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Abstract: Land-use change plays an important role in ecological change; knowing the trends in
land-use change can quickly help identify problems in regional ecosystems. In 2000 to 2020, the
development of a global economy caused increasing extreme weather events worldwide and lead
to exacerbating changes in types of land-use. The Yellow River source area is an important water
source and a central part of ecological protection efforts in China. The fragile ecosystems make
the area sensitive to environmental changes. Therefore, in protecting the ecological security of the
basin, simulating changes in the ecosystem service value under different scenarios is a meaningful
procedure. A patch-generating land use simulation model was used to simulate different land use
scenarios in 2030, including an ecological protection scenario, a production priority scenario, a carbon
neutral scenario and a natural development scenario. The analysis shows that significant progress
has been made in water conservation but grassland conservation faces enormous challenges. The rate
of development, occupation of farmland and land dedicated to construction has increased. Unused
land increased dramatically from 2010–2020 and has not been mitigated by existing policies. Based
on the unit area value equivalent coefficients, the ecosystem service value rankings for the seven
land use types were as follows: Grassland > Wetland > Water Area > Forest > Farmland > Unused
Land > Construction Land; the four types of ecosystem service value are ranked as follows: reg-
ulating services > supporting services > supply services > cultural services; the four scenarios of
ecosystem service value are ranked as follows: ecological protection scenario > production priority
scenario > carbon neutral scenario > natural development scenario. The ecosystem service value of
the Yellow River source area would increase by CNY 1.641 billion in 2030 with ecological protection
goals and decrease by CNY 1.421 billion with the current of development. This study provides
valuable insights and implications for land use, ecological protection and sustainable development
by shedding light on watershed change issues and assessing and predicting the ecological status of
the Yellow River source area.

Keywords: land utilization; PLUS model; ecological service value; Yellow River source area

1. Introduction

The ecosystem is an important link between humans and the earth [1]. Ecosystem
services (ES) are the benefits that humans derive from ecosystems, arising from biotic and
abiotic interactions [2]. They absorb carbon dioxide generated from human activities and
provide food and water to help humans survive and thrive [3,4]. ES include provisioning
services, regulating services, supporting services and cultural services [2]. Different land
use types contribute to various ES. For example, water areas and wetlands play an impor-
tant role in hydrological regulation and the water supply, and forests are indispensable
in terms of climate and hydrological regulation [5]. With the development of human soci-
ety, the intensification of land uses and the acceleration of urbanization, human activities
have an increasing impact on the natural environment [6]. In the past, biodiversity and
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ES were considered as free ‘commodity’ and, as a result, the uncontrolled exploitation
of resources by people has destroyed ecosystems [N1]. Nowadays, humans have been
paying attention to ES due to the climate changes and dramatic resource depletion, and
they have realized the real value that ES contribute to society. Thus, the costs of ecosystem
degradation and its effect on the supply of ES has also been properly accounted for [7,8].
Costanza et al. [1] quantified the value of global ecosystems in 1997. Subsequently, the
calculation of ecosystem service value (ESV) has been increasingly accepted as a method
of ecological asset valuation [9] to help the straightforward assessment and management
of ecosystems by decision-makers [10,11]; quantifying ES in monetary terms can provide
reliable data support for decision-makers working on the rational planning of regional
development [12]. Meanwhile, further exploration of the spatial distribution, composition
and influencing factors of regional ecosystems as well as ESV trends has played a significant
role in coordinating the regional management of ecosystems [13,14]. According to charac-
teristics of the environment in China, Xie et al. [15] have made an equivalence table of ESV
per unit area of China terrestrial ecosystems. Chinese researchers subsequently studied
the spatial and temporal variation [16,17], spatial relationships [18,19] and influencing
factors [14] of ESV in different regions based on land use data. Their efforts have supported
the enactment of ecological conservation policies and the scientific management of the
region, and the continuous waste of global ecological resources and the ongoing decline in
ecological services has been mitigated by their research.

Land use or land cover change and the impacts of climate change on ecosystems have
been the focus of the International Human Dimensions Programme on Global Environmen-
tal Change (IHDP) [20]. Land use change is a consequence of human activities and changes
in the natural environment. It can transform the ecosystem structure and function, thereby
affecting the capacity and value of ecosystem services. Currently, scholars have mainly
focused on the relationship between spatial and temporal changes in land use types [21,22],
land use patterns [23,24], land use intensity [25,26] and changes in ecosystem service. The
above studies are important guides for advancing ES research. For future development
of the Yellow River source area (YRSA), scenario modelling is needed. Cellular automata
(CA) are the basis of current land use simulation models. Based on CA algorithms, scholars
have proposed CA-Markov [27], CLUE-S [27], GeoSOS [28], FLUS [29] and PLUS (patch-
generating land use simulation) [30]. Scholars have used these methods to predict the
situations of future land use and evaluate regional ecosystem development. The advantage
of the PLUS model is that it can dynamically simulate land-use patch shifting with high
accuracy through a land expansion analysis strategy and a multi-class stochastic patch seed
growth mechanism [31].

Located at the northeastern end of the Qinghai–Tibet Plateau, the YRSA is the largest
flow-producing area in the Yellow River basin. It is also the most important ecological
function area and major recharge area for China’s freshwater resources, and a sensitive and
important initiation area for climate change in Asia, the northern hemisphere and even
globally. Due to the special geographical location, rich natural resources and important eco-
logical functions, the YRSA has become one of the most important watersheds in northwest
China. The development and stability of the middle and lower reaches of the Yellow River
makes a major contribution to maintaining national ecological security. In recent decades,
significant changes in land use have occurred in the YRSA due to global warming and the
intensification of human activities on the Qinghai–Tibet Plateau [32]. Changes in natural
climatic factors (e.g., precipitation, temperature) have a direct impact on the direction
and number of land use types. Climate change leads to higher regional temperatures and
increased precipitation. On the one hand, it causes a longer vegetation growing season,
increased grass production and an overall improvement in land cover [33–35]. On the
other hand, the increasing temperature leads to the thawing of the glacier, the decrease in
grassland, the increase in soil erosion and unused land [36–39]. Social development has also
had an important impact on the shift in land use types in the YRSA. Accelerated urbaniza-
tion, increased population and increased intensity of human activities such as overgrazing
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have led to an increase in the area of construction land, farmland and wasteland along
with a decline in the grassland [40–43]. It is necessary to estimate land use changes and
their corresponding ESVs in the past and future of the YRSA [44,45] in order to promote
ecological environmental protection and sustainable development of natural resources in
the YRSA. In this study, regional differences were considered and the ESV per unit area
equivalence table for terrestrial ecosystems in China was revised using data from the YRSA
to form an ESV per unit area equivalence table applicable in YRSA. Using the PLUS model,
four scenarios were constructed to assess the changes in ESV in the YRSA under different
development goals. There are three research goals: (1) study the spatial and temporal
characteristics of land use in the YRSA from 2000 to 2020 based on the data selected from
the land use transfer matrix model; (2) improve the equivalent factor table of Xie et al. [15]
to calculate the trend of ES changes in the YRSA in 2000, 2010, 2020 and 2030; (3) define
four scenarios based on the regional characteristics of the YRSA and simulate the changes
in spatial distribution of land use in the YRSA in 2030 based on the PLUS (Patch-generating
land use simulation) model. This study provides a scientific and theoretical basis for the
strategic goals of ecological conservation and sustainable social development in the Yellow
River source area. Meanwhile, these results are expected to provide some references for
the future land use planning and management of the YRSA as well as the construction of
ecological civilization in other ecologically sensitive areas.

2. Materials and Methods
2.1. Study Area

The Qinghai–Tibet Plateau is one of the most ecologically fragile areas in China and
the YRSA is located in the northeastern part of the plateau. It is the first line of defense
against the destruction of natural resources. The YRSA is the largest producing stream in
the Yellow River basin, which is an important part of the freshwater recharge area and
ecological function protection zone in China [45], comprising around 130,000 km2 with an
average elevation of 4500 m. The terrain is high in the west and low in the east with the
highest elevation of 6265 m located at the Animaqing Mountain and the lowest elevation of
2418 m located in the Longyangxia Reservoir. The YRSA mainly has a highland continental
climate with distinct dry and wet seasons, long sunshine hours, decreasing precipitation
from southeast to northwest and the dominant land use type is grassland. In recent years,
due to global warming, the permafrost is rapidly melting and the water volume in the
watershed is increasing, leading to a series of problems such as soil erosion [46]. The
location of the study area is shown in Figure 1.
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2.2. Data Sources

As part of the global land cover data, the land use dataset is derived from Globeland 30
(www.globallandcover.com, accessed on 1 February 2022) [47,48] where the dataset is
mainly processed by multispectral imaging. The spatial resolution of the multispectral
image shows 30 m × 30 m in 2000, 2010 and 2020, with an overall accuracy of 85%
and a Kappa coefficient of 0.8. According to the current China land-use classification
(No. GB/T21010-2007) and geographical characteristics of the study area, the study reclas-
sified the land use dataset into seven land-use types as follows: farmland, forest, grassland,
water area, wetland, construction land and unused land. The land use intensity was de-
rived from the research from Hoque et al. [49], Felipe-Lucia et al. [50] and the geographical
characteristics of the YRSA (Table 1). Nine drivers were selected for analysis in the PLUS
(patch-generating land use simulation) model (Table 2), which include natural factors
(e.g., DEM, slope, aspect, soil type, precipitation, temperature, distance from rivers) and
social factors (e.g., distance from high level roads, such as highways and primary roads,
and distance from low level roads, such as county roads and district roads). Panel datasets
are mainly used to calculate the ESV, including agricultural economic benefits published by
China Statistical Yearbook (http://www.stats.gov.cn/tjsj/ndsj/, accessed on 5 February
2022) and the National Farm Product Cost-benefit Survey.

Table 1. Land use type classification and intensity.

Macro LULC Classes Micro LULC Classes Information Level of Intensity

Construction land
Surface formed by man-made construction activities,

including various residential areas, industrial mines and
transportation facilities in towns.

7

Farmland Land used for growing crops, including paddy fields, dry
land, vegetable fields, pastureland, orchards. 6

Forest
The land covered by trees with crown coverage over 30% and
the land covered by shrubs with shrub coverage over 30% are
forest, shrub land, open forest land and immature forest land.

5

Grassland
The land covered by natural herbaceous vegetation with
coverage higher than 10% includes grassland, meadow,

savanna and desert grassland.
4

Wetland Land with shallow water or over-wet soil, including inland
marshes, lake marshes and shrub wetlands. 3

Water area Liquid water covered areas and ice-covered areas, including
rivers, lakes, glaciers, beaches. 2

Unused land Naturally covered land with less than 10% vegetation cover,
including saline, sandy, bare rock and bare tundra. 1

Table 2. Nine sources of drivers chosen for the study.

Driving Factors Data Source

Precipitation NOAA (https://www.noaa.gov/, accessed on 1 October 2021)
Temperature
DEM

Geospatial Data Cloud (www.gscloud.cn, accessed on 1 October 2021)Slope
Aspect

Soil type
Harmonized World Soil Database v 1.2 [51] (https://www.fao.org/soils-portal/soil-
survey/soil-maps-and-databases/harmonized-world-soil-database-v12/en/, accessed on 1
October 2021)

Distance from senior roads
OpenStreetMap (https://www.openstreetmap.org/, accessed on 1 October 2021)Distance from minor roads

Distance from the river

www.globallandcover.com
http://www.stats.gov.cn/tjsj/ndsj/
https://www.noaa.gov/
www.gscloud.cn
https://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-world-soil-database-v12/en/
https://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-world-soil-database-v12/en/
https://www.openstreetmap.org/
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2.3. Land Use Transfer Matrix Model

The land use transfer matrix is a two-dimensional matrix based on the relationship of
land use changes in the same area at different times [52]. By analyzing the results of the
land use transfer matrix, the direction and quantity of the transfer of different land use
types during the study period can be obtained [53]. The study made the land use change of
the YRSA from 2000 to 2020 as a Sankey map to show the land use change. The land use
transfer matrix formula is as follows:

Aij =


A11 A12 · · · A1n
A21 A22 · · · A1n

...
...

. . .
...

An1 An2 · · · Ann


where Aij represents the state of ecological land from the early to the end of the study and
n represents the number of ecological land types.

2.4. Ecosystem Service Value Model

This study calculates and corrects the actual ESV of the YRSA based on the evaluation
of ESV by Xie et al. [15]. According to the grain planting area of Qinghai Province in 2000,
2010 and 2020, three main grain crops were selected: wheat, corn and rapeseed. We use
average food production and average food prices for three years to reduce the problem of
food price volatility caused by socioeconomic instability. According to Xie et al. [15], the
value of a single equivalent factor is about 1/7 of the actual value of average grain yield
per unit area. The formula is as follows [15]:

ESVa =
1
7

n

∑
i=1

mipiqi
M

where ESVa is the economic value of providing food production function per unit area of
farmland ecosystem (CNY/ha), i is the type of crop, pi is the national average price of i
crops in the study year (CNY/ton), qi is the yield per unit area of i crops (tons/ha); mi is
the planting area of i crops (hectare) and M is the planting area (hectare) of all crops.

Referring to the equivalent coefficient proposed by Xie [15], the ESV per unit area of
each land use type is calculated. The formulae are as follows [15]:

ESVi =
m

∑
j=1

Ai ×VCij

ESVj =
m

∑
i=1

Ai ×VCij

ESV =
m

∑
i=1

m

∑
j=1

Ai ×VCij

VCij = ESVa ×ϕij

where ESVi is the ESV of land use type i, Ai is the area of land use type i (hm2), VCij is the value
coefficient of land use type i and ecosystem services category j, ESVj is the ESV of ecosystem
services category j, ESV is the total ecosystem services value, and ϕij is the equivalent table of
ecosystem services per unit area of land use type i and ecosystem services category j in China [15].

Referring to China Statistical Yearbook and National Farm Product Cost-benefit Survey,
the study calculates the average market price per unit area of wheat, corn and rapeseed in
the YRSA from 2000 to 2020 at 915.28 CNY/ha. The calculation is based on 1/7 of the total
price per unit area of the three crops. The study calibrated the unit value coefficients for
the seven land use types in this study (Table 3). The YRSA has little construction land, so
its ESV is neglected.
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Table 3. Ecosystem service value per unit area of different land use types in the YRSA (CNY/hm2).

Ecosystem Services Land Use Types

Primary Classification Secondary Classification Farmland Forest Grassland Wetland Water Area Construction Land Unused Land

Provisioning services
Food supply 777.98 231.11 213.56 466.79 366.11 0.00 4.58

raw material supply 366.11 530.86 314.24 457.64 105.26 0.00 13.73
Water supply 18.31 274.58 173.90 2370.57 4782.32 0.00 9.15

Regulating services

Gas regulation 613.24 1745.89 1104.43 1739.02 434.76 0.00 59.49
Climate regulation 329.50 5223.94 2919.73 3294.99 1295.12 0.00 45.76
Purify environment 91.53 1530.80 964.09 3294.99 2613.11 0.00 187.63

Hydrological regulation 247.12 3418.56 2138.70 22,177.14 50,051.88 0.00 109.83

Supporting services
Soil formation and retention 942.73 2125.73 1345.46 2114.29 425.60 0.00 68.65

Maintain nutrient cycling 109.83 162.46 103.73 164.75 32.03 0.00 4.58
Biodiversity protection 118.99 1935.81 1223.42 7203.22 1171.55 0.00 64.07

Cultural services Recreation and culture 54.92 848.92 540.01 4329.26 906.12 0.00 27.46
Total 3670.26 18,028.65 11,041.28 47,612.67 62,183.86 0.00 594.93
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2.5. PLUS Model

The patch-generating land use simulation (PLUS) model was developed by the High-
Performance Spatial Computational Intelligence Lab (HPSCIL) of China University of
Geosciences (Wuhan) and the Institute of Information Engineering and National GIS
Engineering Research Center [31]. The PLUS model is a cellular automata (CA) model used
to simulate land use change at patch scale based on raster data. It can be used to explore the
driving factors of land expansion and predict the patch change of the land use landscape.
Our processing flow is shown in Figure 2. The formula is as follows [31]:

OPd=1
i,j =

{
pd=1

i,j ×
(

r× µj

)
×Ht

j if Ωt
i,j = 0 and r < Pd=1

i,j

Pd=1
i,j ×Ωt

i,j ×Ht
j all others

where r is a random value between 0 and 1 and µj is the threshold of new land use patches
with land use type determined by the model user.
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If the new land use type wins a competition round, the decreasing threshold τ is used
to evaluate the candidate land use type c selected by the roulette wheel. The formula is
as follows [31]:

If
N

∑
j=1

∣∣∣Gt−1
c

∣∣∣− N

∑
j=1

∣∣Gt
c
∣∣ < Step Then, I = I + 1

{
Change Pd=1

i,j > τ and Tj,c = 1
No change Pd=1

i,c ≤ τ or Tj,c = 0

where Step is the step of PLUS model, which is used to approximate the demand of land use,
δ is the attenuation threshold τ, ranging from 0 to 1, set by an expert, r1 is a random value
with normal distribution, with an average value of 1, ranging from 0 to 2 and l denotes the
decay steps. Parameter TMj,c is the transfer matrix that defines land use type [54].

In order to better test the accuracy of the simulated image, the Kappa coefficient [55]
and the FoM coefficient [56] are introduced to verify the simulation accuracy of the PLUS
model. The verification results show that the PLUS model simulates the land use and real
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land use in 2020 with coefficients of 76% and 0.12, respectively. The accuracy is high and
can reflect the future land use change pattern of the YRSA with higher precision; therefore,
the PLUS model can be used to simulate future land use changes in multiple scenarios. The
formulae are as follows [55,56]:

Kappa =
P0 − Pc

1− Pc

Pc = (a1 × b1 + a2 × b2 + · · ·+ an × bn)/(S× S)

where Kappa denotes classification accuracy indicators, P0 is the total accuracy, n is the
number of categories, a1, a2, . . . , an are the area of each type of land use in the real results,
b1, b2, . . . , bn are the land use area of each type in the simulation results and S is the
number of samples;

FoM = B/(A + B + C + D)

where FoM denotes the quality of the classification results, A represents the area where the
actual transformation occurs and the simulated non-transformation occurs, B represents
the area of actual and simulated conversion, C represents the actual conversion, but the
simulation results are different from the actual area, and D represents the area where there
is no actual change, but the simulation is transformed.

The YRSA is located in an alpine and ecologically fragile region where the develop-
ment plans (e.g., ecological protection policy, economic construction patterns, production
methods) in this region are different from those of the Yellow River basin. Referring to the
policy, the natural environment, and the simulation scenarios researched by Lou et al. [57]
and Wang et al. [58], four scenarios for 2030 were simulated as follows: a natural devel-
opment scenario (NDS), an ecological protection scenario (EPS), a carbon neutral scenario
(CNS) and a production priority scenario (PPS). The specific rules are shown below.

(1) Natural development scenario (NDS): Ruling out the influences arising from policy
and regional planning, the land use in 2030 was simulated according to the rate of
land use change in the YRSA in 2000, 2010 and 2020. In this scenario, the transfer
direction of land use types is not limited in the transfer matrix when the transfer
direction is in order;

(2) Ecological protection scenario (EPS): Based on the NDS, this scenario is aimed at
ecological protection where the probability of the ecological land (e.g., forest, water
area) transferring to anthropogenic land (e.g., farmland, construction land) shall be
reduced and the probability of grassland transferring to ecological land (e.g., forest,
wetland) shall be increased while the rapid expansion of construction land shall be
slowed. In addition, the large water area is considered a restricted development area
in this scenario;

(3) Carbon neutral scenario (CNS): The goal of this scenario is to respond to the call of
carbon neutral plans proposed by China. Based on EPS, the probability of construc-
tion land used for solar and water facilities in the YRSA shall be increased and the
transferring probability that certain land use types (e.g., forest, water area) could
contribute to the goal of carbon neutrality shall be increased to a lesser extent. In
addition, the forest is considered a restricted development area in this scenario;

(4) Production priority scenario (PPS): This scenario is aimed for food security. Based on
EPS, the retention of farmland in the YRSA is guaranteed and the amount of farmland
replenishment is increased. The probability of transferring grassland to farmland is
increased while the probability that farmland transferring to other land use types is
reduced. Meanwhile, the probability of transferring to farmland is increased with
the intact wetland and water area. In this scenario, the water area and wetland that
supply water resources for farmland are considered restricted development areas.
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3. Results and Analysis
3.1. Land Use Change from 2000 to 2020

The study processed the land use data of YRSA in 2000, 2010 and 2020 and reclassified
the data using ArcMap 10.8 to obtain the distribution maps of grassland, forest, construction
land, unused land, farmland, wetland and water area in YRSA (Figure 3). Based on the
spatial distribution of land use during the YRSA study period (Figure 3), the overall land
use characteristics of the YRSA are as follows: the west is dominated by grassland, water
area and unused land; the east is dominated by grassland, wetland and farmland; the north
is dominated by farmland and construction land. From 2000 to 2020, the N1 and E1 regions
have increased by a large amount of arable and unused land.
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Figure 4, generated from the land use transfer model, shows that grassland accounts
for the largest proportion of the YRSA land use type structure (84.12%), unused land
for about 6.02%, water area for about 1.83%, wetland for about 5.06% and farmland for
about 2.52%. Forest land and construction land account for the smallest proportion of
the area, about 0.21% and 0.24%, respectively. From 2000 to 2020, grassland decreased by
6161.44 km2 (4.71% of the total area), unused land increased by 2927.30 km2 (2.24% of the
total area), and wetland increased by 1094.78 km2 (0.84% of the total area). Farmland and
construction land were 1580.24 km2 and 85.90 km2 in 2000, and 3292.05 km2 (increase of
108.33%) and 314.33 km2 (increase of 265.92%) in 2020, respectively.
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3.2. Change in the Ecosystem Services Value from 2000 to 2020

Figure 5 shows the spatial distribution of ESV in the YRSA in 2000, 2010 and 2020.
The areas with high ESV are mainly located near Zaling Lake, Eling Lake in the west (area
N3), Longyangxia Reservoir in the north (area N1) and the wetland in the east (area N4).
During the study period, ESV was decreasing in the N2 region and increasing in the N3
and N4 regions. It is concluded that ESV in different areas of the YRSA was decreasing in
areas away from the water area and wetland and increasing in areas close to them.

Sustainability 2023, 15, x FOR PEER REVIEW 10 of 21 
 

 

 
Figure 5. Distribution of ESV in the YRSA from 2000 to 2020. 

Table 4 calculates the corresponding ESV of different land use types in the YRSA 
from 2000 to 2020. With the development of the YRSA and the continuous changes in eco-
logical protection policies, the ESV showed a transitional change during the 20 years. As 
shown in Table 4, the overall ESV of the YRSA first increased during 2000–2010, and then 
gradually decreased during 2010–2020, showing a slightly increasing trend overall. In the 
past 20 years, the total ESV has changed from CNY 169.466 billion in 2000 to CNY 170.187 
billion in 2020, an increase of CNY 721 million. 

Table 4. The YRSA's ESV for different land use types from 2000 to 2020 (CNY 108). 

Year Farmland Forest Grassland Wetland Water Area Construction Land Unused Land Total 

2000 
ESV 5.8 6.13 1283.73 263.1 132.96 0 2.95 

1694.66 
Proportion (%) 0.34% 0.36% 75.75% 15.53% 7.85% 0.00% 0.17% 

2010 
ESV 7.72 4.56 1261.59 296.21 146.98 0 3.31 

1720.38 
Proportion (%) 0.45% 0.27% 73.33% 17.22% 8.54% 0.00% 0.19% 

2020 
ESV 12.08 4.93 1215.7 315.23 149.24 0 4.69 

1701.87 
Proportion (%) 0.71% 0.29% 71.43% 18.52% 8.77% 0.00% 0.28% 

Different land use types provide different ESV. Grassland, the main land use type in 
the YRSA, has a greater impact on the ESV, with the proportion constantly decreasing 
from 75.75% to 71.43% in the past 20 years, and the amount of ESV decreasing by CNY 
6.803 billion. The area of wetland and water area, although accounting for a smaller pro-
portion in the YRSA, has a greater impact on the ESV, with the proportion of wetland 
increasing from 15.53% in 2000 to 18.52% in 2020, and the ESV rising by CNY 5.213 billion. 
The water area's ESV has also increased over the past 20 years, from 7.85% to 8.77%, with 
a value of CNY 1.628 billion. The remaining farmland, forest and unused land have less 
impact on the ESV in the YRSA, with the proportion of ESV of forest decreasing from 
0.36% in 2000 to 0.29% in 2020, and the value decreasing by CNY 120 million, while the 
ESV of farmland and unused land increased by 0.37% and 0.11%, respectively. 

Figure 5. Distribution of ESV in the YRSA from 2000 to 2020.

Table 4 calculates the corresponding ESV of different land use types in the YRSA
from 2000 to 2020. With the development of the YRSA and the continuous changes in
ecological protection policies, the ESV showed a transitional change during the 20 years.
As shown in Table 4, the overall ESV of the YRSA first increased during 2000–2010, and
then gradually decreased during 2010–2020, showing a slightly increasing trend overall.
In the past 20 years, the total ESV has changed from CNY 169.466 billion in 2000 to CNY
170.187 billion in 2020, an increase of CNY 721 million.

Table 4. The YRSA’s ESV for different land use types from 2000 to 2020 (CNY 108).

Year Farmland Forest Grassland Wetland Water Area Construction Land Unused Land Total

2000
ESV 5.8 6.13 1283.73 263.1 132.96 0 2.95

1694.66Proportion (%) 0.34% 0.36% 75.75% 15.53% 7.85% 0.00% 0.17%

2010
ESV 7.72 4.56 1261.59 296.21 146.98 0 3.31

1720.38Proportion (%) 0.45% 0.27% 73.33% 17.22% 8.54% 0.00% 0.19%

2020
ESV 12.08 4.93 1215.7 315.23 149.24 0 4.69

1701.87Proportion (%) 0.71% 0.29% 71.43% 18.52% 8.77% 0.00% 0.28%
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Different land use types provide different ESV. Grassland, the main land use type in
the YRSA, has a greater impact on the ESV, with the proportion constantly decreasing from
75.75% to 71.43% in the past 20 years, and the amount of ESV decreasing by CNY 6.803
billion. The area of wetland and water area, although accounting for a smaller proportion
in the YRSA, has a greater impact on the ESV, with the proportion of wetland increasing
from 15.53% in 2000 to 18.52% in 2020, and the ESV rising by CNY 5.213 billion. The water
area’s ESV has also increased over the past 20 years, from 7.85% to 8.77%, with a value of
CNY 1.628 billion. The remaining farmland, forest and unused land have less impact on
the ESV in the YRSA, with the proportion of ESV of forest decreasing from 0.36% in 2000 to
0.29% in 2020, and the value decreasing by CNY 120 million, while the ESV of farmland
and unused land increased by 0.37% and 0.11%, respectively.

The changes in land use intensity and ESV through MATLAB software (Figure 6) was
tested by applying Pearson. The results show that there is a significant negative correlation
between land use intensity and ESV changes in most areas of the YRSA from 2000 to 2020,
indicating that the transfer from grassland to construction land and farmland reduces ESV
and vice versa. The transfer of unused land to grassland and wetland leads to an increase
in land use intensity and ESV in the YRSA.
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3.3. Changes in the Ecosystem Services Value by Function

Table 5 presents the ESV corresponding to different functions in the YRSA from 2000
to 2020. Regulating services provide the highest ESV, accounting for more than 66% of
total ESV, followed by supporting services, accounting for more than 22% of total ESV,
and then provisioning services and cultural services, accounting for 7% and 5% of total
ESV, respectively. Among them, except for the provisioning services, which showed a
stable increasing trend in 20 years, the regulating services, supporting services and cultural
services showed a trend of rising first and then declining, compared with 2000. The primary
classification services with the highest value increase in 2020 was regulating services, which
increased by CNY 631 million. The value of provisioning services and cultural services also
increased slightly, by CNY 266 million and CNY 177 million, respectively. Compared with
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the above three services, the value of supporting services showed a decreasing trend, with
a cumulative decrease of CNY 353 million.

Table 5. YRSA Value of different ecosystem services in 2000 to 2020 (CNY 108).

Primary
Classification Secondary Classification 2000 2010 2020

Provisioning
services

Food supply 29.52 29.89 30.14

Sustainability 2023, 15, x FOR PEER REVIEW 12 of 21 
 

 

Maintain nutrient cycling 13.29 13.25 13.03 

 

Biodiversity protection 185.71 188.47 186.63 
Cultural ser-

vices 
Recreation and culture 89.16 91.26 90.92 

Total 1694.66 1720.38 1701.87 

Among all ES secondary classifications, hydrological regulation contributed the most 
to the ESV—nearly CNY 50 billion—accounting for about 29%, and the value increased 
by CNY 2.473 billion in 20 years. This is followed by climate regulation, accounting for 
about 20% of the ESV. The value decreased by CNY 1.37 billion in 20 years. Biodiversity, soil 
formation and retention, gas regulation and environmental purification ranked third to sixth 
in terms of ESV, accounting for 10.96%, 9.93%, 8.14% and 8.05% of the total ESV, respectively. 
The value of maintaining nutrient cycling accounted for the least, accounting for only 0.77% 
of total ESV. 

3.4. Future Changes in Land Use and Ecosystem Service Value under Different Scenarios 
3.4.1. Land Use Changes in 2030 

Figure 7 shows the spatial distribution of different land use types in 2030 under four 
scenarios obtained by the PLUS model. As shown in the figure, there are significant dif-
ferences between the land use in 2020 and the four scenarios in 2030. The spatial patterns 
of land use under NDS, EPS, PPS and CNS in 2030 are basically the same, but there are 
differences in local areas (Figure 7, Table 6). 

Table 6. Future land use quantities in the YRSA under different scenarios. 

LULC 
Area (km2)  

NDS EPS CNS PPS  
Farmland 4398.39 3254.30 3723.96 4798.71 

Forest 287.39 473.55 297.00 285.50 
Grassland 106,383.85 108,890.31 110,199.61 108,593.89 
Wetland 7011.14 7062.83 6266.29 6931.61 

Water area 2444.72 2480.58 2496.06 2439.40 
Construction land 477.89 366.41 443.75 441.84 

Unused land 9885.73 8361.13 7462.44 7398.14 

Raw material supply 40.12 39.98 39.34
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Regulating
services

Gas regulation 140.80 140.10 137.13
Climate regulation 362.97 359.44 349.27
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Biodiversity protection 185.71 188.47 186.63
Cultural services Recreation and culture 89.16 91.26 90.92
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Among all ES secondary classifications, hydrological regulation contributed the most
to the ESV—nearly CNY 50 billion—accounting for about 29%, and the value increased
by CNY 2.473 billion in 20 years. This is followed by climate regulation, accounting for
about 20% of the ESV. The value decreased by CNY 1.37 billion in 20 years. Biodiversity,
soil formation and retention, gas regulation and environmental purification ranked third
to sixth in terms of ESV, accounting for 10.96%, 9.93%, 8.14% and 8.05% of the total ESV,
respectively. The value of maintaining nutrient cycling accounted for the least, accounting
for only 0.77% of total ESV.

3.4. Future Changes in Land Use and Ecosystem Service Value under Different Scenarios
3.4.1. Land Use Changes in 2030

Figure 7 shows the spatial distribution of different land use types in 2030 under
four scenarios obtained by the PLUS model. As shown in the figure, there are significant
differences between the land use in 2020 and the four scenarios in 2030. The spatial patterns
of land use under NDS, EPS, PPS and CNS in 2030 are basically the same, but there are
differences in local areas (Figure 7, Table 6).

Table 6. Future land use quantities in the YRSA under different scenarios.

LULC
Area (km2)

NDS EPS CNS PPS

Farmland 4398.39 3254.30 3723.96 4798.71
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In the NDS, the areas of farmland, forest, grassland, wetland, water area, construction
land and unused land in the future 2030 are 4398.39 km2, 287.39 km2, 106,383.85 km2,
7011.14 km2, 2444.72 km2, 477.89 km2 and 9885.73 km2, respectively (Table 6). Compared
with 2020, the area which decreased and changed the most is grassland, by 3720.88 km2.
The land use types that change the most among the four scenarios are construction land
and unused land, which increase by 163.55 km2 and 2002.24 km2, respectively. The third
largest area change is farmland, which increases by 1106.01 km2. Wetland and water area
increased by 390.41 km2 and 44.73 km2, respectively, and forest is the least variable of the
four scenarios, with an increase of only 13.94 km2.

In the EPS, the area of farmland and construction land is the smallest among the four
scenarios, nearly 3254.30 km2 and 366.41 km2, while the area of forest and wetland is the
largest, 473.55 km2 and 7062.83 km2, respectively, and the area of water area is 2480.58 km2.
Compared with the NDS, the area of farmland, construction land and unused land are
reduced by 1144.09 km2, 111.48 km2 and 1524.60 km2, respectively. The area of forest and
grassland increased significantly, 186.16 km2 and 2506.46 km2, respectively, and wetland
and water area increased slightly, 51.69 km2 and 35.86 km2, respectively. It shows that if
effective ecological conservation measures are established, the ecological environment of
the YRSA will improve in the future, mainly in the increasing forest and grassland areas.

In the CNS, with ecological protection as the direction, achieving carbon neutrality
as the goal, and encouraging the development of photovoltaic energy and water area con-
servancy energy, the watershed is the largest among the four scenarios, with 2496.06 km2,
and the construction land area is relatively more than the EPS and PPS, with 443.75 km2.
The grassland area has the highest proportion among the four scenarios at 11,199.61 km2.
However, wetland has the lowest share at 6266.29 km2. Compared with the NDS, farmland
is a key land use type for carbon emission, and the CNS decreases by 674.43 km2. Forest
and grassland, as important land use types for carbon absorption in the YRSA, increase by
9.61 km2 and 3815.76 km2, respectively, compared with the NDS.

In the PPS, with the direction of ecological protection guaranteeing sufficient food
supply and protecting farmland, the area of farmland accounts for the largest proportion of
the four scenarios, 4798.71 km2, while bringing an increase in the area of construction land
of 441.84 km2. Forest accounts for the smallest proportion, only 285.50 km2. Compared
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to the NDS, the PPS shows a decrease in wetland and forests of 5.32 km2, 79.53 km2 and
1.89 km2, respectively.

3.4.2. Changes in ESV under Different Scenarios in 2030

Table 7 and Figure 8 show the ESV of different services in the YRSA in 2030 under
multiple scenarios. Under the NDS in 2030, the ESV in the YRSA shows a decreasing trend,
decreasing by CNY 1.421 billion compared to 2020. If the ecological protection system is
enhanced and the type of land is planned reasonably, under the EPS in 2030, the ESV in
the YRSA will increase by CNY 1.640 billion compared to 2020. If ecological protection
is the goal and achieving carbon neutrality is the direction, under the EPS in 2030, the
ESV in the YRSA will increase by CNY 612 million compared with the NDS. The overall
results all indicate that we should pay attention to the protection of ecological environment
and natural resources, and that the development of ecological protection will effectively
enhance the ESV in the YRSA.

Table 7. ESV of YRSA in 2030 under different scenarios (CNY 108).

Primary Classification Secondary Classification 2020 NDS EPS CNS PPS

Provisioning services

Food supply 30.14 30.42 30.14 30.37 31.15
Raw material supply 39.34 38.80 39.27 39.38 39.56

Water supply 46.53 47.06 47.81 46.17 47.22
Total 116.01 116.28 117.22 115.93 117.93

Regulating services

Gas regulation 137.13 134.54 136.94 136.94 136.93
Climate regulation 349.27 340.28 348.34 348.75 346.48
Purify environment 136.44 134.75 137.33 135.61 136.17

Hydrological regulation 505.05 508.53 517.02 502.34 511.04
Total 1127.88 1118.10 1139.63 1123.64 1130.62

Supporting services

Soil formation and retention 167.39 164.43 167.14 167.23 167.44
Maintain nutrient cycling 13.03 12.84 13.01 13.03 13.09

Biodiversity protection 186.63 185.23 188.84 184.38 187.24
Total 367.05 362.51 368.99 364.65 367.77

Cultural services
Recreation and culture 90.92 90.77 92.44 89.56 91.57

Total 90.92 90.77 92.44 89.56 91.57
Total 1701.87 1687.66 1718.28 1693.78 1707.90

Sustainability 2023, 15, x FOR PEER REVIEW 15 of 21 
 

 

  

(a) (b) 

Figure 8. (a) ESVs of the YRSA under different scenarios; (b) the value of different ecosystem ser-
vices in YRSA under different scenarios. 

Among the four scenarios, the ESV generated by the EPS is the highest, by CNY 
171.828 billion, which is CNY 3.062 billion, CNY 2.450 billion and CNY 1.038 billion higher 
compared to the NDS, CNS and PPS, respectively. ESV under PPS was higher than NDS 
and CNS by CNY 2.024 million and CNY 1.413 million, respectively, caused by the in-
crease in unutilized land. 

In terms of ES types, regulating services, supporting services, provisioning services 
and cultural services accounted for 66%, 22%, 7% and 5% of total ESV, respectively. 
Among the regulating services, EPS is the highest with an increase of CNY 1.173 million 
over 2020 and NDS is the lowest with decrease of CNY 979 million over 2020. The EPS has 
the highest value of gas regulation, environmental purification, and hydrological regulat-
ing services among the four scenarios at CNY 13.694 billion, CNY 13.733 billion and CNY 
51.702 billion, respectively. Among the supporting services, the EPS is the highest with an 
increase of CNY 194 million over 2020. Among the provisioning services, the PPS is the 
highest with an increase of CNY 192 million over 2020, and PPS’s food production and 
raw material supply, at CNY 3.115 billion and CNY 3.956 billion, is the highest among the 
subtypes of ES. Water supply is the highest in the EPS at CNY 4.781 billion. The four sce-
narios have the largest differences in regulation services. 

3.5. Discussion 
The research results showed that different areas of YRSA present various character-

istics of land use. The western part was mainly water area, the eastern part was mainly 
wetland and the northern part was mainly farmland and construction land. Human activ-
ities were concentrated in the northern part of YRSA, resulting in a large increased in un-
used land and construction land in the north in 2020. Due to the increase in extreme 
weather events and social development, land use changes have become more dramatic 
between 2010 and 2020 in YRSA. The changes led to a significant expansion of farmland 
and wetland in the east and unused land in the west. Currently, most scholars focus on 
the study of the Yellow River basin. Economic construction downstream of the Yellow 
River basin dominated land use change, and the natural climate of the upstream region 
played an important role in land use Change [23]; therefore, YRSA showed different re-
sults from the Yellow River basin in land use change. Between 2000 and 2020, unused and 

Figure 8. (a) ESVs of the YRSA under different scenarios; (b) the value of different ecosystem services
in YRSA under different scenarios.



Sustainability 2023, 15, 687 15 of 20

Among the four scenarios, the ESV generated by the EPS is the highest, by CNY
171.828 billion, which is CNY 3.062 billion, CNY 2.450 billion and CNY 1.038 billion higher
compared to the NDS, CNS and PPS, respectively. ESV under PPS was higher than NDS
and CNS by CNY 2.024 million and CNY 1.413 million, respectively, caused by the increase
in unutilized land.

In terms of ES types, regulating services, supporting services, provisioning services
and cultural services accounted for 66%, 22%, 7% and 5% of total ESV, respectively. Among
the regulating services, EPS is the highest with an increase of CNY 1.173 million over 2020
and NDS is the lowest with decrease of CNY 979 million over 2020. The EPS has the highest
value of gas regulation, environmental purification, and hydrological regulating services
among the four scenarios at CNY 13.694 billion, CNY 13.733 billion and CNY 51.702 billion,
respectively. Among the supporting services, the EPS is the highest with an increase of
CNY 194 million over 2020. Among the provisioning services, the PPS is the highest with
an increase of CNY 192 million over 2020, and PPS’s food production and raw material
supply, at CNY 3.115 billion and CNY 3.956 billion, is the highest among the subtypes of
ES. Water supply is the highest in the EPS at CNY 4.781 billion. The four scenarios have the
largest differences in regulation services.

3.5. Discussion

The research results showed that different areas of YRSA present various characteristics
of land use. The western part was mainly water area, the eastern part was mainly wetland
and the northern part was mainly farmland and construction land. Human activities were
concentrated in the northern part of YRSA, resulting in a large increased in unused land
and construction land in the north in 2020. Due to the increase in extreme weather events
and social development, land use changes have become more dramatic between 2010 and
2020 in YRSA. The changes led to a significant expansion of farmland and wetland in the
east and unused land in the west. Currently, most scholars focus on the study of the Yellow
River basin. Economic construction downstream of the Yellow River basin dominated land
use change, and the natural climate of the upstream region played an important role in
land use Change [23]; therefore, YRSA showed different results from the Yellow River basin
in land use change. Between 2000 and 2020, unused and farmland increased and forested
land decreased in the YRSA, differing from the study by Liu [59] for the Yellow River Basin.
During the study period, the construction land in the YRSA showed an increasing trend,
which is the same as the study by Zhang [60]. The increased area of construction land in
the YRSA is much less than the increased area of construction land in the Yellow River
Basin because the construction land in the YRSA was dominated by energy facilities and
the construction land downstream was dominated by urban land.

ESV are the basis and foundation for natural asset accounting and ecological compen-
sation decisions, and ES can demonstrate spatial and temporal dynamics that are closely
related to ecological structure and function. This study quantitatively assessed the ecosys-
tem services of the YRSA. The results showed that the ESV of the YRSA showed an increase
followed by a decrease during the study period, which was consistent with the findings of
Duan [23] for the three river sources (the sources of the Yangtze, Yellow and Lancang rivers).
The reason for the unstable trend is that the implementation of the Protection Programme
of National Ecological Environment in 2000 led to a small increase in ESV from 2000 to
2010. During this period, the ESV decreased in the YRSA resulting from the degradation of
grasslands and the increase in unused lands and construction lands that were caused by
the frequent global climate changes and increasing social development. The study found
that the ESV in 2020 was higher than in 2000. The reason for this phenomenon was global
temperatures rising and glaciers melting, which led to an increase in the river flow, the
water area and the wetland. By comparing the ESV change map of YRSA from 2000 to 2020
(Figure 5) and the spatial distribution of land use (Figure 3), it was found that ESV increased
in area N3 (near water area) and area N4 (near wetland), and the common feature of such
areas is the abundance of water resources. However, there was not much increase in ESV
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in area N1 (near water area) due to the artificially constructed reservoir in area N1. During
the study period, ESV was reduced in the N2 region, which was far from water resources
and high human activity, because of the large amount of unused land in the region and
the difficulty of changing the surface cover by the natural environment. Therefore, in the
future, more attention must be paid to the ecological situation away from the water area
and to regularly monitor changes in the unused land. Table 5 showed that the value of
hydrological regulation and water supply of the YRSA has improved significantly during
the study period, which is beneficial to the sustainable development of the Yellow River
basin. However, the declining value of environmental purification, climate regulation and
soil conservation had a serious impact on the ecosystem of the YRSA. Therefore, regulating
and supporting services need to be enhanced by strengthening woodland plantations,
monitoring and protecting changes in grasslands and building nature reserves to ultimately
achieve ecosystem stability.

Exploring the structure of land use under different development goals is of great
importance for sustainable regional development and efficient use of resources. In terms of
land use simulation, the cellular automata model has a wider application and can achieve
more accurate results. In this study, four scenarios were selected based on the PLUS model
depending on the regional characteristics of YRSA. The natural development scenario has
the lowest ESV of the four scenarios because population and economic growth lead to a
large increase in farmland and construction land which, at current trends, will reduce the
YRSA by CNY 1.421 million in 2030. The ESV in both the carbon neutral scenario and the
production priority scenario are higher than the natural development scenario, showing
that rational planning of land use in the YRSA under an efficient ecological conservation
policy can protect forestland, the water area and wetland and increase the ESV of the basin.
The value of supply services under the PPS is the highest of the four scenarios and is
consistent with the set production priority objective, demonstrating that the model has
reliable accuracy. EPS has the highest ESV attributed to a significant increase in forest and
grassland, a small increase in wetland and water area and an effective limitation of farm-
land, construction land and unused land. The value of regulating services and supporting
services of EPS is the highest among the four scenarios, and the hydrological regulation of
the secondary classification is significantly higher than the other ES and has a crucial role
in the sustainable development of the YRSA. In general, with the development of society,
it is obvious that humans are damaging the fragile ecological environment and natural
resources of the YRSA, leading to increased difficulty with respect to ecological protection
and the sustainable development of natural resources. According to current development
trends, the area of arable land, construction land and unused land has increased signifi-
cantly, leading to a decline in ESV, so it is a question of considering how to balance the
contradiction between the ecological sustainability of the Yellow River source area and the
increase in social needs. It is the obvious option for the future to develop the YRSA with
ecological conservation and its coexistence with economic construction the fundamental
goals. The results of the current simulations show that enhanced ecological protection of
the YRSA will result in the ESV in 2030 returning to 20 years ago, further illustrating the
difficulty of ecological protection in the basin. Therefore, focusing on protecting grass-
land, enhancing plantation forest, stabilizing water area and wetland, reducing farmland
and construction land expansion and managing unused land are important measures to
maintain the stability of the YRSA’s ecosystem. Before 2020, GeoSOS-FLUS [61,62] and
FLUS models [63] were applied for scenario simulations by most scholars. Nowadays,
the PLUS model has optimized the CA model in terms of the transformation rule mining
strategy and the landscape dynamic change simulation strategy to enhance the prediction
accuracy [64]. Based on the PLUS model, Lou et al. [57] and Chang et al. [65] performed
multiple scenario simulations and proposed guidance with regional characteristics based
on the changes to the ecosystem service value. Although the study areas were different
(Yellow River basin [57] and Chang’s [65] study on the downstream area of Yellow River
basin), the value of ecosystem services in their simulated ecological priority scenarios were
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all enhanced and the same is true of the simulation results in this study. In conclusion, the
researchers obtained accurate and reliable simulation results in the Yellow River basin by
using the PLUS model, providing substantial guidance to decision-makers and confirming
the scientific validity of the model, as well as confirming the reliability of this study. This
study analyzes past patterns of land use and ESV change and uses qualitative analysis to
explore the impact of future land use structures on ESV under the influence of different
development goals. The results precisely demonstrate the impact of land use change on the
future ESV in the source area of the Yellow River Basin. It also provides a reference for the
study of land use change and ESV in the source areas of other river basins. However, this
study has some limitations: (1) the classification of ecosystem services based on Xie [15]
is outdated and could be improved; (2) when calculating ESV, the ESV of built-up land
was ignored in this study due to the small proportion of construction land in the YRSA,
which affected the total ESV to a lesser extent. In studies of other watersheds, the ESV of
construction land could be added.

4. Conclusions

Against the background of global ecologically sustainable development demands, this
study quantified the spatial and temporal characteristics of past land use change and ex-
plored the impact of land use change on ESV. Through qualitative analysis, the relationship
between future land use change and ESV under different scenarios was explored under
the conditions of different development goals. Reasonable suggestions for protecting and
improving ecosystems were made from the perspectives of regional characteristics, policy
regimes and national development.

Firstly, the study results indicated that, from 2000 to 2020, the farmland, construction
land and unused land of the YRSA exhibited rapid growth, which was an important factor
in the decline of ecosystem services in the region. The forest decreased at the early stage
and then increased showed that the national forest conservation and land use strategy
formulated by the state in 2010 has elicited positive responses in the YRSA. The continuous
degradation of grassland is a long-standing problem in the YRSA, and more efforts should
be made to curb this situation in order to stabilize the local ecosystem. Secondly, the ESV of
the YRSA showed a trend of increasing and then decreasing during the study period, with
the ESV in 2020 being higher than that in 2000. Compared with the Yellow River Basin [57],
the YRSA covers 7.69% of the basin and the ESV is only 4.01% of the basin. This indicates
that the ecosystems of the YRSA are more fragile than other river sections in the Yellow
River basin and are in greater need of support in terms of ecological conservation. The ESV
of the grassland, water area and wetland is much higher than other land use types, so it
is more important to focus on their changes when conducting surface cover monitoring.
The ESV is ranked as follows: regulating services > supporting services > provisioning
services > cultural services. The value of hydrological regulating has improved over
the study period due to the increase in water area and wetland, which is beneficial to
the sustainable development of the Yellow River basin. Finally, the study simulated the
evolution of future land use in YRSA with the PLUS model. Under different settings, the
four simulations show different characteristics. In the EPS, ESV was the highest because
the area of construction land and farmland was smaller than the other scenarios, limiting
the urbanization of the YRSA. In the PPS, the farmland increased, resulting in stronger
supply services than the other scenarios. In the CNS, the construction land was more
abundant than the other scenarios. In the NDS, degradation of grassland led to a significant
decrease in ESV. Therefore, the study concludes that the ecological conservation approach
may be more suitable for the future development of the YRSA from the perspective of
national ecological priority development and regional characteristics. From the perspective
of site-specific and categorical approaches, the four scenarios are informative for future
land use restructuring and ecosystem service optimization in the YRSA. In order to achieve
sustainable development faster and maximize the ESV of the watershed, and to further
improve the analytical accuracy of the model, we will make efforts to integrate land use
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and ecosystem data and combine multiple approaches to study the spatial response of ESV
in the basin in future studies.
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