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Abstract: Water yield and purification are important aspects of water ecosystem services, and achiev-
ing a balanced development of the two is necessary for the development of aquatic ecosystems. Using
the InVEST model, the spatiotemporal variations of regional water yield and purification services in
Shanxi, China, from 2000 to 2020 were analyzed. Three future scenarios (natural development, urban
development, and ecological protection) were assessed for 2030 using the PLUS model. The results
showed that in 2000–2020, the water yield of Shanxi Province in terms of space was generally low
in the middle and northwest and high in the southeast, and it was affected by land-use change and
climatic change. From 2000 to 2020, the water yield of Shanxi Province changed by 78.8 mm. In 2030,
water yield will be highest under the urban development scenario (380.53 mm) and lowest in the eco-
logical protection scenario (368.22 mm). Moreover, the water quality purification capacity improved,
with nitrogen loading high in the center and low in the east and west. Due to the implementation
of environmental protection policies and the improvement of the technical level, the nitrogen load
was the highest in 2000 (0.97 kg/hm2) and lowest in 2015 (0.94 kg/hm2). By 2030, because of the
high nitrogen loadings of cultivation and construction land and low nitrogen loadings of forests and
grasslands, the nitrogen load was lowest under the scenario of urban development (0.94 kg/hm2)
and highest under ecological protection (0.85 kg/hm2).

Keywords: water yield; water purification services; InVEST model; PLUS model; Shanxi Province

1. Introduction

Water ecosystem services reflect the ability of ecosystems to process and regulate water
and can provide guarantees for water resources and environmental security for human
society [1]. With the increase in socioeconomic development, human demand for water
resources has become increasingly intense, leading to frequent water shortages, water
pollution, and severe impacts on the sustainable development of the region [2–4]. Since
the 18th National Congress of the Communist Party of China (CPC), as the construction
of ecological civilization has been integrated into social and economic construction, the
evaluation of ecosystem service capacity has become increasingly important [5]. The
balanced development between water yield and purification is of great significance for
maintaining the stability, biodiversity, sustainable use, and healthy development of human
society [6–8].

With the development of Geographic Information Systems and remote sensing tech-
nologies in ecology and hydrology, many models and methods can be used to simulate
regional water yield and purification services [9–11]. For example, models such as the DHI
MIKE, Topography-based Hydrological Model, Soil and Water Assessment Tool (SWAT),
Terrain Lab, and Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) have
been used to simulate and analyze water yield services in different watersheds; models
or methods such as the single-factor method, Nemero index method, grey evaluation
method, SWAT, DO concentrations, the support vector regression (SVR) model, and In-
VEST have been used to evaluate water quality conditions in different regions [12,13].
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The InVEST model is an open-source ecosystem service function assessment model based
on the ecological production process, assessment, and trade-off of ecosystem services. It
calculates the physical and value quantities of ecosystem services, incorporates socioeco-
nomic factors into ecosystem conservation decisions, and enables the spatial presentation
of ecosystem services.

Owing to fewer parameter requirements [14–16], flexible parameter adjustments, a
wide range of applications [17], and other advantages, the InVEST model is widely used
by scholars and has achieved good results. However, the model has limitations, such as
high data dependence, parameterization and calibration challenges, and the complexity of
economic valuation. Internationally, Redhead et al. [18], Daneshi et al. [19], and Bejagam
et al. [20], respectively, used the InVEST model to simulate the water yield of the British
rivers, the basin flowing into the Caspian Sea in northern Iran, and the Tungabhadra basin
in the Indian peninsula. In China, Li et al. [21], Chen et al. [22], and Li et al. [23], respectively,
used the InVEST model to analyze the spatial and temporal changes in water resources
and water ecosystem services in Shaanxi Province, Hanjiang City, and Taihu Lake Basin.
In Shanxi, Pan et al. [24], Wang et al. [25], and Yang et al. [26] used the InVEST model to
analyze the spatiotemporal evolution of coalfield ecosystem services in Shanxi Province,
the pattern of multiple ecosystem services and ecological security in Shanxi Province, and
the coupling and coordination of the sustainable development of the ecosystem in Shanxi
Province. However, there are fewer assessments of water ecosystem services in Shanxi
Province. The geographical location and ecological environment of Shanxi Province are
extremely important. Therefore, it is very important to supplement the research on the
water ecological environment in Shanxi Province.

To more accurately predict future changes in water ecosystem services, scholars have
performed a large number of studies on the possibility of future land-use change [27,28],
among which the Patch-generating land-use simulation (PLUS) model is widely used
because of its high simulation accuracy, fast data processing, and effective simulation of
complex land-use evolution. The PLUS model has been used to predict the land-use and
ecosystem services of water ecosystems. Currently, combining the prediction of multi-
scenario land-use and ecosystem services has become a popular topic in research. Ferreira
et al. [29] provided suggestions for future ecological restoration in the southwestern region
of Portugal by predicting the land-use status of the region. Gao et al. [30] analyzed the
future ecological risk status of the local ecosystems by predicting the land-use types of
Nanjing for 2025 under multiple future scenarios. Li et al. [31] predicted the land-use types
and assessed the carbon stock in Kunming City based on the PLUS and InVEST models to
provide a reference for mitigating regional carbon loss.

Located in the eastern part of the Loess Plateau and the middle reaches of the Yellow
River, Shanxi Province is an important economic and ecological region in China and a
vital part of the Yellow River Basin [32]. It is situated at the northern boundary of the
East Asian summer wind system. This geographic location exposes the province to the
dynamic interplay of mid-latitude westerly winds and Asian monsoon winds [33]. The
territory is crisscrossed by mountains and has a complex topography; its unique geographic
location and elevation make it a sensitive area to climate change [34]. In Shanxi Province,
an important energy and chemical base in China, industrial water consumption is high
and causes serious water pollution. The degradation of aquatic ecosystem services has
long been a prominent concern [35]. The quality of the water ecological environment in
Shanxi Province can directly affect the fragile ecological environment and country of Shanxi
Province in terms of the development of the people’s economy. As an important water
yield area in the Yellow River Basin, it will also be related to the water resources situation
of the entire Yellow River Basin.

Quantitative research on water yield and purification in Shanxi Province is essential
for government departments to understand the production, distribution, and utilization
of water resources, which is conducive to the rational planning for the allocation and
utilization of such resources. Such research can help better understand the health status of
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water ecosystems in Shanxi Province and provide a scientific basis for ecological protection
and restoration, thereby contributing to improving the quality of water bodies and reducing
the impact of water pollution on ecology and human health, helping the government
formulate reasonable development strategies, balancing the relationship between economic
growth and environmental protection, and achieving sustainable social, economic, and
environmental development [36].

In this study, we conducted a quantitative assessment using the InVEST model to
analyze the spatiotemporal variations in water yield and purification services from 2000
to 2020. Additionally, three future development scenarios (natural development, urban
development, and ecological protection) were established to estimate the potential water
yield and purification services in 2030. This research seeks to provide scientific support for
the sustainable development of regional aquatic ecosystems, with a particular emphasis on
the importance of maintaining the co-development between water quantity and quality to
ensure ecological preservation.

2. Methodology
2.1. Study Area

Shanxi Province (34◦34′–40◦44′ N, 110◦14′–114◦33′ E) in North China has a total area
of 15.67 × 104 km2 (Figure 1). This area comprises various landforms, such as mountains,
hills, plateaus, and basins. Mountains and hills account for 80% of the total area of the
province; the terrain is high in the northeast and low in the southwest. It has a temperate
continental monsoon climate and an uneven seasonal distribution of precipitation, with
more precipitation in summer and fall and less precipitation in winter and spring. Shanxi
Province spans two major water systems, the Yellow and Hai Rivers, with a total annual
average water resource of 180.59 × 108 m3, of which the Yellow River Basin includes
the basins of the Fen, Yellow Tributary, Sushui, and Qin Rivers; and the Hai River Basin
includes the basins of the Yongding, Hutuo, Zhangwei, and Daqing Rivers.

2.2. Data Sources

This study mainly utilized spatial data, including meteorological, natural environment,
soil, socioeconomic, land-use, and road information data (Table 1). Owing to the different
resolutions of these data sources, the necessary data were resampled and projected by raster
processing. The spatial resolution of all data was standardized to 30 m by ArcMap10.7, and
the coordinate system used was Krasovsky_1940_Albers.

Table 1. Data sources and descriptions.

Categorization Data Type Data Sources and Processing

Meteorological elements

Measured quantity of rain Data Center for Resource and Environmental Sciences, Chinese
Academy of Sciences

(http://www.resdc.cn)Temperatures

Potential evapotranspiration National Meteorological Information Center-China
Meteorological Data Network (http://www.cma.cn)

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

Slope Calculated from DEM data in ArcGIS to get

Soil features Soil data Chinese soil information in the World Soil Database (HWSD)

Socioeconomic
GDP Data Center for Resource and Environmental Sciences, Chinese

Academy of Sciences
(http://www.resdc.cn)

Demographic

Land use Land-use type

http://www.resdc.cn
http://www.cma.cn
http://www.gscloud.cn
http://www.resdc.cn
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Table 1. Cont.

Categorization Data Type Data Sources and Processing

Road information

Distance to the first level of road

National Geographic Information Resources Catalog Service
System

(http://www.servicetianditu.gov.cn)

Distance to secondary roads

Distance to tertiary roads

Distance to highway

Distance to railroad

Distance to Government
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2.3. Research Methodology
2.3.1. InVEST Model

The InVEST model is an ecosystem assessment model based on different surface land
covers that can be used to simulate the material quality and quantity of ecosystem services
and spatialize ecosystem services to improve natural resource management. The model
includes multiple submodules, such as water yield, water purification, soil conservation,
and habitat quality. For the evaluation of aquatic ecosystem services in Shanxi Province
in this study, water yield and purification modules were mainly utilized to calculate the
amount of water yield and nitrogen loading. The details of the modules used are as follows:

(1) Water yield module

The water yield module (water yield) is an estimation method based on the water
balance method and Budyko’s water–heat balance assumption [37], which combines me-
teorological, topographic, vegetation, soil, and other data, using the difference between
precipitation and evapotranspiration to obtain the water yield. The greater the water yield,
the greater the water supply. This study compared the impact of land-use changes on water
yield under different scenarios for 2020 and 2030, where the water yield in 2030 was based
on precipitation in 2020. The calculation formula is as follows:

Y(x) =
(

1− AET(x)
p(x)

)
· p(x) (1)

AET(x)
p(x)

=
1 + w(x) + R(x)

1 + w(x) · R(x) + 1/R(x)
(2)

w(x) = Z · PAWC(x)
p(x)

(3)

R(x) =
k(x) · ET0

P(x)
(4)

where Y(x) is the average annual water yield (mm), AET(x) is the average annual actual
evapotranspiration (mm), P(x) is the average annual precipitation (mm), R(x) is the Budyko
drying coefficient, and PAWC(x) is the available water content of vegetation (mm), which
is the coefficient of evapotranspiration of vegetation and the average annual reference
evapotranspiration (mm). Z denotes the Zhang coefficient [38], which was obtained by
improving the calculations based on the Budyko curve. Through continuous simulation
improvement, when Z was 4.03, the difference between the simulated average annual water
yield and actual natural runoff in Shanxi Province was the smallest, and the simulation
results were the best.

(2) Water purification module

The nutrient retention module estimates the effect of vegetation and soil on water
purification based on the ability of nitrogen nutrients in runoff to remove pollutants
and determines the capacity of water purification. The higher the total nitrogen content,
the more severe the pollution level of the watershed and the weaker the water quality
purification capacity. The calculation formula is as follows:

ALVx = HSSx ∗ polx (5)

HSSx =
λx

λw
(6)

λx = log(ΣuYu) (7)

where ALVx is the adjusted load value, polx is the output coefficient, HSSx is the hydrologi-
cal sensitivity score, λx is the runoff index, λw is the average runoff index in the watershed,
and ΣuYu is the total water yield (mm) within the runoff path.
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As different land-use types exhibit different water purification capacities, their bio-
physical coefficients are different. This study combined the results of relevant existing
research to determine the local biophysical coefficients (Table 2) [39], which can be used
to reflect the attributes of the soil cover and land-use types. This specifically includes the
actual evapotranspiration assignment, root depth, plant evapotranspiration coefficients,
nitrogen loading coefficients, nitrogen sequestration efficiency, and other relevant parame-
ters. The actual evapotranspiration assignment was assigned as 1 and 0 based on whether
there was vegetation cover or not, respectively.

Table 2. Details of biophysical coefficients.

Land-Use Type
Actual

Evapotranspiration
Assignment

Depth of Root
System (mm)

Plant Evapotranspiration
Coefficient

Nitrogen Load
Factor

Nitrogen
Interception

Efficiency

Arable land 1 350 0.75 18.23 0.4
Woodland 1 2500 0.93 3.45 0.75
Grassland 1 750 0.63 8.02 0.5

Waters 0 1 1 0.01 0.05
Construction land 0 1 0.25 11.03 0.05

Unused land 1 20 0.4 9.83 0.05

2.3.2. Bivariate Spatial Correlation Model

Global spatial autocorrelation can describe the overall distribution of a phenomenon
and determine whether the phenomenon has agglomeration characteristics in space; how-
ever, it cannot precisely identify the areas in which local spatial autocorrelation can project
the scope of the agglomeration [40]. Among these, the Geoda tool can analyze raster spatial
data, which can effectively reveal the correlation between different elements of spatial units,
and the calculation formulas are as follows:

Moran′s I =

N
N
∑
i

N
∑

j 6=1
Wijza

i zb
j

(N− 1)
N
∑
i

N
∑

j 6=1
Wij

(8)

LISAi =
1
N

(xi − x)

∑
i
(xi − x)2 ∑

j
Wij(xi − x) (9)

where Moran’s I denotes the bivariate global Moran’s index, za
i is the deviation of the

attribute of the ith cell from the mean, Wij is the spatial weight matrix, and N is the number
of units in the study area. The value of Moran’s I is in the range of −1 to 1; Moran’s
I > 0, < 0, and = 0 indicate positive, negative, and no correlations, respectively. Local
indicators of spatial association (LISA) is the bivariate local autocorrelation index, where
xi is the attribute value of unit i and represents the average of all attribute values. When
LISA > 0, the spatial cell is a high-high- or low-low-value spatial agglomeration, and when
LISA < 0, the spatial cell is a high-low- or low-high-value spatial agglomeration.

2.3.3. PLUS Model

The PLUS model is a recently developed model that is based on traditional land-use
simulation and random forest models such as system dynamics [41], Future Land-Use
Simulation [42], CLUE-Scanner [43], and Spatial-temporal Markov chain [44] models. It
integrates a Create-a-Research-Space model of a multi-type random seed mechanism that
can be used to analyze the drivers of land expansion and predict the evolution of land-
use patches.

To evaluate the simulation accuracy, the simulated land-use types in 2020 were com-
pared with real land-use data in 2020. The Kappa coefficient was found to be 0.84, which
was greater than 0.7, indicating its high simulation accuracy. Therefore, it can be used to
predict the land-use types in Shanxi Province by 2030.
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Land use is affected by policies, economic development, natural environment, and
other aspects. Due to the uncertainty of future development, it is based on the land use
changes in Shanxi Province from 2000 to 2020 and the possibility of future development
under three future development scenarios (i.e., natural development, urban development,
and ecological protection). Simulations and projections of changes in land use in Shanxi
Province by 2030 were then developed. These three development scenarios are designed
to explore more comprehensively the impacts of land use on ecosystems. These different
scenarios are set up for several reasons: the natural development scenario takes into
account natural evolution and natural processes and helps to understand the impact of
land use on aquatic ecosystems in the absence of human policy interventions; the urban
development scenario takes into account that Shanxi Province is in the rising stage of
economic transformation, and urban expansion may still exist in the future; the ecological
protection scenario takes into account that the environmental awareness of the government
and the public is gradually rising, and in order to achieve the sustainable and high-quality
development of Shanxi Province, ecological protection measures may be strengthened in
the future. Under the natural development scenario, the change in each land-use type
continues the current development trend; under the urban development scenario, the
transfer of construction land to other land-use types is restricted, but other land can be
transferred to construction land; and under the ecological protection scenario, the transfer
of ecological land, such as woodland, grassland, and water, to other land is restricted,
but other land can be transferred to ecological land types (Table 3; where “+” indicates
transferable and “−” indicates non-transferable land).

Table 3. Multi-scenario land-use transfer matrix.

Scenario Setting Land-Use Type Arable
Land Woodland Grassland Waters Construction

Land Unused Land

Natural
Development

cenario

Arable land + − + + − +
Woodland − + + − − +
Grassland + + + + − +

Waters − − + + − +
Construction Land + − + − + +

Unused land + + + + − +

Urban Development
Scenario

Arable land + + + − − +
Woodland − + − + + +
Grassland − − + + + +

Waters − − − + − +
Construction Land + + + + + +

Unused land + + − − − +

Ecological Protection
Scenario

Arable land + − − − − +
Woodland + + + − − +
Grassland + − + − − +

Waters + − + + − +
Construction Land + − − − + +

Unused land + − − − − +

3. Results and Discussion
3.1. Changes in Water Yield in Shanxi Province from 2000 to 2020
3.1.1. Temporal Variations

Generally, water yield is mainly affected by rainfall and actual evapotranspiration,
whereas the main factors affecting actual evapotranspiration include air temperature and
land use [45]. In Shanxi Province, the differences in the average water yield of different
land-use types were as follows: unutilized land > constructed land > grassland > cultivated
land > woodland > waters. Because most unutilized land is not shaded by vegetation
or artificial structures, this allows precipitation to directly reach the surface, whereas the
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hardened surface of the constructed land makes it difficult for precipitation to infiltrate.
The average multi-year water yield of unutilized and constructed land reached 295.44 and
234.29 mm, respectively.

Grassland, arable land, and woodland exhibited medium water yield capacities. Al-
though grassland was vegetated, water evaporation was relatively low, and the root system
was shallow, with an average water yield of 214 mm. Arable land was usually artificially
managed and improved, and the root systems of crops were more developed; therefore, it
absorbed and utilized the water in the soil more efficiently, with an average water yield of
217.69 mm. Because woodland had exuberant branches and leaves with high evapotran-
spiration, the formation of a layer of withered material and humus on the surface played
a positive role in water conservation, with an average water yield of 220.25 mm. Waters,
despite being a storage space for water, were unable to absorb and utilize water, and the
average water yield was 151.40 mm.

The water yield in Shanxi Province from 2000 to 2020 showed an N-shaped change,
characterized by a small increase, then a decline and a subsequent increase (Figure 2).
The average water yield in Shanxi Province in 2000 was 297.01 mm, and the high-value
areas of water yield were mainly located in the Qin, Zhangwei, and Hutuo River Basins
in the eastern part of Shanxi, owing to their abundant precipitation. However, 2015 was
a very strong El Niño year; the province’s precipitation was only 480.60 mm, the average
temperature was 1 ◦C higher than normal, and, therefore, the water yield was low at only
265.27 mm. In contrast, 2020 was the subsequent year of El Niño, when the rainfall reached
877.2 × 108 m3, with an average rain depth of 561.3 mm; thus, the year had a biased
abundance of water [46]. Meanwhile, with the rapid development of the local society and
economy and the popularization and implementation of the policy of “returning farmland
to forests,” the expansion of construction land has occupied a large amount of arable land
and grassland. Furthermore, the increase in construction land from 2000 to 2020 was
106.22%, which has greatly increased the area of impermeable layers. Consequently, the
average water yield of the province in 2020 reached 375.80 mm, which was higher than that
of 2000 and 78.79 mm higher than the average water yield in 2000.
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3.1.2. Spatial Variations

Water yield is greatly influenced by climate and human activities. Affected by this,
it shows the spatial differentiation characteristics are generally low in the middle and
northwest and high in the southeast in terms of space (Table 4). The water yield in the
central basin area is low, the topography of the basin is usually surrounded by surrounding
mountains or mountains, and water replenishment is limited. Moreover, the basin’s
topography has a high rate of evaporation and transpiration because the surrounding
mountains block the wind, making it possible for the humidity to increase, resulting in
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more evaporation and transpiration of water. In the northern region, Datong and Xinzhou
had mines, and to ensure the dryness of the mines and associated workspaces, a large
amount of groundwater was extracted, which led to the destruction of underground
aquifers, a continuous decrease in water yield, and, thereby, a negative impact on the local
water ecosystem. This encouraged the local area to actively promote the mine’s ecological
restoration and, thereby, the benign development of the regional ecology. The water yield in
the western part of Shanxi Province is low, mainly because most of the area belongs to the
arid climate zone, with a dry climate and lack of sufficient precipitation. The western region
has high and complex terrain, more mountainous areas, and poor water storage conditions.
The ecological environment in the western region is poor, and problems such as soil erosion
are serious, affecting the maintenance and supply of water resources. In recent years, the
Lvliang Mountain area has experienced abundant precipitation and vigorous vegetation
growth. With the popularization of soil and water conservation projects, water-saving
technology, and other measures, the high water yield area has shifted from the southeastern
part of the Haihe River Basin to the Lvliang Mountain area in the Yellow River Basin.

Table 4. Water yield in different watersheds in Shanxi Province (all units in mm).

Watershed Year 2000 2005 2010 2015 2020

Yellow River Basin

Fen River Basin 278.9 291.27 268.68 245.49 385.57
Yellow Tributary Basin 281.75 300.44 315.34 298.05 362.45

Sushui River Basin 281.44 319.17 321.27 327.17 335.06
Qin River Basin 370.53 406.94 304.93 289.52 403.08

Sea River Basin

Yongding River Basin 213 233.73 283.2 250.43 267.09
Hutuo River Basin 333.32 287.5 310.45 284.99 427.41

Zhangwei River Basin 441.03 404 314.29 276.73 435.6
Daqing River Basin 300.44 326.42 341.76 320.76 401.76

Located in the eastern part of Shanxi Province, the Haihe River Basin generally has
a high level of urbanization, and land use is dominated by construction and industrial
land, with an average annual water yield of 322.70 mm. The Zhangwei, Hutuo, and
Daqing River Basins are situated on the windward slopes of the Taihang Mountain Sys-
tem, with high precipitation and low evaporation, with an average annual water yield of
328.73–374.33 mm.

The Yellow River Basin in the central and western parts of Shanxi Province is a semi-
arid region, with land-use types dominated by cropland and grassland and an average
water yield of only 319.35 mm. The Fen and Sushui River Basins are located on the leeward
slopes of the Taihang and Taiyue Mountains, with topography dominated by basins, high
temperatures, and strong evapotranspiration; their average water yields are 293.98 and
316.82 mm, respectively.

3.2. Spatiotemporal Variation in Water Purification Services in Shanxi Province from 2000 to 2020

The ability to remove nitrogen can be used to reflect the ability to purify water, and
different land types have different abilities to absorb and remove nitrogen. Studies have
shown that the annual average nitrogen loads of various land-use types are in the following
order: cropland > construction land > unutilized land > grassland > woodland > waters.
In agricultural activities, some pesticides and fertilizers are not absorbed by crops, which
accumulate nitrogen on the surface, leading to a nitrogen load in the croplands of Shanxi
Province of 1.64 kg/hm2. During the urbanization process, a large amount of nitrogen
oxides is generated from energy consumption, industrial production, and transportation,
which is deposited into water bodies in the form of acid rain, and some enterprises directly
discharge nitrogen-containing wastewater into the water bodies; this increased the nitrogen
loading of construction land in Shanxi Province to 0.99 kg/hm2. Because forests and
grasslands have strong nitrogen-fixing capacities, their nitrogen loads were lower. In water,
aquatic plants and plankton can absorb and utilize nitrogen in the water, whereas the water
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body can dilute the nitrogen via water flow and circulation. Consequently, the nitrogen
load in the water bodies of Shanxi Province was only 0.01 kg/hm2.

The nitrogen load in Shanxi Province is affected by a variety of factors, including
agriculture, industry, urbanization, and the natural environment. Therefore, spatially, the
nitrogen loading in Shanxi Province was high in the central part and low in the eastern
and western parts (Figure 3). Areas with low water purification capacities were mainly
distributed in the south-central part of the Yellow River Basin, the northern part of the
Haihe River Basin, and the southeastern part of Shanxi Province. A large amount of
discharged urban and industrial sewage and applied chemical fertilizers increased the
nitrogen load and lowered the water purification capacity in the province. Areas with
higher water purification capacities were mainly distributed in the southeastern part of the
Yellow River Basin and the Lvliang Mountain area, which are mountainous and hilly, with
large forest and grassland distributions.
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During 2000–2020, the water purification capacity of the Haihe and Yellow River Basins
increased overall. Among them, with the implementation of environmental protection and
“returning farmland to forest” policies, the area with higher water purification capacity
expanded significantly in the Lvliang Mountain area of the Yellow River Basin; however, in
the central area of the Fen River Basin, owing to the increasing level of urbanization and
subsequent increase in regional nitrogen loading, the areas with low water purification
capacity are expanding into the north-central part of the Fenhe River Basin.

3.3. Spatial Matching Analysis of Water Yield and Purification Services

Based on the Geoda spatial analysis tool, a spatial weight matrix was established, and
the bivariate global Moran’s I index for water yield and purification services in Shanxi
Province was calculated (Table 5). The results show that a significant and expanding
trade-off occurred between water yield and water purification services during 2000–2020.

Table 5. The global Moran’s I index for water yield and water purification services.

Norm 2000 2005 2010 2015 2020

Moran’s I −0.201 −0.204 −0.273 −0.216 −0.335
p-value 0.002 0.003 0.005 0.004 0.003

Analyzing the local spatial heterogeneity between water yield and purification ser-
vices in Shanxi Province (Figure 4) revealed that the Hutuo River Basin, Zhangwei River
Basin, southern part of the Yellow Tributary, and Fen River Basin were mainly “high-low”
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agglomeration areas. This region had abundant precipitation that was distributed across
forested grasslands, and it currently represents the optimal area for water ecology in
Shanxi Province.
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The “low-high” agglomeration areas were mainly found to be distributed in the south-
central part of the Yellow River Basin and the northern part of the Haihe River Basin, with
high temperatures, high evaporation rates, and an abundance of arable land; this area is
currently a low-value area for the quality of the water ecosystem in Shanxi Province. Under
the influence of the increasing trend of local warming and drying, the significant increase
in fertilizer application, and the uncontrolled discharge of nitrogen-containing wastewater,
the “low-high” agglomeration area has a clear tendency to expand to the western part of
the Zhangwei River Basin; therefore, special attention should be paid to the protection of
the aquatic ecology in this area.

The “high-high” agglomeration areas were mainly distributed in the southern part
of the Yellow River Basin and the southwestern part of the Haihe River Basin in Shanxi
Province, where the arable land is widely spread and has rich precipitation, exhibiting high
water yield and weak water purification capacity. However, over the past 20 years, with
the promotion of the policy of returning farmland to forests, the local water purification
capacity has been significantly improved, and “high-high” agglomeration areas have
been decreasing.

The “low-low” agglomeration areas were mainly distributed in the eastern part of the
basin of the tributaries of the Yellow River and the western part of the Qin River Basin,
which are relatively small in area but have large forest and grassland distributions, and
the vegetation has a strong ability to intercept precipitation. Notably, with the increase in
precipitation in the Lvliang Mountain area, the local area showed a tendency to shift from
the “low-low” catchment area to the “high-low” agglomeration area.

3.4. Characterization of Water Yield and Purification Services under Different Scenarios for 2030

By predicting the changes in water yield and nitrogen loading under the three scenarios
(i.e., natural development, urban development, and ecological protection) for 2030, the
following findings were obtained (Table 6).

Table 6. Average annual water yield and nitrogen loading in Shanxi Province from 2000 to 2020, and
projections for 2030 under different scenarios.

Ecosystems/Year 2000 2005 2010 2015 2020 Natural Development Urban Development Ecological Protection

Water yield (mm) 297.01 299.39 294.06 265.27 375.81 372.19 380.53 368.22
Nitrogen loading

(kg/hm2)
0.97 0.96 0.95 0.94 0.95 0.91 0.94 0.85
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Under the natural development scenario, Shanxi Province will continue with the
development trend of the current land-use type. By 2030, the water yield capacity will
change minimally, only 372.19 mm, which is slightly lower than that in 2020. Under the
urban development scenario, construction land will be restricted from shifting to other land-
use types but other land-use types can be transformed into construction land; therefore, by
2030, the area of construction land will have significantly increased compared with that of
the other scenarios, whereas ecological land areas will decrease significantly, resulting in
a water yield of 380.53 mm, a 1.3% increase compared with that in the year 2020. Under
the ecological protection scenario, ecological environmental protection will be particularly
emphasized by the government, which will lead to a significant increase in the area of
ecological forests and grasslands, thereby increasing the intercepting capacity of vegetation
for precipitation and increasing pollutants. The amount of water produced by 2030 is
projected to decrease by 7.59 mm compared with that recorded in 2020.

With urban socioeconomic development and the improvement of wastewater treat-
ment levels, the water purification capacity of Shanxi Province under the three scenarios
will be higher in 2030 than it was in 2020, but the water purification capacities will be dif-
ferent under the different scenarios. The nitrogen loading under the natural development
scenario will be 0.91 kg/hm2, a decrease of 4.21% compared with that recorded in 2020.
Under the urban development scenario, the nitrogen loading will be evidently higher than
those in the other scenarios because of the significant increase in the area of construction
land and the significant decrease in the areas of forest and grassland, which have strong
absorption and removal capacities for nitrogen. Under the ecological protection scenario,
the area of ecological forest and grassland will increase, and the ecological forest meadow
will have an increased capacity to intercept pollutants and reach the water body. The
capacity of the pollutants will be enhanced, and the nitrogen load reaching the water body
is anticipated to decrease by 10.52%, or 0.85 kg/hm2, compared with that recorded in 2020.

4. Conclusions and Discussion
4.1. Conclusions

Based on the InVEST model water yield and water purification module, the spatiotem-
poral changes in water yield and water purification in Shanxi Province from 2000 to 2020
and the correlation between the two were analyzed. Water yield and nitrogen loading
under the three scenarios of natural development, urban development, and ecological
protection by 2030 were predicted using the PLUS model. The results of this article are
as follows:

1. The differences in the average water yield of the different land-use types in Shanxi
Province were as follows: unutilized land > constructed land > grassland > cultivated
land > woodland > waters. Temporally, the water yield of Shanxi Province from
2000 to 2020 can be characterized by an N shape. Affected by land-use change and
climatic change, the lowest water yield (265.27 mm) occurred in 2015, and the highest
(375.80 mm) was in 2020, showing a change of 110.53 mm; from 2000 to 2020, the
water yield of Shanxi Province changed by 78.8 mm. Spatially, the water yield mainly
exhibited characteristics of low spatial differentiation in the middle and northwest
and high spatial differentiation in the southeast.

2. The water purification capacities of different land-use types were as follows: arable
land > construction land > unutilized land > grassland > woodland > waters. Spatially,
the areas with lower water purification capacities were mainly distributed in the south-
central part of the Yellow River Basin and the northern and southeastern parts of
the Haihe River Basin, whereas those with higher water purification capacities were
mainly distributed in the southeastern part of the Yellow River Basin as well as
in the Lvliangshan Mountain area. Due to the implementation of environmental
protection policies and the improvement of the technical level, the nitrogen load was
the highest (0.97 kg/hm2) in 2000 because of its large arable land area and high usage
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rate of pesticide fertilizers. In contrast, the nitrogen load was the lowest in 2015
(0.94 kg/hm2).

3. From 2000 to 2020, a significant and expanding trade-off occurred between the water
yield and water purification services in Shanxi Province. The Hutuo River Basin,
Zhangwei River Basin, southern part of the Yellow Tributary Basin, and Fenhe River
Basin were primarily “high-low” agglomeration areas. The “low-high” agglomeration
areas were mainly distributed in the south-central part of the Yellow River Basin and
the northern part of the Haihe River Basin.

4. By 2030, the urban development scenario yielded the most water (380.53 mm), whereas
the ecological protection scenario yielded the least (368.22 mm). With urban socioeco-
nomic development and sewage treatment level improvement, the water purification
capacity of Shanxi Province in 2030 is expected to be higher than that in 2020 under
all three scenarios; however, the ecological protection scenario had the strongest
purification capacity, with a nitrogen load of only 0.85 kg/hm2. In contrast, the
urban development scenario had the weakest purification capacity (nitrogen load:
0.94 kg/hm2).

4.2. Discussion

The results show that the land-use type in the study area under the natural develop-
ment scenario develops along the historical benchmark, reflecting the changes in the water
ecological environment under current conditions, thereby having a minimal impact on the
water ecological environment. Under the urban development scenario, the research area
focuses on economic development and urban construction. The water yield and nitrogen
load change the most; hence, urban expansion should be reasonably controlled, and ecolog-
ical land should be protected [47,48]. The water ecological environment of Shanxi Province
is ideal under the ecological protection scenario, but economic growth becomes relatively
slow. Therefore, optimizing land use, increasing investment in sewage treatment science
and technology, using pesticides and fertilizers rationally, and implementing river basin
zoning are necessary for economic development. Science and technology must be used to
promote the construction of ecological civilization, ensure the safety of the water ecological
environment in the river basin, and improve the water ecological environment.

In this study, the spatiotemporal changes and correlation between water yield and
purification services in Shanxi Province from 2000 to 2020 were investigated. We chose
5 years as a time node; although this reflects the changes in regional water ecology in time
and space, this may cause some spatiotemporal information on water yield and water
purification to be omitted. Moreover, both precipitation and land-use changes can affect the
water yield capacity of a region. As this study focused on analyzing the impact of land-use
change on water yield capacity, future precipitation was assumed to remain unchanged.
The three development scenarios were simulated to provide a certain reference for the
rational adjustment of the land-use types and protection. In future studies, the dual impacts
of precipitation and land use can be considered and combined with the representative
concentration pathway and shared socioeconomic pathway scenarios proposed in CMIP6
to comprehensively predict changes in water yield and purification capacity in Shanxi and
other similar critical regions.

Relevant studies have shown that warming and drying trends in the climate in Shanxi
Province will become increasingly prominent in the future [49,50]. Shanxi Province should
consider ecological, social, and economic factors when formulating relevant policies and
action plans and seek the best balance to achieve comprehensive sustainability:

1. In the context of agricultural production, areas with low water yield in Shanxi
Province, such as the Fenhe River Basin and the Sushui River Basin, should pro-
mote the popularization of water-saving technologies such as sprinkler and drip
irrigation, improve the efficiency of water resource utilization, and optimize water
resource management systems. Areas with wide agricultural distribution and low
water purification capacity, such as the central and southern regions of the Yellow
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River Basin, should also reduce the use of synthetic pesticides and chemical fertilizers
and support organic agriculture.

2. In the context of ecosystem protection, areas with poor soil and water conservation,
such as the cities of Jinzhong, Lvliang, and Yuncheng, should protect ecological forest
belts (soil and water conservation forests), strengthen wind and sand control forests
to reduce soil erosion and maintain soil moisture and nutrients, and protect water
sources (wetlands, lakes, and rivers).

3. In the context of urban development, areas with a high level of urbanization, such
as the cities of Taiyuan, Datong, and Changzhi, should rationally control the scale of
urban construction to reduce the discharge of nitrogenous sewage. Sewage treatments
should be strengthened, and the scale of use of reclaimed water should be expanded.
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