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Abstract: The arid region of northwest China is an extremely fragile area of natural ecology. With
population growth and continuous expansion of urban scale, the ecosystem in the arid region is
facing greater pressure. Scientific assessment and prediction of the value of ecosystem services
in arid areas are necessary and of great significance for the sustainable development of regional
ecological environments. In this paper, a parametric optimal geographic model is used to analyze
the driving factors of ESV spatial dispersion in Jiuquan City as an example. The PLUS model is
also used to simulate the spatial and temporal evolution of ESV in 2035 under the scenarios of
natural development, urban development, water constraints and ecological conservation, based on
the historical change pattern of land use and ecosystem service value (ESV). The results showed
that from 1980 to 2020, the plowland, water and construction land area in Jiuquan City showed a
significant increasing trend, while other land use types showed a decreasing trend. ESV has increased
from CNY 139.394 billion to CNY 142.642 billion. The expansion of plowland and water area was the
main reason for the increase in ESV. Elevation, temperature, and precipitation are the main driving
factors of spatial differentiation of ESV in Jiuquan City. The interaction of natural and human factors
enhances the explanatory power of each factor to the spatial differentiation of ESV. In 2035, the ESV in
four development scenarios in Jiuquan City showed an upward trend, and the ESV of the ecological
protection scenario was the highest, which was the best mode to realize a sustainable development
in Jiuquan City in the future. This study can provide scientific basis and decision-making basis for
Jiuquan City to formulate sustainable development strategy.

Keywords: ecosystem service value; scenario simulation; PLUS model; parameter-optimal geographic
detector; Jiuquan City

1. Introduction

Ecosystem service refers to life support products and services directly or indirectly
obtained through the structure, process and function of ecosystems, mainly including
supply services, regulation services, support services and cultural services. It plays a
pivotal role in the survival and development of human society [1]. Maintaining the dynamic
balance of ecosystem structure and function is an important guarantee for maintaining
human well-being and promoting the coordination of human -land relations [2]. In recent
years, with population growth and rapid expansion of urban scale, natural and semi-
living natural ecosystems have been continuously transformed into artificial ecosystems [3],
resulting in damage to ecosystem service value (ESV) in some areas [4,5]. So far, 60% of the
ecosystem service functions in the world have been significantly degraded [6,7], and a series
of negative feedback effects have been triggered [8]. The ecological background of the arid
regions in northwest China is fragile, the contradiction between the demand for economic
development and the supply capacity of ecosystem services is more prominent [9], and
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the ecosystem is facing severe challenges. Therefore, it is of great significance to clarify
the temporal and spatial evolution law and spatial differentiation driving force of ESV
in the arid region of northwest China, and predict the change trend of ESV in multiple
scenarios in the future, which is helpful to optimize regional land use structure and identify
ecosystem service problems [10–12].

At present, the research results of ESV have been quite rich. At first, American
ecologist Costanza and others developed the global ecosystem service equivalence factor
table [1], which aroused widespread concern in this field. Subsequently, on the basis of
Costanza’s theory, scholars such as Xie Gaodi of China constructed the China Terrestrial
Ecosystem Ecological Service Value Equivalent Scale per Unit Area applicable to China,
which was widely used in ESV assessment by domestic scholars [13,14]. Currently, the
main valuation methods for ESVs are the real market method, the alternative market
method and the virtual market method, with the equivalent factor method (which is
part of the real market method) being the most widely used. Although somewhat
subjective, the equivalence factor method is intuitive and easy to use and requires less
difficulty in obtaining data, making it more suitable for large-scale assessments. Other
methods usually require data on the economic indicators of the study area, which are
difficult to obtain and not uniform across districts, and are not conducive to large scale
assessment, so other methods are needed to complete the calculations in the assessment.
ESV assessment has also evolved from a single ecosystem value accounting in the past
to a multi-type integrated ecosystem accounting stage, and the research has become
more dynamic, mechanistic and practical. With the development and involvement of
remote-sensing information technology, many studies have given more prominence
to the relationship between different ESV and land use, the status of ESV in regional
development decisions and the role of ESV as a decision aid for optimizing the layout of
future spatial elements in the region [15–18]. In addition, ESV accounting is also widely
used in the evaluation of regional ecological vulnerability, ecological risk assessment
and the construction of ecological security patterns. Land use modeling is the basis for
the ESV multi-scenario assessment and for achieving an optimized layout of the region’s
future spatial elements, and the choice of model is crucial. Currently, widely used land
use simulation models mainly include cellular automata markov (CA Markov) [19,20],
system dynamics (SD) [17,21], agent-based model (ABM) [22], conversion of land use
and its effects at small regional extent (CLUE-S) [23,24], and geographical simulation and
optimization system (GeoSOS) [24]. However, with the further improvement of regional
requirements for land use planning, these models can no longer meet the simulation
needs. They generally only consider the constraints of spatial planning policies (such
as protected areas and prohibited areas), ignoring the drive and guidance of future
land changes (e.g., development zone planning and traffic planning), so there are many
limitations [25,26]. The patch-generating land use simulation (PLUS) model integrates
a random forest-based stochastic seed mechanism for planned development areas and
transport planning, which allows for better exploitation of land-use change mechanisms
during the simulation process. It fills the need for simulation of land use changes
guided by spatial planning policies in urban development [26,27], and the results can
better support spatial planning policy implementation and future ESV multi-scenario
assessment. From the literature search, the academic community generally carries out
land use simulation and ESV multi-scenario assessment of urban [3], watershed [28],
wetland [29], forest [30], arid land [17,18] and other research objects at different scales
such as global [31,32], national [33] and regional [11]. However, many studies only set
scenarios based on the requirements of national macro strategies and the focus of existing
development trends. They lack regional specificity and cannot reveal spatial differences
in ecological environment, resource status and development level. For example, the
traditional urban development scenario and cultivated land protection scenario impose
minimum restrictions on the area of cultivated land and construction land based on
meeting the needs of population growth and economic development [10,17]. However,
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for arid areas, water resources are the main factor restricting their development. “Water
determines demand, water determines action” is an inevitable requirement for arid
areas to embark on the road of sustainable development; blindly increasing the area of
plowland and urban land is bound to over-consume water resources, leading to further
degradation of the ecological environment [34]. Therefore, the main factors that limit
regional development should also be considered in the scenario setting, and targeted
scenarios should be set up according to the current situation and needs of regional
development, which are in line with the future development trend of the region.

Jiuquan City is located in the arid region of northwest China and is one of the
regions with the most serious desertification and the highest water resource shortage in
Gansu Province and even in China [35,36]. The area of desert and sandy land next to
the city accounts for 66.8%, and the area of an oasis suitable for human habitation only
accounts for 8.7% [37]. The shortage of water resources is the main factor restricting the
rapid economic development of Jiuquan City [35,36]. In recent years, in order to improve
water use efficiency and ease ecological pressure, the government of Jiuquan has issued
a series of water resource management policies, such as the Implementation Opinions
on Accelerating the Construction of a Water-saving Society and the Measures for the
Management of Groundwater Resources in Jiuquan City, which have achieved certain
results in water conservation. However, as population growth and urbanization continue
to advance, the area of cultivated land and construction land in the region has gradually
increased, the total amount of water used in agriculture and urban areas remains high,
and the ecosystem is still facing threats. Based on this, this paper takes Jiuquan City as
the study area, and first analyzes the spatiotemporal evolution of Jiuquan City’s ESV
using the method of ecosystem service equivalent factor. Then, the driving mechanism
of ESV spatial differentiation is analyzed by using the parameter-optimal geographic
detector model. Finally, four future development scenarios of natural development,
urban development, water resource constraints, and ecological protection are set accord-
ing to the natural geographical characteristics and development needs of Jiuquan City.
With the help of the PLUS model, the ESV of different development models in 2035 is
simulated and predicted to explore the best path for the future development of Jiuquan
City. It is expected to provide a basis for promoting the construction of a water-saving
society in Jiuquan City, coordinating the sustainable development of the economy and
ecology, and providing a reference for the ecological protection of similar regions.

2. Study Area and Data Resources
2.1. Study Area

Jiuquan City (Figure 1) is located in the inland region of northwest China (38◦09′~42◦48′N,
92◦20′~100◦20′E). The city is a prefecture-level city in China, comprising one district, two
county-level cities and four counties, with a total area of about 16.8 × 104 km2, accounting
for 42% of the total area of Gansu Province [37]. In 2020, there were 1.0557 million perma-
nent residents, with a GDP of CNY 65.77 billion. Jiuquan City is high in the south and low
in the north, leaning from southwest to northeast, with an altitude of 660 m~5842 m [38]. To
the south of Jiuquan are the Alpen gold, Dang Henan Mountain, Mustang South Mountain
and Daxue Mountain, with high vegetation cover and a composite ecosystem of glacial
meadows and forests. In the central region are the oases of Dunhuang, Guazhou, Yumen
and Jiuquan, which are horizontally zoned along the Shule River and are dominated by
desert oasis mountain complex ecosystems. The northern area is the Anxi Extreme Arid
Desert Ecosystem and the Horsehair Mountain Northern Goat Desert Oasis Ecosystem. All
other regions are desert areas. The average annual precipitation is only 40–176 mm, and
the evaporation is as high as 2100–3100 mm, which is a typical continental arid climate.
There are three major water systems in Jiuquan City, namely the Shule River, the Black
River and the Haerteng River, all originating from the Nanshan glacial snow area, with
available water resources of about 3.1 × 109 m3, and water resources per square kilometer
of land area of only 2.1 × 105 m3, which is 1/17 of the national average [39]. Jiuquan City is
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a key node city of the Silk Road Economic Belt and an essential growth pole supporting the
development of the northwest arid region. The ecological and economic status is significant,
but the overall development level needs to be improved because economic development is
seriously affected by natural conditions, development space and development mode.
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2.2. Data Sources

The data covered in this paper mainly include land use, DEM, population density
and GDP density, meteorology, roads, municipal government sites, food prices, water
resources and green-space cover data in built-up areas. Among them, land use data comes
from the Resource and Environmental Science and Data Center of the Chinese Academy
of Sciences (http://www.resdc.cn (accessed on 15 January 2023)) (Figure 2). The land
use data were interpreted using human–computer interactive visual interpretation with
a spatial resolution of 30 m, all with an overall accuracy of over 88.95%. In this paper,
they are divided into six categories: plowland (arable land), forestland (coniferous forests,
broadleaf forests and shrubs), grassland (scrub and meadows), water area (water systems,
glacial snow and wetlands), unused land (desert and bare land) and construction land
(urban land, rural settlements and other built-up land) [14]. DEM data are provided by the
geospatial data cloud plat form (http://www.gscloud.cn (accessed on 15 January 2023)),
and slope data is calculated using DEM data. Population density and GDP density data,
meteorological data, road data and resident data of municipal governments are all from the
Resource and Environmental Science and Data Center of the Chinese Academy of Sciences
(http://www.resdc.cn (accessed on 15 January 2023)). The grain output and grain sown
area are derived from the Statistical Bulletin of National Economic and Social Development
of Jiuquan City. The grain price data are from China Food Yearbook. The water resources
data are from Gansu Water Resources Bulletin. Data on green space coverage in built-up
areas are from the Bulletin on the Urban Construction Status of Jiuquan City.

http://www.resdc.cn
http://www.gscloud.cn
http://www.resdc.cn
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3. Materials and Methods
3.1. ESV Calculation

In this paper, the ESV of Jiuquan City was calculated using the Service Equivalence
Table per Unit Area of Terrestrial Ecosystems in China developed by Xie Gaodi et al. [14].
The ESV per unit area is shown in Table 1, and the ESV of Jiuquan City was calculated
using equations [3,4]:

ESV =∑n
i=1 Ai ×VCi (1)

VCi = ∑k
j=1 ECj × Ea (2)

where ESV is the total ecosystem service value; Ai is the area of type i land use type; VCi is
the ecosystem service value per unit area of type i land use type, unit: CNY·hm−2·a−1; k is
the number of ecosystem services; ECj is the ecosystem service value equivalent of item j of
type i land use type; and Ea is the equivalent factor of ecosystem services, unit: hm−2.

Due to the variability of economic development in different regions, the economic
value per unit of ecosystem services in Jiuquan City needs to be determined more pre-
cisely in relation to the field situation in the study area. The economic value of Jiuquan’s
ecosystem service equivalent factor was revised according to the most widely used rule
that the economic value of production services provided by an existing unit of farmland
is seven times greater than the economic value of a natural ecosystem without human
input. The revised results provide a more objective picture of the characteristics and sta-
tus of the service value of natural ecosystems in Jiuquan City. The multi-year average
grain production in Jiuquan City from 2000 to 2018 was calculated in this study to be
8059.3 kg·hm−2, and the multi-year average market grain price was 2.242 CNY·kg−1. The
results indicate an ecosystem service equivalent factor of 2581 CNY·hm−2 in Jiuquan City,
corrected as follows:

Ea =
1
7
× P×Q (3)
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where Ea is the economic value of 1 unit of ecosystem service in CNY·hm−2·a−1, P is the multi-
year average grain price in Jiuquan City and Q is the unit area yield of grain crops in kg·hm−2.

The above ESV estimation methods mostly focus on the value of natural ecosystems
and thus ignore the ESV of construction land. Scholars generally set the ESV of construction
land to 0 in their research, which may lead to some errors in the calculation of regional ESV.
In reality China is increasing the area of artificial green space in cities in order to improve the
urban habitat, which has led to an increase in ESV in urban areas. According to the Jiuquan
City Urban Construction Status Bulletin, the multi-year average green-space coverage of
the built-up area in Jiuquan is 31.2%. Greenfield areas generally consist of higher quality
and more fragmented grassland and forestland. Therefore, ESV on construction sites cannot
be ignored and needs to be improved on from the traditional approach. The improved
formula for calculating ESV for building sites is as follows:

ESVcl =

(
ESVwl + ESVgl

)
At

2
(4)

where: ESVcl, ESVwl and ESVgl represent the ESV of construction land, forest land and grass-
land respectively; At refers to the average annual green-space coverage in the urban area.

Table 1. ESV coefficient of unit area in Jiuquan City (CNY·hm−2·a−1).

Type Plowland Forestland Grassland Water
Area

Construction
Land

Unused
Land

Provisioning
services

Food production (FP) 2193.85 651.70 602.23 1127.04 195.61 12.91
Raw materials
production (RMP) 1032.40 1496.98 886.14 628.04 371.77 38.72

Water resources
supply (WRS) 51.62 774.30 490.39 11,218.75 197.29 25.81

Regulating
services

Gas regulation (GR) 1729.27 4923.26 3114.41 2451.95 1253.88 167.77
Climate regulation (CR) 929.16 14,731.06 8233.39 5531.94 3582.45 129.05
Environment
purification (EP) 258.10 4316.72 2718.65 8009.70 1097.52 529.11

Hydrology
regulation (HR) 696.87 9640.04 6030.94 114,940.53 2444.67 309.72

Supporting
services

Soil maintenance (SM) 2658.43 5994.37 3794.07 2787.48 1527.00 193.58
Maintaining nutrient
circulation (MNC) 309.72 458.13 292.51 215.08 117.10 12.91

Biological diversity (BD) 335.53 5458.82 3449.94 8973.28 1389.77 180.67

Cultural
services Aesthetic landscape (AL) 154.86 2393.88 1522.79 5772.84 611.00 77.43

Total 10,349.81 50,839.24 31,135.46 161,656.63 12,788.05 1677.65

3.2. Optimal Parameter-Based Geographic Detector

Geographic detectors can detect and analyze ESV and the selected factors, find the
spatial differentiation of ESV and reveal its main driving force [40]. The discretization of
continuous variables by traditional geographical detectors has strong subjectivity, which
affects the determination of the optimal scale of spatial stratification heterogeneity to a
certain extent. Therefore, with the help of the GD package in the R language, this paper
uses classification methods such as equal breaks, natural breaks, quantile breaks, geo-
metric breaks and standard deviation breaks to set the number of classification levels to
5–10 classes. We selected the combination of parameters with the highest q value (hierar-
chical method and number of discontinuities) for spatial discretization [41]. In this way, the
spatial stratification heterogeneity of ESV and the explanatory power of influencing factors
on ESV spatial differentiation were detected, and the interaction factors were used to ana-
lyze the influence of two-factor synergy on ESV spatial differentiation. By calculating the
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q (q (X1), q (X2)) value of a single factor and the q value q (X1∩X2) of the interaction be-
tween two factors, we can determine whether there is interaction between two factors and
the extent of an interaction. See the relevant literature for discrimination methods [40–42].
See the formula for q value calculation:

q = 1− ∑L
h=1 Nhσ2

h

Nσ2 = 1− SSW
SST

(5)

SSW =∑L
h=1 Nhσ2

h , SST = Nσ2 (6)

In the formula, q is the explanatory power of the factor, and its value range is [0, 1]. The
greater the value, the stronger the explanatory power; h is the stratification of explanatory
variables or explained variables (strata); Nh and N are the number of units in layer h and
the whole area; σh and σ2 represent the variance of layer h and region Y, respectively;
and SSW and SST are the sum of variance within the layer and the total variance of the
whole region.

3.3. PLUS Model
3.3.1. Model Introduction

The PLUS model is a rule-mining framework based on land expansion analysis strategy
(LEAS) and a CA model based on multi-type random seeds (CARS) [27] (Figure 3). In the
LEAS module, two phases of land use data are required to extract the expansion areas
of various types of land, and the relationship between land expansion and drivers is
analyzed by combining random-forest algorithms. In the CARS module, you need to set
parameters such as land use conversion rules and field weights. The conversion rules are
set based on previous research results and the actual situation of Jiuquan City [31,40]. The
domain weight of land use types is determined based on the ratio of the expansion area
of each type of land to the total area of the region. Based on the experience of existing
studies and the actual situation in Jiuquan City, 11 driving factors of elevation, slope,
temperature, precipitation, distance from water, distance from highways, distance from
railways, distance from the city center, distance from the government, population density
and GDP density were selected for the land use simulation [43,44]. (Figure 4). Natural
factors such as elevation, slope, temperature and precipitation influence the degree of land
use development mainly by limiting human activity. In addition, changes in temperature
and precipitation can alter regional climatic conditions and have an impact on changes
in surface vegetation. The closer the distance to water, the higher the quality of the
ecological environment, and human activities such as crop cultivation and construction
land development can be carried out in areas close to the water, thus changing the landscape
type of the area. Distance from roads, distance from the city center, population density and
GDP density can reflect the spatial distribution of human disturbance activities in the study
area from different perspectives and are the main influencing factors on the intensity of
land use development. Distance from the government can indirectly influence land use
change, for example, the presence of the government can have a pulling effect on the siting
of residential development, population and industrial layout, thus indirectly changing land
use types. If the government presence is relocated, this will have a significant impact on the
spatial distribution pattern of the relocated landscape. It is therefore reasonable to choose
the above impact shadow analysis for the impact on land use change.

3.3.2. Model Inspection

This paper simulates the land use data in 2020 with 1980 as the initial year and
conducts a consistency test on the land use simulation results in 2020 (Figure 5). The
results show that the kappa value is 0.878, and the overall accuracy is 95.89%. In general,
when kappa ≥ 0.75, the actual data and simulation results have a high consistency [45,46].
Therefore, the precision of the land use data in 2020 simulated by this model is high, and it
can be used to simulate the land use change in Jiuquan City in 2035.
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3.3.3. Profile Settings

Scenario simulation aims to analyze and predict land use changes under different
development paths in the future, providing reference for regional development decision-
making. Referring to previous research results [18,20] and integrating the future develop-
ment planning requirements of Jiuquan in the Gansu Province Territorial Spatial Planning
(2019–2035) and the natural geographical characteristics of Jiuquan, the following four
scenarios were set:

(1) Natural development scenario (SN): Fully follow the law of land use change from
1980 to 2020, do not consider the requirements of development policies and development
planning and do not impose any restrictions on the change rules of land use types.

(2) Urban development scenario (SU): In this scenario, we do not blindly pursue eco-
nomic growth and urban-scale expansion but achieve intensive development while meeting
population and economic growth. Restrictions on the future urban development boundary
of Jiuquan City (Figure 4) according to the Gansu Province Territorial Spatial Planning
(2019–2035) are set out. According to the planning requirements, the construction land area
in 2035 is not less than 531.4 km2. Set a prohibition on the conversion of construction land
to other types of land and increase the probability of conversion of other land use types to
construction land within the urban development boundary.

(3) Water resource constraint scenario (SW): According to the practice of production
and life, this paper divides the types of regional water use into four categories: farmland
irrigation, forestry, animal husbandry, fishery and livestock, production and life (including
industrial, urban public and residential water) and ecological environment water. Assum-
ing that the water consumption per unit area of various types of land remains unchanged,
the total amount of irrigation water used in farmland is directly related to the cultivated
land area, the total amount of production and domestic water use and the construction land
area. The maximum area of cultivated land and construction land in 2035 is constrained
by the annual average water demand per square meter of cultivated land and the annual
comprehensive water demand per square meter of construction land. The Land and Gansu
Province Territorial Spatial Planning (2019–2035) stipulates that the total water consump-
tion of Jiuquan City should be controlled within 2245 million m3 in 2035. Considering
the water use efficiency, this paper only calculates the annual average water demand per
square meter of cultivated land and the annual average comprehensive water demand
per square meter of construction land during 2016–2020, which are 0.538 m3/m2, and
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0.259 m3/m2 respectively. The maximum area of cultivated land and construction land in
2035 is calculated as follows.

See the formula for the calculation of total regional water consumption:

W = Wa + W f + Wpl + We (7)

See the formula for calculation of annual average total water consumption:

W = Wa + W f + Wpl + We (8)

where W is the total water consumption; Wa is farmland irrigation water; Wf is water for
forestry, animal husbandry, fishing and livestock; Wpl is production and domestic water;
We is water for ecological environment; and W is the total annual water consumption. See
the formula for the calculation of the maximum cultivated land and construction land area
in 2035:

S f 35 ≤W35
Wa

0.538W
(9)

Sb35 ≤W35
Wpl

0.259W
(10)

where W35 is the total water consumption in 2035; Sf 35 is the area of cultivated land in
2035; and Sb35 is the construction land area in 2035. The final calculation shows that the
area of cultivated land and construction land in 2035 should be within 3481.2 km2 and
538.2 km2 under the water resource constraint scenario. In this scenario, in order to improve
the protection of water resources, the conversion of prohibited water areas to other land
types is set.

(4) Ecological protection scenario (SE): Comprehensively considering the food security
and resource and environmental carrying capacity of Jiuquan City, in order to improve
the intensity of ecological protection, it is necessary to add the concepts of cultivated land
protection and ecological environmental protection, and set the permanent basic farmland
protection area, ecological reserve and water area required by the Gansu Provincial Land
and Spatial Plan (2019–2035) as prohibited conversion areas (Figure 6).
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4. Results
4.1. Analysis of Land Use Type Change Characteristics

In the study area, unused land and grassland cover 95% of Jiuquan, with unused land
accounting for 79% of the area (Table 2). There were no significant changes in the spatial
distribution characteristics of land use types in Jiuquan between 1980 and 2020 (Figure 2).
Grasslands and forestlands are more concentrated in the north in the Horsehair Mountains
and in the south in the Alpen gold, DangHenan Mountain, Mustang South Mountain and
Daxue Mountain regions, with a horizontal band in the center. Plowland and construction
land are distributed along the Shule River and Black River; the rest is unused land. During
1980–2020, the area of plowland, water area and construction land showed a significant
increasing trend; especially after 2000, the increase of plowland and construction land
was significantly accelerated, with an increase of 864.76 km2 and 229.22 km2 respectively.
The total area of grassland and unused land decreased, while the area of forest-land
remained basically unchanged. The reason for this is that the expansion of plowland
and construction land is mainly due to the increase in population in Jiuquan. Since 1983,
Jiuquan has successively implemented a number of migration programs, including the Two
West program migration, the Shule River construction project migration and the Jiudian
Gorge migration, accumulating about 150,000 migrants by 2008 and developing a plowland
area of over 7500 km2. It is mainly concentrated in the oasis areas of Guazhou, Yumen
and Jiuquan. In addition, with the rapid increase in population, the area of construction
land is expanding rapidly. Although the expansion of construction land is dominated by
unused land, it still has a significant effect on the encroachment of grassland and plowland
in the central oasis area of Jiuquan. The main reason for the increase in water area may
be related to the implementation of water conservation policies and the construction of
water conservancy projects in Jiuquan in recent years. In recent decades, Jiuquan has
achieved remarkable results in agricultural water conservation, groundwater extraction
and comprehensive management of corporate wastewater and has built a number of water
conservation projects, such as the Danghe Reservoir and the Changma Reservoir, which
have led to a rise in the water level of rivers and an expansion of the water surface area of
rivers and lakes. The reduction in grassland and forestland areas may be related to human
activities and vegetation degradation in the oasis area. The implementation of ecological
protection projects and policies has led to the conversion of large areas of wasteland into
forestland and grassland, but the ecological background of Jiuquan is fragile, and there is
still significant vegetation degradation in local areas. Therefore, land use type changes in
the oasis area of Jiuquan are closely related to human activities, and excessive development
and construction can lead to ecological degradation in the oasis area. Land use changes in
other areas are mainly due to natural causes.

Table 2. Land use area and proportion of Jiuquan City from 1980 to 2020 (km2).

Land Use Type 1980 % 1990 % 2000 % 2010 % 2020 %

Plowland 2615.59 1.56 2580.49 1.54 2594.17 1.55 3265.09 1.95 3480.35 2.08
Forestland 719.62 0.43 729.08 0.43 729.79 0.44 717.14 0.43 716.51 0.43
Grassland 27,977.91 16.69 27,721.33 16.53 27,719.17 16.53 27,806.71 16.59 27,670.27 16.51
Water area 1421.07 0.85 1424.61 0.85 1431.90 0.85 1522.67 0.91 1618.98 0.97

Construction land 279.22 0.17 279.22 0.17 285.09 0.17 283.71 0.17 508.44 0.30
Unused land 134,641.12 80.31 134,919.81 80.48 134,886.23 80.46 134,049.60 79.96 133,653.41 79.72

Analysis of the specific data shows that the increase in plowland area is mainly due
to the conversion of grassland and unused land (Table 3), contributing 27.64% and 62.9%
of the total area converted to plowland, respectively. The increase in water area is mainly
converted from unused land, which accounts for 84.05% of the total area converted into
water area. The increase in construction land area was mainly converted from plowland,
grassland and unused land, accounting for 9.73%, 9.17% and 79.88% of the total area
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converted into construction land, respectively. It can be seen that the conversion of unused
land to other land types, grassland to plowland and construction land, and plowland to
construction land are the main ways of land use conversion in the study area.

Table 3. Land use transfer matrix of Jiuquan City from 1980 to 2020 (km2).

Year
1980

Total %
Plowland Forestland Grassland Water

Area
Construction

Land
Unused

Land

2020

Plowland 2462.65 4.41 31.73 11.75 28.10 76.85 2615.48 1.56
Forestland 28.92 602.51 19.84 5.84 1.42 61.04 719.57 0.43
Grassland 281.26 72.09 26,433.63 28.30 26.49 1134.14 27,975.91 16.69
Water area 16.66 0.84 18.27 1311.70 2.11 69.80 1419.38 0.85

Construction land 50.71 0.87 2.56 3.04 219.56 2.49 279.22 0.17
Unused land 640.00 35.79 1162.27 257.94 230.76 132,301.17 134,627.92 80.31

Total 3480.19 716.50 27,668.30 1618.57 508.44 133,645.49 167,637.48
Percentage change +0.52 0 −0.18 +0.12 +0.13 −0.59

(Behavior transfer out. Listed as transfer in.).

4.2. Analysis of ESV Change Characteristics

As shown in Figure 7, forestland and grassland are widely distributed in the south,
middle and north of Jiuquan City, with high ESV. Other areas are mostly unused land with
low ESV. From 1980 to 2020, due to urbanization, the land use types in the central and
eastern oases changed frequently, resulting in significant spatial changes in ESV. The ESV
in the south and north increased slightly and remained unchanged in other areas.
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Between 1980 and 2020, the ESV of Jiuquan City increased from 139.394 billion to
CNY142.642 billion (Table 4). In terms of the different land use types, grassland has the
largest ESV contribution with 62.49%. This is followed by waters and unused land, with a
contribution of 16.48% and 16.20%, respectively. Forestland, plowland and construction
land contributed less, at 2.62%, 1.94% and 0.26%, respectively. Of these, plowland, con-
struction land and watershed ESV are on a rapid upward trend, while forestland, grassland
and unused land ESV are on a slow downward trend. In terms of the different ecosystem
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service functions (Table 5), regulating services provided the highest ESV at 67.26%. This
was followed by support services at 21.31%. Supply services and cultural services ESV
accounted for 6.88% and 4.55%, respectively. In the past 40 years, the adjustment service
increased the most, with an increment of CNY 2.566 billion. In terms of ecosystem service
subtypes, hydrological regulation made the largest contribution to ESV at 27.79%. This was
followed by climate regulation with 19.17%. Maintenance of nutrient cycling contributed
the least with only 0.82%. All subtypes showed an increasing trend.

Table 4. Changes in ESV in Jiuquan City from 1980 to 2020.

Land Use Type
Ecosystem Service Value (×108 CNY) Rate of

Change
(%)

Average
Contribution

(%)1980 1990 2000 2010 2020 Variation
Value

Plowland 27.07 26.71 26.85 33.79 36.02 8.95 33.06 1.94
Forestland 36.59 37.07 37.10 36.46 36.43 −0.16 −0.43 2.62
Grassland 871.11 863.12 863.05 865.77 861.53 −9.58 −1.10 62.49
Water area 229.73 230.30 231.48 246.15 261.72 31.99 13.93 16.48

Construction land 3.57 3.57 3.65 3.63 6.50 2.93 82.09 0.26
Unused land 225.88 226.35 226.29 224.89 224.22 −1.66 −0.73 16.20

Total 1393.94 1387.11 1388.41 1410.69 1426.42 32.48 2.33 100.00

Table 5. ESV changes of different ecosystem service types in Jiuquan City from 1980 to2020.

Ecosystem Services
Ecosystem Service Value (×108 CNY) Rate of

Change
(%)

Average
Contribution

(%)1980 1990 2000 2010 2020 Variation
Value

Provisioning
services

Food production (FP) 26.45 26.23 26.27 27.88 28.42 1.97 7.43 1.93
Raw material production (RMP) 34.78 34.54 34.56 35.34 35.57 0.79 2.26 2.49

Water resource supply (WRS) 33.89 33.81 33.89 34.96 36.02 2.13 6.29 2.46

Regulating
services

Gas regulation (GR) 121.62 120.87 120.91 122.36 122.75 1.13 0.93 8.68
Climate regulation (CR) 269.62 267.67 267.73 269.28 269.63 0.01 0.00 19.17

Environment purification (EP) 162.77 162.28 162.33 162.97 163.46 0.69 0.42 11.62
Hydrology regulation (HR) 383.22 382.23 383.07 394.12 404.93 21.72 5.67 27.79

Supporting
services

Soil maintenance (SM) 147.87 146.92 146.98 149.11 149.69 1.82 1.23 10.57
Maintaining nutrient

circulation (MNC) 11.40 11.32 11.33 11.56 11.63 0.23 2.04 0.83

Biological diversity (BD) 138.79 138.03 138.10 139.22 139.92 1.13 0.81 9.91

Cultural
services Aesthetic landscape (AL) 63.53 63.20 63.24 63.91 64.40 0.86 1.36 4.55

Total 1393.94 1387.11 1388.41 1410.69 1426.42 32.48 2.33 100

4.3. Driving Force Analysis of ESV Spatial Differentiation

In this paper, 11 continuous factors of elevation (X1), slope (X2), air temperature
(X3), precipitation (X4), distance from water (X5), distance from roads (X6), distance from
railways (X7), distance from the city center (X8), distance from the government (X9),
population density (X10), and GDP density (X11) were optimally discretized (Figure 8).
Taking precipitation as an example, the q value is the largest when the number of intervals
in the equal interval classification method is 10, so the precipitation should be divided
into 10 categories by equal interval classification in the geographic detector as the optimal
parameter selection, and the other driving factors are the same.

From the single-factor analysis (Figure 9a), all factors have significant driving effects
on the spatial distribution characteristics of ESV (P values are less than 0.01). Among them,
elevation, temperature and precipitation have strong explanatory power on the spatial
distribution of ESV, and q values are 0.442, 0.385 and 0.349, respectively. It shows that for
arid areas, topographic characteristics and climate factors are the main driving factors for
the spatial distribution of ESV. The q values of population density and GDP density are
0.196 and 0.183, respectively, which are second only to precipitation and have a strong
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impact on the spatial distribution of ESV. From the interaction factor analysis (Figure 9b),
any two-factor interaction q values are greater than the single-factor q values, indicating that
the interaction between factors enhances the driving force on the spatial distribution of ESV.
The most significant enhancements in the interaction values of X1 and X3 with X4, X10 and
X11 were all greater than 0.46 in q value. Studies have shown that the interaction of altitude,
temperature and precipitation, GDP density and population density can greatly enhance
the effect on the spatial distribution of ESVs under specific combinations of conditions.
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4.4. Simulation of Land Use Change in Jiuquan City in 2035

The simulation results show that the spatial distribution pattern of land use in Jiuquan
City is basically the same under the four scenarios (Figure 10), but there are differences in the
changes of each land use type in the different scenarios. The SN scenario is a continuation of
the historical development pattern, with a large amount of construction and development
leading to a significant increase in the area of built-up land and mainly outward expansion,
with a strong encroachment on ecological land such as plowland, forestland and grassland.
The SU scenario, with its restrictions on urban development boundaries, has led to a more
concentrated and predominantly infill expansion of construction land in the oasis area,
with less encroachment on ecological land outside the urban development boundaries. The
restriction on total water use in the SW scenario results in the smallest increase in the area
of plowland and construction land in the study area. The grasslands in the oasis areas
of Dunhuang, Guazhou and Yumen have not been significantly developed or destroyed,
and there has been a large increase in the area of forestland and grassland. In the SE
scenario, the largest increase in the area of plowland, forestland, grassland and water
was due to the increased protection of the ecological environment, and it was mainly
converted from unused land. In general, the SE scenario is more suitable for the future
development of Jiuquan City from the perspective of improving the quality of the regional
ecological environment.
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4.5. ESV Change Characteristics under Different Scenarios in Jiuquan City in 2035

In 2035, the ESV of SN, SU, SW and SE will increase (Figure 11), which are CNY
144.408 billion, CNY 144.424 billion, CNY 144.617 billion, and CNY 145.401 billion, respec-
tively. SN’s ESV increase was the smallest, indicating that the traditional development
model is no longer suitable for the future development trend of Jiuquan City, and the
development strategy needs to be adjusted in time. From each individual point of view,
ESV showed an increasing trend, with the largest increase in hydrological regulation ESV
and the smallest increase in maintaining nutrient cycle. The individual ESVs in SN and
SU were small, mainly because the area of forestland and grassland was significantly
smaller than that of SW and SE. The gas regulation and climate regulation of SN is slightly
higher than that of SU, because the area of construction land in SN is large, and the ESV of
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construction land is higher than that of unused land. The ESV of food production, feedstock
production, soil conservation and maintenance nutrient cycling in SW was lower than in
other scenarios, mainly because the cultivated land area in this scenario was the smallest.
In SE, because the protection of cultivated land, grassland, forest land and water area is the
largest, the ESV of each individual is significantly higher than that of other scenarios.
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Figure 11. Difference between different scenarios in 2035 and individual ESVs in 2020.

In terms of the spatial distribution pattern (Figure 12), the spatial distribution charac-
teristics of ESVs are generally consistent across the four scenarios. However, there are some
differences in the spatial variation of ESV across scenarios compared to 2020. In both the
SN and SU scenarios, the central and eastern oasis areas of Jiuquan City have a significant
expansion of built-up land and plowland within the production and living function areas,
with a significant reduction in ESV. However, the shift from unused to other land types
with higher ESV is also accompanied in this area, so there are also clear areas of increased
ESV. In contrast, the area of built-up land expansion in the SW and SE scenarios is relatively
small. There are no significant areas of decline in ESV in the central and eastern regions.
Moreover, because of the greatest protection of grasslands, forestlands and waters in the
SE scenario, the increase in ESV is more pronounced in the southern, central and northern
regions than in the other scenarios.
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5. Discussion
5.1. Insights into the Future Development of Jiuquan City Based on ESV Scenario Simulation

Changes in land use types affect ESV by changing the structure and function of ecosys-
tems, and ESV can also reflect the land use status in the region to some extent [47]. The
modeling results show an increasing trend in ESV in all four scenarios from 2020 to 2035, but
the increase and spatial variation in ESV varies between scenarios. The SN scenario has the
strongest land use changes in the production, living and ecological functional areas within the
Dunhuang, Guazhou, Yumen, Jinta and Jiuquan oases, resulting in significant ESV changes in
these areas [48]. The SN scenario has the most significant expansion of built-up land area due
to the continuation of historical trends, with a strong encroachment on the productive and
ecological functional areas of the oasis zone, resulting in a reduction in the ESV of the produc-
tive and ecological functional areas. In the SU scenario, as the state has paid more attention to
the protection of ecological and agricultural space in recent years, it has been increasing the
control of the three lines [49], and this scenario imposes restrictions on urban development
boundaries. This has led to a more concentrated expression of the expansion of construction
land within the living function area, which to a certain extent reduces the encroaching effect of
construction land expansion on the productive and ecological function areas of the oasis zone.
The southern region of Jiuquan City is an extremely important core ecological function area.
It plays an absolute guarantee for climate regulation, water connotation and water supply
in the region, and the ESV of this area is increased in both the SN and SU scenarios. The SW
scenario limits the total amount of water used in Jiuquan in 2035 to ensure regional water
security, resulting in a minimum increase in plowland and construction land. This greatly
avoids the encroaching effect of production and living space on ecological space, resulting in
a scenario in which none of the functional areas of the oasis zone show a significant decline
in ESV. However, the increase in ESV from the development of unused land is also lost in
this scenario, so there are no areas of significant increase in ESV in the oasis zone. In the SE
scenario, the protection of ecological land is strong, resulting in a significant increase in the
area of ecological land and a significant increase in ESV in the ecological function areas. The
increase in ESV is most significant in the central oasis area, the southern important ecological
function area and other areas in the SE scenario.

In summary, the ecological protection scenario from the perspective of increasing ESV
is most suitable for the future development of Jiuquan. However, differentiated ecological
regulation measures should also be adopted for different functional areas in order to improve
the ESV of Jiuquan City on the basis of safeguarding the ecological security of the local area.
The southern part of Jiuquan City is an important ecological function area, and efforts should
be increased to protect the glaciers, forests, meadows and other ecological land in this area.
Ecological construction projects such as water-containing forests and wetland protection to
enhance the water-containing and soil conservation functions of the district should be carried
out. In addition, land remediation should be carried out in historical mining and collapse
areas, and ecological spatial enclosure control should be adopted. Ecological migration
should be implemented to control development and construction in the area and reduce
the disturbance of the ecological environment by human factors. In this way, the ESV of
the important ecological function areas in the south of Jiuquan City is enhanced. The oasis
areas in the central and eastern parts of Jiuquan City are the main gathering areas for human
production and living space. However, due to the shortage of water resources in Jiuquan
City, the contradiction between the production and living level of the district and the supply
of water resources is outstanding, which seriously restricts the economic development of
the district. Therefore, the Jiuquan Oasis Region should implement a water conservation
priority development strategy in its future development based on improving ESV. Agricultural
planting should vigorously develop the substrate pillow cultivation mode, actively promote
drip irrigation, pipe irrigation, sprinkler irrigation and micro-irrigation and other water-saving
projects, and constantly improve the construction of water-saving agricultural systems. At
the same time, to strengthen the comprehensive management of groundwater mining, the
implementation of no-mining areas, restricted areas and annual delineation, the establishment
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of groundwater levels and the total amount of water extraction dual control indicator system
should also be carried out. We also actively carry out clean production audits in key industries,
strictly control the discharge of wastewater to the standard of enterprises and improve the
level of industrial wastewater treatment and reuse in industrial water use. To ensure regional
water security and to avoid the potential risk of ecological degradation due to excessive water
consumption, restrictions need to be placed on the area of plowland and construction land
and expansion boundaries. It also strengthens the protection of ecological functional areas
such as forestlands and grasslands as a means to further improve regional ESV and promote
sustainable development in the region.

5.2. Driving Factor Analysis of ESV Spatial Differentiation

Single-factor detection results show that altitude (q = 0.442), temperature (q = 0.358),
and precipitation (q = 0.349) among natural factors play a leading role in the spatial dif-
ferentiation of ESV, which is consistent with previous research results [50,51]. The highest
ESV value is concentrated in the southern part of Jiuquan City. The main reason is that
the southern part of Jiuquan City is the Qilian Mountain glacier and water conservation
ecological function area under national key protection. This area is fed by precipitation and
glacier snow melt water for a long time, and the vegetation coverage is significantly higher
than in other regions. The high ESV values in the central and northern regions are mostly
concentrated in the oasis areas of the Shule River and Black River basins. The altitude of
this area is low, the air temperature is high, the vegetation growth conditions are good,
the land type is mainly grassland and farmland and the ESV is significantly higher than
that of the surrounding areas. Population density (q = 0.26) and GDP density (q = 0.285)
are second only to precipitation in their influence on the spatial distribution of ESV. Over
90% of Jiuquan’s population and over 95% of its social wealth is concentrated in the oasis
areas of Dunhuang, Yumen, Guazhou and Jiuquan. In particular, the Suzhou district within
the Jiuquan oasis carries 39.8% of the city’s population on 1.2% of its land area [38]. The
high level of anthropogenic disturbance in these areas has led to the conversion of parts of
the grassland to arable and built-up land with a much lower ESV, in marked contrast to
the surrounding oasis areas. From the perspective of interaction factors, the interaction of
natural factors such as altitude, temperature and precipitation with socio-economic factors
such as population density and GDP density has significantly enhanced the explanatory
power of each factor to the spatial differentiation of ESV (q > 0.46), indicating that the
spatial differentiation of ESV in Jiuquan City is the result of the common role of natural ge-
ographical factors and socio-economic factors. Regional natural endowments create spatial
differentiation of ESV, and the combination of socio-economic and physical geographi-
cal elements will accelerate the change in the local regional environment and ecosystem
structure and function, thereby changing the spatial differentiation of ESV. Therefore, in
the future, Jiuquan City should adopt a differentiated multi-regulation strategy according
to the characteristics of the role of different driving factors in ecological protection and
risk management practices. Land use development patterns that are compatible with
the natural conditions and level of socio-economic development of the region, and avoid
unreasonable human activities that act in concert with natural and socio-economic factors
to exert greater pressure on regional ecosystems should be selected [44].

5.3. Innovation, Uncertainty and Prospect of This Study

According to the natural geographical characteristics of arid areas and relevant plan-
ning requirements, this paper constructs a new land use change scenario from the perspec-
tive of water resource constraints, that is, the water resource constraint scenario. Moreover,
it also improves the SU scenario presented in the previous study and increases the guidance
mechanism of spatial planning policy on land use change. In addition, this paper calculates
the ESV of construction land according to the green-space coverage rate of the built-up area,
which reduces the calculation error of the total amount of regional ESV to a certain extent.
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However, there are some uncertainties in this paper. First, this paper ignores the impact
of water efficiency improvement on future land use area in the SW. According to the water
resource data of Jiuquan City, from 2006 to 2020, the area of construction land and cultivated
land continued to increase, but the total amount of agricultural water use and the total
comprehensive water use of construction land were decreasing, indicating that the water use
efficiency will increase with the improvement of production technology. Therefore, when
the total amount of water resources in 2035 is fixed, the area of plowland and construction
land calculated by using the average water consumption of the past five years may be
small. Secondly, this paper ignores the impact of water conservation on regional ESV. Water
conservation will inevitably reduce the amount of surface and groundwater extraction in
Jiuquan City, thereby improving the structure and function of the ecosystem, and the increase
in ESV caused by this indirectness is difficult to measure [52]. Finally, this paper calculates
the ESV of the construction land by using the green space coverage rate. Although the
calculation error of the total amount of regional ESV is reduced to a certain extent, the ESV
of the construction land itself and its impact on the natural and semi-natural ecosystems
are also ignored, which may have a certain impact on the results. Therefore, the following
improvements should be made in future research: (1) The issue of improving water efficiency
and the relationship between water conservation and ESV in the SW need to be further
explored to constantly improve the SW. (2) In the future, we will specifically analyze the ESV
of construction land itself and its impact on different types of ecosystem services and further
improve the methodology of ESV simulation and assessment.

6. Conclusions

In this paper, the PLUS model and ESV algorithm are used to quantitatively reveal
the differences in ESV changes under different development scenarios in Jiuquan City in
the future, and the driving factors of spatial differentiation of ESV in Jiuquan City are
analyzed using the parameter-optimal geographic detector model. The main conclusions
are as follows:

(1) Unused land and grassland are the main types of land, accounting for 95% of
the area of Jiuquan City. From 1980 to 2020, the area of cultivated land, water area, and
construction land showed a significant increase trend, while the area of other land use
types decreased.

(2) From 1990 to 2020, ESV increased from CNY 139.394 billion to CNY 142.642 billion.
From the perspective of land use type, grassland has the highest percentage of ESV, accounting
for 62.49%. The ESV of cultivated land and water area increased, while the ESV of other
land types decreased. From the perspective of ecosystem service types, the ESV of regulating
services is the highest, accounting for 67.26%, and the ESV of the four services is increasing.

(3) From the factor analysis, the influence of physical geographical factors on the
spatial differentiation of Jiuquan City ESV is greater than that of social and economic factors.
Elevation, temperature, and precipitation are the main driving factors. The interaction of
natural and human factors enhances the explanatory power of each factor to the spatial
differentiation of ESV.

(4) Compared with 2020, ESV will increase in all four scenarios in 2035. The ESV
increase in the SE scenario was the largest, and the ESV of each individual was significantly
higher than that of other scenarios.
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