yield [34]. Correlation analysis, spatial autocorrelation, and scenario analysis have been
common methods used for evaluating the relationships among ecosystem services [35,36].

The Hexi Regions, as typical arid inland regions, consist of mountain-oasis-desert
landscapes [37], which are vulnerable to climate change and human disturbances [38]. Over
the past decades, climate change and inappropriate activities have resulted in numerous
environmental issues in the Hexi Regions, such as the shrinkage of glaciers, coal mining and
hydropower station expansion, grassland degradation, and desertification [39,40], which
have raised more concerns from governments, scholars, and the public. Currently, most
studies focus on the changes and drivers of historical ecosystem services and ESV on a
local scale [41], such as administrative boundaries or small basins, to some extent, ignoring
ecosystem integrity across all the Hexi Regions. Meanwhile, there are relatively few studies
regarding the effects of interaction among drivers of ESV. A comprehensive analysis of the
ESV and its environmental controls over the past and in the future is needed to ensure
effective management of ecosystem services and scientific decision making for inland
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regions. Therefore, this study aims to: (1) quantify the patterns of ESV based on multiple
land-use change scenarios and the equivalent factor method, (2) to identify trade-offs and
synergies among ecosystem services based on ESV, and (3) to determine the main drivers
of ESV using the geographical detector.

2. Materials and Methods
2.1. Study Area

The Hexi Regions are located in northwestern China, consisting of the Qilian Moun-
tains (i.e., mountainous regions, 2000–5838 m a.s.l) and the Hexi Corridor (i.e., plain regions,
altitude 660–2000 m a.s.l), covering an area of 3.80 × 105 km2 (Figure 1). The Hexi Corridor,
characterized by lower elevation and flat terrain, is a series of oases with concentrated
populations and well-developed irrigated agriculture in the Hexi Regions [42]. The mod-
ern glaciers in the Qilian Mountains supply large amounts of fresh water to the Hexi
Corridor [43], assuring the developments of oases. The mean annual temperature and
precipitation range from−12 to 12 ◦C and 50 to 700 mm, respectively [44]. The precipitation
is mostly concentrated in the mountains, and decreases significantly from the east to west
of the study area. The landscapes exhibit significant vertical zonality, with vegetation
types varying from alpine desert, alpine and subalpine grassland, shrubland, forest, steppe,
desert steppe, to Gobi desert [45]. In addition, due to the arid climate, the dominant land
cover types are bare lands, low-cover grasslands, and sandy lands (Figure 2). Moreover, the
forests, shrublands, and grasslands (including high-, medium- and low-cover grasslands)
are mainly distributed in the east Qilian Mountains, and cropland is primarily located in
the valleys of mountains and the oases of the Hexi Corridor.
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2.2. Data Sources

We used land use and land cover change (LUCC), topography, climate, soil, vegetation,
and socio-economic data (e.g., county points, population, and roads) for further analysis
(Table 1). The LUCC datasets for 1980–2020, at 10-year intervals, were used, including
those for 1980, 1990, 2000, 2010, and 2020. To obtain higher accuracy, the gridded dataset
was spatially downscaled from the 0.5◦ population and the GDP dataset with 1 km and the
RESDC dataset using delta spatial downscaling [46]. Additionally, grain datasets including
the price, yield, and area of potatoes, canola, wheat, and corn were derived from the
National Compendium of Agricultural Product Cost and Benefit Information (1985–2020)
and the National Bureau of Statistics in China (http://www.stats.gov.cn/ (accessed on
20 July 2022).

Table 1. The environment variables used for exploring the drivers of ESV.

Type Variables (Resolution) Source

LUCC 1980–2020 LUCC datasets
(1 km)

The Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences
(RESDC) (http://www.resdc.cn (accessed on 10 March 2022)).

Topography
Elevation (30 m) Geospatial Data Cloud (http://www.gscloud.cn (accessed on 23 June 2021)).

The slope and surface roughness were obtained from the elevation data.Surface roughness (30 m)
Slope (30 m)

Climate

1980–2020 Potential
evapotranspiration (1 km)

Potential evapotranspiration (1980–2020) was calculated by the Penman–Monteith equation with
meteorological data from the China Meteorological Data Service Center (CMDC)
(http://data.cma.cn/ (accessed on 23 June 2021)) [47].

1901–2100 Temperature
dataset (1 km) 1 km monthly temperature and precipitation dataset for China from 1901–2100 [46,48,49]

(http://data.tpdc.ac.cn (accessed on 10 May 2022)).1901–2100 Precipitation
dataset (1 km)

Vegetation 2000–2020 NPP (500 m) The U.S. Geological Survey (USGS) and the National Aeronautics and Space Administration
(NASA) (https://lpdaac.usgs.gov/ (accessed on 20 July 2022)).

http://www.stats.gov.cn/
http://www.resdc.cn
http://www.gscloud.cn
http://data.cma.cn/
http://data.tpdc.ac.cn
https://lpdaac.usgs.gov/
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Table 1. Cont.

Type Variables (Resolution) Source

1986–2020 NDVI (30 m) National Tibetan Plateau Data Center (http://data.tpdc.ac.cn (accessed on 23 June 2021)). The
fractional vegetation coverage was calculated using the NDVI dataset.

Soil 2018 Soil organic carbon
density (30 m)

National Cryosphere Desert Data Center [50] (http://www.ncdc.ac.cn (accessed on
30 September 2021)).

Traffic network 2015 Road density
(1:1 million) National Basic Geographic Database (https://mulu.tianditu.gov.cn/ (accessed on 25 June 2021)).

County points
data

2015 Distance to
settlement (1:1 million)

Population 1990–2100 Population
(POP)

The GDP and POP gridded dataset at 1 km and 0.5◦ resolution were acquired from the Resources
and Environment Science Data Center of the Chinese Academy of Sciences (RESDC)
(http://www.resdc.cn/ (accessed on 25 June 2021)) and Science Data Bank [51]
(http://cstr.cn/31253.11.sciencedb.01683 (accessed on 15 May 2022)), respectively.

Economy 1990–2100 Gross
Domestic Product (GDP)

2.3. Methods
2.3.1. Estimation of the ESV

This study used the method of equivalent value factor per unit area to evaluate the
ESV. The method was modified and developed by Chinese scholars based on a literature
survey, expert knowledge, and multi-source data [52], which was suitable for the evaluation
of ESV in China [26]. The ESV of the Hexi Regions is calculated using the formula:

ESV = ∑n

i=1
Ai ×VCi (1)

VCi = ∑k

j=1
ECj × Ea (2)

where ESV is the total of ecosystem services value (CNY); i is the type of land use; j is
the type of ecosystem services; Ai is the area of land use type i (hm2); VCi is the per unit
area of ESV in the land use type i (CNY·hm−2·yr−1); ECj is the value equivalent of ESV
of ecosystem service j for the land use i; and Ea is the economic value of 1 unit of ESV
(CNY·hm−2·yr−1). In order to more accurately obtain Ea in the Hexi Regions, combined
with the field situation, we mainly consider four grains (i.e., wheat, corn, potatoes, and
canola) [26]:

Ea =
1
7∑

s

w=1
mw pwqw

M
(3)

where Ea is the economic value of 1 unit of ESV; w is the type of food; mw is the average
price of the w grain; pw is the yield of w food; qw is the planting area of the w food; and
M is the total planted area of the food. The multi-year price of the four grains was used
for calibration, and the results showed that the economic value of unit ESV in the Hexi
Regions was 1367.30 CNY·hm−2·yr−1.

2.3.2. Land Use Simulation

We employed the PLUS model to simulate LUCC by combining the land expansion
analysis strategy and a CA model on the basis of multitype random seeds [32]. The models
extracted the various types of land use expansion between two periods of LUCC and
detected the drivers of LUCC using the random forest algorithms, generating the growth
probability Pd

c,k of land-use type k at cell c [32]:

Pd
c,k(x) = ∑M

n=1 I(hn(x) = d)
M

(4)

where Pd
c,k indicates the growth probability of land-use type k in cell c, the d value is either

0 or 1; x is a vector of multiple drivers; I(·) refer to the indicative function for the decision
tree set, hn(x) represents the prediction type of the n–th decision tree for vector x, and M
represents number of decision trees.

http://data.tpdc.ac.cn
http://www.ncdc.ac.cn
https://mulu.tianditu.gov.cn/
http://www.resdc.cn/
http://cstr.cn/31253.11.sciencedb.01683
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The CA model calculated the overall probability according to the following for-
mula [32]:

OPd=1,t
c,k =

{
Pd=1

c,k × (r× µk)× Dt
k i f Ωt

c,k = 0 and r < Pd=1
c,k

Pd=1
c,k ×Ωt

c,k × Dt
k all others

(5)

where OPd=1,t
c,k represents the overall probability of the land-use type k; Pd=1

c,k represents
the growth probability of land-use type k at cell c; Dt

k represents the impact of the future
demand for land-use type k; Ωt

c,k is the neighborhood effects of cell c; r is a random value
from 0 to 1; µk indicates the threshold for generating new land use patches of land use type
k. More details regarding the PLUS software are available at https://github.com/HPSCIL/
Patch-generating_Land_Use_Simulation_Model (accessed on 15 August 2021).

To analyze and detect the ESV changes under different future scenarios of LUCC, we
developed three potential LUCC scenarios, namely natural development (ND), ecological
protection (EP), and rapid urbanization (RU). The ND scenario was developed based on the
historical trend of LUCC, and the EP scenario emphasized the protection of ecological land
(e.g., the forest, grassland, and water) and the restriction of construction land expanded to
ensure sustainable development. The RU scenario prioritized economic development with
the intense use of fossil fuels, leading to the expansion of construction land.

The future projections of temperature, precipitation, population, and GDP were em-
ployed to simulate the LUCC trend [44]. The four factors were derived from the latest
Coupled Model Intercomparison Project Phase 6 (CMIP6) model, which coupled shared
socioeconomic pathways (SSPs) and representative concentration pathways (RCPs) [53].
Different scenarios corresponded to different factor combinations; the corresponding tem-
perature, precipitation, population, and GDP data for EP, ND, and RU scenarios are SSP1
and RCP2.6 (SSP1-2.6), SSP2 and RCP4.5 (SSP2-4.5), and SSP5 and RCP8.5 (SSP5-8.5),
respectively [54].

Additionally, the kappa coefficient was used to test the performance of the PLUS
model. A credible model was assumed to act with a kappa coefficient larger than 0.80 [44].
Relevant drivers involved in LUCC simulations can be found in our previous research
results [44]. Based on the LUCC data and driving factors from 2000 to 2010, we simulated
and predicted the LUCC in 2020. Compared with the actual LUCC in 2020, we found that
the kappa coefficient was greater than 0.87, indicating that PLUS can be used to simulate
LUCC in this study area. On this basis, we used the PLUS model to simulated the dynamics
of LUCC in 2050 based on land use data from 1990 to 2020. The spatial distribution of
LUCC during the study period is shown in Figure S1 in the Supplementary Materials, and
land use and land transfer are shown in Figures S2 and S3 in the Supplementary Materials.

2.3.3. Trade-Offs and Synergies Analysis Method

We applied the Pearson correlation analysis coefficient to explore the synergistic
and trade-off relationships between ecosystem services based on the ESV; positive and
negative correlations implied synergistic and trade-off relationships between paired ESV,
respectively, and the p value detected significant differences between paired ESV; ** means
significance at the p < 0.01 level [55].

The local indicators of spatial association (LISA), a type of local spatial autocorrelation
analysis, was also known as the Local Moran’s I [56], including univariate and bivariate
Local Moran’s I. Bivariate Local Moran’s I was a particularly effective tool for exploring
and modeling spatial patterns of different geographical elements [57,58]. More specifically,
the bivariate Local Moran’s I analysis generated four different types of spatial clusters;
high-high and low-low clusters indicated synergistic relationships between paired ESV;
high-low and low-high clusters indicated trade-off relationships between paired ESV, and
the above four clusters were significant at p = 0.05; non-significance implied that no obvious
trade-off or synergistic relationships existed [37]. In order to reveal the heterogeneity of
trade-off and synergistic relationships among ecosystem services based on the ESV in

https://github.com/HPSCIL/Patch-generating_Land_Use_Simulation_Model
https://github.com/HPSCIL/Patch-generating_Land_Use_Simulation_Model
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the Hexi Regions, we employed this method-based GeoDA software (http://geodacenter.
github.io/download.html (accessed on 20 July 2022)).

2.3.4. Geographical Detector Analysis

The geographical detector was utilized to measure the spatial stratified heterogeneity
(SSH) among variables [59], and to detect the explanatory power of each control (explana-
tory variables x) accountable for the dependent variable Y in the heterogeneity based on
consistency between their spatial distributions [60], as well as to investigate the interaction
between two explanatory variables with a dependent variable, including the strength, direc-
tion, and linearity or nonlinearity. The geo-detector was not affected by a linear hypothesis
compared to the traditional linear model and possessed a definite physical meaning [60,61].
In this study, the ESV was used as the dependent variable, and environmental factors were
used as the independent variables. In order to identify the factors that have a decisive
impact on the ESV and to reveal whether these factors interact with each other or indepen-
dently contribute to the ESV in the Hexi Regions, we employed the factor detector and
interaction detector to evaluate the impact of each driving factor (xi) on the ESV on the
basis of the q-statistic value; the formula is as follows [60]:

q(xi) = 1− ∑L
h=1 Nhσ2

h
Nσ2 = 1− SSW

SST
(6)

SSW = ∑L

h=1
Nhσ2

h , SST = Nσ2 (7)

where q(xi) is q-statistic value, indicating the explanatory power of environmental factors(xi)
on the ESV in the study area, with a value between 0 and 1, and the larger q(xi) indicates
the stronger effect of xi on the ESV; h (1, . . . , L) is the number of strata of a driving factor x;
N is the total number of units of the ESV; σ2 is the variance of the ESV; Nh represents the
number of units in strata h; σ2

h is the variance of the ESV in strata h; SSW and SST refer to
the within sum of squares and the total sum of squares, respectively.

The q-statistic value was generally used to detect spatial stratified heterogeneity and to
determine the interactive relationships among environmental controls [60]. The interaction
detector reveals the interactive influence between different factors on the dependent vari-
able [62], that is to say, the interactive effects of factors xi and xk may weaken, enhance, or
independently affect the ESV. The q(xi) and q(xk) of driving factor xi and xk were obtained
from the above factor detector. The symbol ‘∩’ denotes the intersection between factors
xi and xk [59]. The q-statistic value for the interaction between two factors on the ESV
is written as (q (xi ∩xk)). Specific categories of interactions are given in Table S1 in the
Supplementary Materials. The geodetector method was performed using the Geodetector
package (https://cran.r-project.org/web/packages/geodetector/index.html (accessed on
20 May 2022) in R (v.4.2.1) software.

Additionally, it is worth noting that the problem of multicollinearity between factors
may weaken the accuracy of the model predictions. Therefore, before using geographical
detector analysis, it is crucial to analyze the multicollinearity of factors on the ESV. In
many studies, the tolerance and variance inflation factor (VIF) have been commonly used
methods for detecting multicollinearity. When tolerance was less than 0.1 or VIF greater
than 10, it indicated severe multicollinearity and given some cause for concern [63,64].
Furthermore, the high VIF meant a significant multicollinearity between factors [65]. In this
study, multicollinearity analysis was performed on the dominant factors (Table S2). The
tolerance values of all factors were greater than 0.1, and the values of VIF were less than 10,
indicating that all the factors are free from serious multicollinearity problems. However,
the VIF value of FVC was less than 10, but very close to 10, so we deleted this factor.

http://geodacenter.github.io/download.html
http://geodacenter.github.io/download.html
https://cran.r-project.org/web/packages/geodetector/index.html
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3. Results
3.1. The Spatiotemporal Changes of the ESV

The patterns of the ESV presented an overall increasing trend from the northwest to the
southeast portions of the study area (Figure 3). The Qilian Mountains were characterized
by high the ESV, which were consistent with high vegetation cover and plenty of rainfall.
The low-value areas of the ESV were mainly located in the Hexi Corridor, with strong
evaporation, scarce water resources, and sparse vegetation. For example, in 2020, the
ecosystem services value of the Qilian Mountains and the Hexi Corridor accounted for
92.29% and 7.71% of the entire study area (2667.72 × 108 CNY), respectively. In 2020 and
2050, the ESV was significantly higher than that in 1980 (Tables 2 and 3). Specifically, the
ESV increased by 562.96 × 108 CNY from 1980 to 2020 (Table 2), with the Qilian Mountains
and Hexi Corridor increasing by 536.95 × 108 CNY and 26.01 × 108 CNY, respectively.
Additionally, the total ESV will increase by 91.57 × 108 CNY from 2020 to 2050 under the
EP scenario, which is higher than that in the ND and RU scenarios. From 1980 to 2020, the
increasing areas of ESV changes occurred in the oases and the east Qilian Mountains.
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Tables 2 and 3 show that the four sub-categories of ESV contributed diversely to the
total ESV in the Hexi Regions. With an increasing trend in fluctuation from 1980 to 2020, the
value of regulating services reached 1934.74× 108 CNY in 2020, which accounted for 72.52%
of the total ESV. The supporting services and provisioning services accounted for 15.60%
and 8.49% of the total ESV in 2020, respectively. The ESV of the cultural service was minimal,
accounting for only 3.38% of the total ESV. Climate regulation, hydrological regulation,
soil conservation, and biodiversity were the four predominant ecosystem services in the
Hexi Regions (Tables 2 and 3). In 2020, hydrological regulation and climate regulation
accounted for 46.87 and 14.23% of the total ESV, respectively. The value of the other
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ecosystem services was less than 10% of the total ESV, especially the values for food supply,
raw material supply, and maintaining nutrient cycling. Over the past 40 years, water,
high-cover grasslands, shrublands, forests, medium-cover grasslands, and swamplands
in the Hexi Regions have contributed more than 80% to the ESV, and these areas continue
to grow (Figure 4), increasing by approximately 259.03 × 108 CNY, 89.02 × 108 CNY,
42.78 × 108 CNY, 34.89 × 108 CNY, 33.20 × 108 CNY, and 45.56 ×108 CNY, respectively.
As of 2020, the ESV changes in cropland in the Hexi Corridor under the EP scenario was
much greater than that in the mountainous regions.

Table 2. The ESV in the Hexi Regions from 1980 to 2020 (Unit:108 CNY).

Ecosystem Services 1980 2020 Changes (1980–2020)

Primary
Types Secondary Types HX QM Total HX QM Total HX QM Total

Provisioning
Services

Food supply 11.42 32.60 44.02 14.27 39.44 53.71 2.85 6.84 9.69
Raw material supply 6.84 36.56 43.40 8.29 44.17 52.46 1.44 7.61 9.05
Water supply 6.17 88.28 94.45 7.01 113.44 120.45 0.83 25.16 26.00
Subtotal 24.44 157.44 181.87 29.56 197.05 226.62 5.13 39.62 44.74

Regulating
Services

Gas regulation 14.90 115.20 130.09 17.63 139.59 157.22 2.73 24.39 27.12
Climate regulation 22.52 292.35 314.88 25.28 354.46 379.74 2.76 62.10 64.86
Environment
purification 9.33 111.77 121.09 10.27 137.07 147.34 0.94 25.30 26.25

Hydrological regulation 75.27 871.75 947.01 85.62 1164.82 1250.44 10.35 293.07 303.42
Subtotal 122.02 1391.06 1513.08 138.80 1795.93 1934.74 16.79 404.87 421.66

Supporting
Services

Soil conservation 15.04 154.04 169.08 17.10 197.48 214.58 2.06 43.44 45.50
Maintaining nutrient
cycling 2.07 11.71 13.78 2.51 14.16 16.67 0.44 2.45 2.89

Biodiversity 10.80 141.80 152.61 11.89 173.00 184.89 1.09 31.19 32.28
Subtotal 27.91 307.56 335.47 31.50 384.64 416.14 3.59 77.08 80.67

Cultural
services Aesthetic landscape 5.24 69.09 74.33 5.75 84.47 90.23 0.51 15.38 15.89

Total 179.61 1925.15 2104.76 205.62 2462.10 2667.72 26.01 536.95 562.96

Note: HX, Hexi Corridor; QM, Qilian Mountains.

Table 3. The ESV in the Hexi Regions under different scenarios in 2050 (Unit: 108 CNY).

Ecosystem Services 2050 ND 2050 EP 2050 RU Changes (2020–2050)

Primary Type Secondary Types HX QM Total HX QM Total HX QM Total NG EP UD

Provisioning
Services

FS 16.53 37.75 54.28 17.82 39.37 57.19 15.43 35.64 51.07 0.56 3.48 −2.64
RMS 9.34 43.24 52.58 10.11 45.21 55.32 8.71 40.40 49.11 0.12 2.86 −3.35
WS 6.93 110.13 117.06 8.66 114.54 123.20 6.53 102.87 109.40 −3.38 2.76 −11.05
Subtotal 32.81 191.12 223.92 36.59 199.12 235.71 30.68 178.91 209.58 −2.70 9.09 −17.04

Regulating
Services

GR 19.26 137.87 157.12 20.92 143.93 164.86 17.89 128.51 146.39 −0.09 7.64 −10.82
CR 25.61 352.07 377.67 28.17 368.41 396.57 23.53 327.03 350.56 −2.07 16.83 −29.19
EP 10.53 136.03 146.57 11.84 141.54 153.39 9.84 126.64 136.48 −0.77 6.04 −10.86
HR 84.98 1123.39 1208.37 106.39 1181.50 1287.89 80.13 1040.21 1120.34 −42.07 37.45 −130.10
Subtotal 140.38 1749.35 1889.73 167.33 1835.38 2002.70 131.38 1622.38 1753.76 −45.00 67.97 −180.98

Supporting
Services

SC 17.07 189.63 206.70 18.16 200.51 218.67 16.33 172.91 189.24 −7.88 4.08 −25.34
MNC 2.81 13.89 16.70 3.04 14.51 17.55 2.62 12.98 15.60 0.03 0.88 −1.07
BIO 12.03 171.78 183.80 13.26 178.23 191.48 11.13 159.65 170.78 −1.09 6.59 −14.12
Subtotal 31.91 375.30 407.21 34.46 393.24 427.70 30.07 345.54 375.61 −8.94 11.56 −40.53

Cultural
services AL 5.82 83.81 89.63 6.43 86.75 93.18 5.39 77.93 83.33 −0.60 2.96 −6.90

Total 210.91 2399.58 2610.49 244.81 2514.48 2759.29 197.52 2224.76 2422.28 −57.23 91.57 −245.45

Note: HX, Hexi Corridor; QM, Qilian Mountains; ND: natural development scenario; EP: ecological protection
scenario; UR: rapid urbanization scenario. FS, food supply; RMS, raw material supply; WS, water supply;
GR, gas regulation; CR, climate regulation; EP, environment purification; HR, hydrological regulation; SC, soil
conservation; MNC, maintaining nutrient cycling; BIO, biodiversity; AL, aesthetic landscape.
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3.2. Trade-Offs and Synergies among Ecosystem Services Based on ESV

To reveal the steady trade-offs and synergies between ecosystem services based on
the ESV, the positive and negative correlation was performed using four ecosystem ser-
vices from 1980 to 2050. The results showed that all four ecosystem services in the Hexi
Corridor had significant synergistic relationships with each other during the study periods
(Figure 5a,c), and cultural services exhibits a strong synergistic relationship with support-
ing services, and provisioning services are positively correlated with regulating services;
the interaction among these ecosystem services was obvious because of the high correlation
coefficient, i.e., there were strong synergies between ecosystem services. In the Qilian
Mountains, the relationships between ecosystem services were also dominated by strong
synergistic relationships (Figure 5b,d). Among these, there were strong synergistic rela-
tionships between cultural, provisioning, regulating, and supporting services, which were
similar to those of the Hexi Corridor. Moreover, provisioning services also had a stronger
synergistic relationship with regulating services than that noted in the mountains. The
synergistic relationship of cultural services and regulating services in the Qilian Mountains
was slightly less than that of Hexi Corridor. In addition, there were slightly weak synergies
between supporting services, provisioning services, and regulating services, compared to
those in the Hexi Corridor. In short, from the past to the future, the correlation coefficient
between ecosystem services fluctuated slightly in the Hexi Regions, but was generally
stable and characterized by synergistic relationships.



Sustainability 2022, 14, 14164 11 of 21Sustainability 2022, 14, x FOR PEER REVIEW 11 of 21 
 

 

Figure 5. Pearson correlations between pairs of ecosystem services based on ESV in the Hexi Re-

gions, China, from 1980 to 2050. Note: PS: provisioning services; RS: regulating services; SS: sup-

porting services; CS: cultural services. The blue and red colors indicate positive and negative corre-

lations, respectively. Meanwhile, the number is the Pearson correlation coefficient. ** represents that 

the correlations are significant at the 0.01 level. 

As shown in Figure 6, spatially, the relationships of four ecosystem services based on 

ESV in the study periods were mainly dominated by synergistic relationships between the 

high-high cluster and the low-low cluster in the Hexi Regions, with significant spatial het-

erogeneity. Furthermore, the synergistic relationship between the high-high cluster and 

ecosystem services (i.e., provisioning services with supporting services, cultural services) 

was largely concentrated in the southeast Qilian Mountains, an area with abundant water 

resources and high vegetation coverage. Therefore, provisioning services and cultural ser-

vices benefited, to a certain extent, from regulating services and supporting services in 

this region. For instance, higher provisioning services were associated with higher sup-

porting services in the Qilian Mountains, approximately 26.86% of the whole study area 

during 1980 to 2020. Compared with the Qilian Mountains, the Hexi Corridor, experienc-

ing drought and water shortage, exhibited a low-low agglomeration of synergistic rela-

tionships among ecosystem services. For example, the distribution of lower regulating 

services was more consistent with lower supporting services in the low altitudes of arid 

regions, and this synergistic relationship of low-low aggregation accounted for approxi-

mately 35.50% of the Hexi Regions over the past 40 years. Additionally, the trade-off rela-

tionships among ecosystem services in the whole Hexi Regions were relatively weak (Fig-

ure 6). In the Qilian Mountains, the trade-offs were primarily distributed in the glacial 

region of the western mountains, with a high proportion of high-low trade-offs for provi-

sioning services and supporting services. In other words, abundant water sources, higher 

elevation, and lower vegetation coverage in this region have resulted in lower supporting 

services (i.e., soil conservation and biodiversity) in these areas. Compared with 2020, in 

2050, the relationships among ecosystem services in the entire study area generally de-

creased in synergies and increased in trade-offs. 

Figure 5. Pearson correlations between pairs of ecosystem services based on ESV in the Hexi Regions,
China, from 1980 to 2050. Note: PS: provisioning services; RS: regulating services; SS: supporting
services; CS: cultural services. The blue and red colors indicate positive and negative correlations,
respectively. Meanwhile, the number is the Pearson correlation coefficient. ** represents that the
correlations are significant at the 0.01 level.

As shown in Figure 6, spatially, the relationships of four ecosystem services based
on ESV in the study periods were mainly dominated by synergistic relationships between
the high-high cluster and the low-low cluster in the Hexi Regions, with significant spatial
heterogeneity. Furthermore, the synergistic relationship between the high-high cluster and
ecosystem services (i.e., provisioning services with supporting services, cultural services)
was largely concentrated in the southeast Qilian Mountains, an area with abundant water
resources and high vegetation coverage. Therefore, provisioning services and cultural
services benefited, to a certain extent, from regulating services and supporting services
in this region. For instance, higher provisioning services were associated with higher
supporting services in the Qilian Mountains, approximately 26.86% of the whole study area
during 1980 to 2020. Compared with the Qilian Mountains, the Hexi Corridor, experiencing
drought and water shortage, exhibited a low-low agglomeration of synergistic relationships
among ecosystem services. For example, the distribution of lower regulating services
was more consistent with lower supporting services in the low altitudes of arid regions,
and this synergistic relationship of low-low aggregation accounted for approximately
35.50% of the Hexi Regions over the past 40 years. Additionally, the trade-off relationships
among ecosystem services in the whole Hexi Regions were relatively weak (Figure 6). In
the Qilian Mountains, the trade-offs were primarily distributed in the glacial region of
the western mountains, with a high proportion of high-low trade-offs for provisioning
services and supporting services. In other words, abundant water sources, higher elevation,
and lower vegetation coverage in this region have resulted in lower supporting services
(i.e., soil conservation and biodiversity) in these areas. Compared with 2020, in 2050, the
relationships among ecosystem services in the entire study area generally decreased in
synergies and increased in trade-offs.
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3.3. Drivers of Ecosystem Services Value

We analyzed the role of each driver in altering the spatial heterogeneity of the ESV
(Table 4). The results suggested that the spatial heterogeneity of the ESV in the Hexi Regions
was affected by a combination of socioeconomic and natural factors. In the Hexi Corridor,
the q value of LUCC was 0.35, accounting for more than 35.39% of variation in the spatial
differentiation of the ESV over the last 40 years; the annual mean precipitation, NPP, and
potential evapotranspiration explained more than 5% of the spatial differentiation of the
ESV. Although the explanatory power of other factors was less than 5%, especially regarding
socioeconomic factors, they also played a crucial role in the ESV. Compared with the Hexi
Corridor, the LUCC with the highest q value (0.80) predominantly explained 80.06% of the
ESV in the Qilian Mountains from 1980 to 2020, followed by potential evapotranspiration
(15.28%), annual mean precipitation (14.27%), soil organic carbon density (11.99%), annual
average temperature (9.37%), elevation (6.57%), and NPP (5.54%). Furthermore, in the
mountains, human factors, such as GDP, population, road density, and distance to the
settlement, had a weaker explanatory influence on the ESV. This implies that LUCC, climate,
and vegetation were important for the ESV in the Qilian Mountains over the long term.
From 1980 to 2050, the q values of LUCC and GDP slightly increased in the Hexi Regions.
The q values of the annual mean precipitation, annual mean temperature, NPP, elevation,
etc., were lightly reduced in these regions. However, LUCC, climate and vegetation have
still been important factors affecting the ESV of the entire Hexi Regions over the study
periods, which provides a basis for the scientific assessment of the ESV.
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Table 4. The factors affecting the ESV in the Hexi Regions from 1980 to 2050.

Factors
1980-2020 2050

Hexi Corridor Qilian Mountains Hexi Corridor Qilian Mountains

q-Value p-Value q-Value p-Value q-Value p-Value q-Value p-Value

DEM 0.019 0.000 0.066 0.000 0.013 0.000 0.064 0.000
SUR 0.007 0.000 0.002 0.000 0.006 0.000 0.002 0.000
SLE 0.009 0.000 0.043 0.000 0.006 0.000 0.045 0.000
PRE 0.108 0.000 0.143 0.000 0.084 0.000 0.117 0.000
TMP 0.005 0.000 0.094 0.000 0.004 0.000 0.091 0.000
PET 0.072 0.000 0.153 0.000 0.059 0.000 0.155 0.000
NPP 0.085 0.000 0.055 0.000 0.076 0.000 0.053 0.000
LUC 0.354 0.000 0.801 0.000 0.557 0.000 0.835 0.000
SOC 0.046 0.000 0.120 0.000 0.034 0.000 0.123 0.000
GDP 0.024 0.000 0.001 0.000 0.038 0.000 0.019 0.000
POP 0.034 0.000 0.000 0.000 0.010 0.000 0.000 0.000
DTS 0.033 0.000 0.004 0.000 0.034 0.000 0.004 0.000
ROD 0.014 0.000 0.019 0.000 0.014 0.000 0.019 0.000

Note: The p values were all tested for 5% significance. DEM, elevation; SUR, surface roughness; SLE, slope; PRE,
annual mean precipitation; TMP, annual mean temperature; PET, potential evapotranspiration; NPP, net primary
productivity; LUC, land use and land cover change; SOC, soil organic carbon density; GDP, gross domestic
product; POP, population; DTS: distance to settlement; ROD, road density.

The interactive effects of environmental factors on the ESV from 1980 to 2050 are
shown in Figure 7. The explanatory power (q (xi ∩ xk)) of any two drivers over the ESV was
strengthened after their interaction effect, either bilaterally or nonlinearly, indicating that
the interaction can exert larger impacts on the ESV than each one on its own. Therefore, the
combined effects of these driving factors on the ESV were mutually promoting. Specifically,
the interactive effects of factors such as GDP, POP, distance to settlement, road density,
LUCC, and NPP on ESV in the Hexi Corridor have been mutually enhanced (Figure 7a,c),
but this enhancement was not strong. For example, the q values of LUCC and NPP were
0.35 and 0.08, respectively (Figure 7a), and the q value of their interaction reached 0.40
(Max(q(LUC), q(NPP)) < q(LUC∩NPP) < q(LUC) + q(NPP). The q values of LUCC and PET
were 0.35 and 0.07, respectively (Figure 7a), and the q value of their interaction reached 0.44.
Furthermore, among the pairs of natural factors, the dominant interactive power q value
was LUCC that interacted with elevation, slope, precipitation, temperature and potential
evapotranspiration in the Hexi Corridor. Their q values were 0.42, 0.38, 0.47, 0.42 and 0.44,
respectively. This indicated that that the interaction between climate and LUCC exerted
larger impacts on ESV than did the other socioeconomic factors.

Similar results were obtained in the Qilian Mountains. The dominant power of
the natural factors was stronger than that of the anthropogenic factors, suggesting that
natural factors significantly contributed to high ESV. However, the interactive effects of
environmental factors on ESV in the Qilian Mountains were mostly nonlinearly enhanced
with higher q value (the red number in Figure 7b,d), except that the effects of LUCC
and terrain, climate, vegetation, soil, and other factors were bilaterally enhanced. In
addition, the interaction of human activities and natural conditions exhibits enhanced
effects on ESV in mountainous areas. For instance, the q value of road density (ROD) was
0.02, and the q value of NPP was 0.06 over the past 40 years. The q value reached 0.12
(q(ROD∩NPP) > q(ROD) + q (NPP)) after their interaction. The q value of distance to
settlement (DTS) was 0.004, and the q value of potential evapotranspiration (PET) was 0.153
for the past 40 years. The q value reached 0.21 (q(DTS∩PET) > q(DTS)+q (PET)) after their
interaction. The interactive effects of LUCC and natural factors were stronger than those
for other natural factors during 1980 to 2050. For example, the interaction of LUCC and
precipitation can explain nearly 88% of the ESV. The dominant interaction effect on ESV
was LUCC interacting with population density, GDP, and the distance to the settlement,
with the higher q values of 0.80, 0.80, and 0.81, respectively. Furthermore, natural factors
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such as topography and climate tended to amplify the influence of human activities in
the mountains.
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0.004, and the q value of potential evapotranspiration (PET) was 0.153 for the past 40 years. 

The q value reached 0.21 (q(DTS∩PET) > q(DTS)+q (PET)) after their interaction. The inter-

active effects of LUCC and natural factors were stronger than those for other natural fac-

tors during 1980 to 2050. For example, the interaction of LUCC and precipitation can 

Figure 7. Interactive effects of each factor pair on the ESV in the Hexi Regions from 1980 to 2050.
Note: Numbers in the black, red and blue squares indicate q values. The black numbers indicate
the effect of two same factors on ESV. The red and blue colors of the numbers represent the type of
interaction between the two factor as non-linearly enhanced and bilaterally enhanced, respectively.
DEM, elevation; SUR, surface roughness; SLE, slope; PRE, annual mean precipitation; TMP, annual
mean temperature; PET, potential evapotranspiration; NPP, net primary productivity; LUC, land
use and land cover change; SOC, soil organic carbon density; GDP, gross domestic product; POP,
population; DTS: distance to settlement; ROD, road density.

4. Discussion
4.1. Changes in the ESV in Different Regions

Our results demonstrated that the ESV in the mountains was much higher than in
the plains, and similar results were also found in previous studies [37,66]. For example,
the value of ecosystem services in the lower, middle, and upper reaches of the Lhasa
River were 74.35%, 21.48%, and 4.17%, respectively, which showed significant spatial
heterogeneity of ESV [67]. The ESV of the Hexi Regions has increased significantly, with the
Qilian Mountains and Hexi Corridor increasing by 536.95× 108 CNY and 26.01 × 108 CNY,
respectively, over the past four decades. The results were similar to those for the arid inland
regions, such as central Asia. For example, related results showed an increase of USD
87 billion in the ESV between 1950 and 2000 in Pakistan due to the construction of dams
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and the subsequent agricultural expansion into the deserts [68]. As result of environmental
changes or spatiotemporal scales, the effects on the ESV have fluctuated, rather than
linearly decreasing or increasing. Qian et al. [69] found that the regional ESV decreased as
mining areas expanded, accelerating with the loss of the ESV of wetlands and hydrological
regulation function in the of Qilian Mountains. Meanwhile, the value of regulating services
showed an increasing trend in the Hexi Regions over the past 40 years, decreasing in the
2050 for the RU and ND scenarios compared to 2020. Moreover, in 2050, under the EP
scenario, the increase in the total ESV in Qilian Mountains was attributed to the increase
in forests, shrublands, grasslands, and water areas. Previous studies showed that the
total ESV under the ecological protection scenario was higher than that in the natural
increase scenario and economic development scenario in the Wuhan urban agglomeration,
China [70]. In this study, the water, high-cover grassland, shrubland, forest, medium-
cover grassland, and swampland have contributed to exceeded 80% of the total ESV, and
similar results were also presented in other studies [71]. The increase in total ESV of the
Hexi Corridor during 1980–2020 was mainly associated with the conversion of low-cover
grassland and sandy land to cropland (Figures 4 and S2); the improved grassland and
increase in water were the main reasons for the increase in total ESV in the Qilian Mountains
(Figures 4 and S3). Recent studies have also found that the increase in forests and water
bodies was conducive to the enhancement of the total ESV in the Yiluo River Basin, which
was a significant tributary in the Yellow River of China during 2000 to 2020 [29]. In addition,
compared to 2020, the expansion of construction land and cropland in the Hexi Corridor led
to a decline of the total ESV in 2050 under the rapid urbanization scenario. This pattern has
also been found in other studies of oases in arid regions. For example, farmland expansion
in the Shule River Basin in northwest China occurred at the expense of high-ESV lands
such as woodlands, grasslands, wetlands, and water bodies [41].

4.2. The Synergies and Trade-Offs Relationships of Ecosystem Services

Our results showed that relationships between each of the four ecosystem services in
the study periods were dominated by strong synergies and weak trade-offs, with significant
spatial heterogeneity in the Hexi Regions (Figures 5 and 6). These results are consistent
with the findings of previous studies in other regions [72,73]. For example, the relationships
among supply services and regulation services in the Poyang Lake Basin, as the largest
freshwater lake in China, were mainly synergies, with few trade-offs due to the vast
water surface, high water supply capacity, and the dense vegetation of the wetlands [74].
Furthermore, the synergistic relationships of the high-high cluster and ecosystem services
were largely concentrated in the southeast of the Qilian Mountains; the Hexi Corridor
exhibited a low-low cluster of synergistic relationships among ecosystem services due to
drought and water shortage; the trade-offs mainly occurred over the glaciers regions of
the western Qilian Mountains, with the high-low trade-offs for provisioning services and
supporting services. Mountain glaciers performed the irreplaceable ecological services,
such as climate regulation and freshwater resource supply, in the arid inland regions,
while its biodiversity/habitat function was significantly lower than that of other land
cover types [75]. Many studies have examined the spatial differences of these relationships
among ecosystem services at different scales due to complex environment background. For
example, Pan et al. [76] found that there was a trade-off between food provision and soil
conservation in the arid inland regions of northwestern China. Hulvey et al. [77] showed
that livestock production and water quality had a trade-off in the semi-arid rangelands of
northeastern Utah, USA, due to unreasonable grazing. Meanwhile, related studies have
also given attention to the interactions among ecosystem services in different scenarios
analyses. For instance, in the Tianshan Mountains of China, the trade-off effect in the Yili
River Valley was obviously weakened between carbon storage and nutrient export under
the ecological conservation scenario compared to that under the business as usual and
economic development scenario [78].
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4.3. Drivers of the ESV

The results demonstrated that the spatial heterogeneity of the ESV in the Hexi Regions
was determined by the combined effects of socioeconomic and natural factors (Figure 7),
which was consistent with the results of existing studies on the drivers of ESV [41]. Mean-
while, LUCC was the dominant driver for a long-time series of the ESV, followed by climate
and vegetation, significantly affecting the ESV in the Hexi Regions over the long term.
Previous research conducted in the China-Mongolia-Russia Economic Corridor indicated
that LUCC could exert significant impacts on the ESV, and land-use category conversion,
such as desertification, farmland expansion, and urbanization, negatively affect the ESV,
while the conversion of farmland and bare lands to forests and grasslands could positively
affect the ESV [79]. Furthermore, compared with the Hexi Corridor, in mountains, human
factors, such as GDP, population, and road density, exerted less impact on the ESV. Over
the past 40 years, the ESV of cropland in the Hexi Corridor has significantly increased,
and this was mainly associated with oasis expansion as a result of population growth.
Researchers have pointed out that the population and cities were mainly concentrated in
the oases of the Hexi Corridor, with a typical temperate desert climate, and that population
growth and sufficient irrigation were the main driving forces of oasis expansion [80]. It
should be noted that humans can achieve the maximum possible benefits by reasonable
ecosystem restoration in the regions of long-term degraded ecosystem services [81]. Wen
et al. [82] emphasized that adaptable intercropping improved multiple ecosystem services
(e.g., water regulation, soil retention) by altering soil water allocation and balancing soil
water. Natural factors significantly contributed to high ESV in the Hexi Regions compared
to human factors, especially in the mountains. Specifically, the interactions of natural
factors, such as altitude, temperature, precipitation, LUCC, vegetation, and soil, had greater
effects on ESV than anthropogenic factors in the Qilian Mountains. For example, in the
Qinghai–Tibet Plateau, the ESV decreased with increasing elevation [83]. Moreover, natural
factors tended to amplify the impact of human activities on ESV, especially in the Qilian
Mountains. Similar results have been observed. Han et al. [21] found that natural factors
(e.g., terrain, precipitation, temperature) significantly affected the spatial difference of the
ESV in the hinterland of the Loess Plateau.

4.4. Management Implication and Limitation

Our results have demonstrated that there were obvious spatial differences in ecosystem
services value, relationships, and driving factors in the Hexi Regions. Meanwhile, the
total ESV under the EP scenario was estimated to experience an increase by 2050, which is
estimated to be higher than the increase under the RU and ND scenarios. Forests, grasslands,
swamplands, and water should be reasonably protected and conserved in order to maintain
and enhance total ESV in the Hexi Regions. In the Hexi Corridor, with an arid climate
and limited water resources, the expansion of croplands under climate change and intense
human activities were conducive to an increase in ESV in a short time period. However,
croplands expanded and urbanization intensified water consumption in the arid regions,
threatening regulating and supporting services in the long run [84]. The governments
and local authorities ought to develop sustainable agriculture and water-saving irrigation
systems, balancing ecological and agricultural water use, which will achieve food security,
water security, and ecological security. Additionally, the grassland improved and water
increased in a warm and humid climate, and vegetation restoration contributed to an
increase in ESV in the Qilian Mountains, with rich natural resources and more national
nature reserves. In the face of complex climate change and human disturbance, there
are still many challenges regarding ecological protection and restoration in the Qilian
Mountains. For example, the mining activities in the southern parts of the Qilian Mountains
have caused significant ESV loss in regards to meadows and wetlands [69]. Grasslands
have been one of the main land types in the Qilian Mountains, and rotational grazing
by reducing grazing duration and shifting its timing have mitigated ecosystem service
trade-offs between vegetation productivity and other ecosystem regulating functions [77].
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This study emphasized the effects of multiple factor interactions on ESV and identified
ESV under multiple scenarios in complex ecosystems combined with human influence.
The revised equivalent factor method, based on land cover data and socioeconomic data,
has been widely applied to estimate ESV in China due to the advantages of reliability
and operability [16,71,85]. It is convenient to facilitate comparisons with other existing
research results. However, the ESV evaluation still exhibits some uncertainties due to
intensified climate change and social development. For instance, it is difficult for us to
quantify long-term economic value due to market prices and inflation [21]. The different
land management policies of various decision makers also influences our cognitive level in
the proposed scenarios of LUCC. In addition, the complexity and heterogeneity of natural–
human systems caused the generalization of ESV in this method due to data quality and
time span. In future work, we need to employ more detailed and long-term spatial datasets
for improving ESV assessment and model establishment. Moreover, future research should
consider additional climate model and human activity scenarios to reduce the impact of
uncertainty on the simulation.

5. Conclusions

Our results showed that the ESV of the Qilian Mountains was about 10.27–11.97-fold
greater than that of the Hexi Corridor. The ESV showed a significant increase from 1980
to 2050 for each of the three LUCC scenarios. Specifically, in the past 40 years, the ESV in
the Hexi Regions has increased by 562.96 × 108 CNY, with the Qilian Mountains and Hexi
Corridor increasing by 536.95 × 108 CNY and 26.01 × 108 CNY, respectively. The total ESV
increased by 91.57 × 108 CNY from 2020 to 2050 under the EP scenario, which was higher
than that in the ND and RU scenarios. Regulating services have contributed to exceed 70%
of the total ESV, and decreased in the 2050 RU and ND scenarios compared with those for
2020. Moreover, in 2050, under the EP scenario, the increase in the total ESV in the Qilian
Mountains was attributed to the increase in forests, shrublands, grasslands, and water.
Our results also showed that relationships among ecosystem services were dominated by
strong synergies and weak trade-offs, with significant spatial heterogeneity in the Hexi
Regions. The spatial heterogeneity of the ESV in the Hexi Regions was determined by a
combined effect of socioeconomic and natural factors. LUCC was the dominant driver,
followed by climate and vegetation, significantly affecting the ESV in the Hexi Regions
in the long term. Specifically, in the last 40 years, LUCC explained 35.39% and 80.06%
of the ESV variation in the Hexi Corridor and the Qilian Mountains, respectively. The
natural factors played a more important role in ESV changes than did the anthropogenic
factors. The interaction of human activities and natural conditions has enhanced effects
on ESV in mountainous areas. Our results highlighted the fundamental role of ecological
protection and climate change in improving the ESV and managing ecosystem services
for arid inland regions. Additionally, our research highlighted that a comprehensive
analysis of ESV changes and driving mechanisms under different future scenarios based
on LUCC simulation and geographical detector is necessary to realize more sustainable
ecosystem services in future development, providing a reference for policy decisions in
land management, ecological compensation, and the construction of ecological security
patterns between the mountainous and plain regions in other arid inland regions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su142114164/s1, Figure S1: The spatial distribution of LUCC
from 1980 to 2050 in the Hexi Regions, China; Figure S2: Chord diagrams of land use and land cover
conversion during 1980–2050 in the Hexi Corridor; Figure S3: Chord diagrams of land use and land
cover conversion during 1980–2050 in Qilian Mountains; Table S1: Types of interaction between two
covariates; Table S2: Multicollinearity analysis of influencing factors on the ESV.
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