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Abstract: Land use simulations are critical in predicting the impact of land use change (LUC) on the
Earth. Various assumptions and policies influence land use structure and are a key factor in decisions
made by policymakers. Meanwhile, the spatial autocorrelation effect between land use types has
rarely been considered in existing land use spatial simulation models, and the simulation accuracy
needs to be further improved. Thus, in this study, the driving mechanisms of LUC are analyzed.
The quantity demand and spatial distribution of land use are predicted under natural development
(ND), economic development (ED), ecological protection (EP), and sustainability development (SD)
scenarios in Zhengzhou based on the coupled Multi-Objective Programming (MOP) model and the
Patch-generating Land Use Simulation model (PLUS) considering Spatial Autocorrelation (PLUS-SA).
We conclude the following. (1) The land use type in Zhengzhou was mainly cultivated land, and
83.85% of the land for urban expansion was cultivated land from 2000 to 2020. The reduction in forest
from 2010 to 2020 was less than that from 2000 to 2010 due to the implementation of the policy in
which farmland is transformed back into forests. (2) The accuracy of PLUS-SA was better than that
of the traditional PLUS and Future Land Use Simulation (FLUS) models, and its Kappa coefficient,
overall accuracy, and FOM were 0.91, 0.95, and 0.29, respectively. (3) Natural factors (temperature,
precipitation, and DEM) contributed significantly to the expansion of cultivated land, and the increase
in forest, grass, and construction land was greatly affected by socioeconomic factors (population, GDP,
and proximity to town). (4) The land use structure will be more in line with the current requirements
for sustainable urban development in the SD scenario, and the economic and ecological benefits will
increase by 0.75 × 104 billion CNY and 1.71 billion CNY, respectively, in 2035 compared with those in
2020. The PLUS-SA model we proposed had higher simulation accuracy in Zhengzhou Compared
with the traditional PLUS and FLUS models, and our research framework can provide a basis for
decision-makers to formulate sustainable land use development policies to achieve high-quality and
sustainable urban development.

Keywords: land use change; urban expansion; PLUS-SA model; scenario simulation; Zhengzhou city

1. Introduction

Land is a necessity for people’s survival and an indispensable factor of production for
social development [1,2]. As a critical climate variable, land use change (LUC) is the result
of the natural environment, human activities, and policy [3,4] and has been widely studied
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in Earth system modeling, natural resource management, and ecological conservation.
It has a crucial impact on global climate change and sustainable development [5–7]. In
recent years, with an increase in the world’s population and an acceleration in urbanization,
the patterns and types of land use have changed significantly, leading people to pursue
economic development while also facing serious challenges in the form of regional or global
ecological and environmental issues [8], such as land degradation and desertification [9], a
sharp reduction in cropland and deforestation [10], and a rapid loss of biodiversity [11].
The pressure on land resources has become increasingly prominent. Located in the hinter-
land of the Central Plains, Zhengzhou City is the main city of the Central Plains Urban
Agglomeration, has superior natural conditions, and benefits from many economic ad-
vantages [12,13]. However, while land use changes caused by population growth, urban
expansion, and rapid urbanization in Zhengzhou City have promoted economic growth,
the ecological environment has been subject to an increasing level of threat [14–16]. Thus,
the subject of how to utilize limited land resources to promote the coordinated development
of the social economy and ecological protection, as well as maximize the comprehensive
benefits and sustainable development of regional land use, has become a key concern in
the field of land use research and in relevant government departments [17–19].

Land use simulation and prediction are important elements of land science and im-
portant ways to scientifically combine various types of land resources and optimize the
spatial layout under certain constraints [20,21] while also being a fundamental guarantee
for the sustainable development of land resources [22,23]. For a long time, scholars in the
field of land use research have developed various LUC modeling methods according to the
research scale of LUC, disciplinary background, and the key research field of the research
team [24–26]. Each model has potential and boundedness for the needs of land planners
and decision-makers. Research on LUC simulation at home and abroad has experienced a
development process from quantitative models to spatial simulations, from simulations of
one type of land use to dynamic changes in multiple land uses, and from a single model to
a coupled model [27]. A quantity prediction model explains how the quantity of different
land types changes; in other words, solving the “How” problem. Representative models
include logistic regression [28], neural network (ANN) [29], Markov [30], system dynamics
(SD) [31], multi-objective linear programming (MOP) [32], and so on. A spatial model
focuses more on explaining the spatial variation in different land types; that is, solving the
“Where” problem using typical multi-agent models (MAS) [33] and models that have been
developed based on the cellular automata (CA) theory [34]. A single quantitative or spatial
model cannot simulate the complex process of LUC more accurately; for example, a quanti-
tative model depicts the structural requirements of land use from a macro perspective, but
lacks the ability to process spatial factors and the feedback of each element in space [35].
Conversely, spatial models determine the evolution of a system from a local perspective.
They cannot properly reflect the macro-demand of different land use types and the impacts
of government policies and climate background [36]. Therefore, coupling the “top-down”
quantitative model and the “bottom-up” spatial model results in the current mainstream
model of land use simulation [37].

CA is extensively applied in LUC spatial simulation because of its powerful spa-
tiotemporal coupling characteristics and spatial computing functions, which can be used
to explore complex geographic processes [38–40]. Models developed based on CA, for
instance, CA-Markov [41], Conversion of Land Use and its Effects (CLUE) [42], Conversion
of Land Use and its Effects at Small regional extent (CLUE-S) [43], SLEUTH (Slope, Land
use, Excluded, Urban, Transportation, Hill shade) [44], and FOREcasting SCEnarios of
Land-use Change (FORE-SCE) [25], are typical. However, although they can be used to
visualize the spatial model of LUC, they do not provide an optimal solution [24]. Thus,
the Future Land Use Simulation (FLUS) model constructed by Liu et al. [24] adopted a
roulette wheel selection mechanism and an adaptive inertia mechanism in the CA model
to dispose of the complex competition and interaction between different land use types.
Nevertheless, Liang et al. [19] pointed out that the current CA-based models still have



Remote Sens. 2023, 15, 3762 3 of 23

the following shortcomings: (1) existing CA models are still insufficient with regard to
revealing the intrinsic driving force of LUC and (2) simulating multiple land use types
dynamically is difficult with space and time patch-level changes. Based on this, Liang
et al. [19] developed a patch-generating land use simulation (PLUS) model and used this
model for LUC simulation in Wuhan. The number of studies based on the PLUS model
has gradually increased over time [45–47]. Numerous studies have shown that land use
simulations based on the PLUS model can obtain higher simulation accuracy and closely
resemble real landscape pattern indicators [19,46,48]. This provides a base for land use
planners to formulate sustainable land management policies [49–51].

Although much has been achieved regarding land use simulations at home and abroad,
existing research rarely considers the possible spatial autocorrelation effect in land use
data [52]. Some scholars have proposed an auto logistic model by introducing the spatial
autocorrelation factor into a logistic regression model to capture the influence of the spatial
autocorrelation effect on LUC, thereby improving the model simulation accuracy [53,54].
Therefore, it is urgent to introduce spatial autocorrelation factors to the LUC simulation
process to obtain more accurate simulation results. Additionally, existing land use simula-
tion studies usually focus on improving the simulation accuracy by optimizing algorithms,
but lack any understanding of the LUC variation mechanism [19]. MOP breaks through
the only limitation of the objective function and can optimize the allocation of land use
structure under the premise of taking into account economic and ecological benefits ac-
cording to different policies in order to maximize regional comprehensive benefits [55–57].
The PLUS model identifies the rules of LUC and mines their drivers while also having
a higher degree of simulation accuracy compared with other CA models [48,50]. Thus,
with the goal of coordinating economic development and ecological protection, this paper
establishes natural development (ND), economic development (ED), ecological protection
(EP), and sustainability development (SD) scenarios for simulating future multi-scenario
land use patterns by combining coupled MOP and PLUS-SA models (see Section 2.3.3 for
details) with regional development goals and realization paths. This research will be able
to seek a future sustainable land structure and spatial layout scenario, and then provide a
reference for promoting the optimal allocation of regional land resources.

2. Materials and Methods
2.1. Study Area

Zhengzhou City (112◦42′E–114◦14′E, 34◦16′N–34◦58′N)—the political, economic, and
cultural center of Henan Province, a national central city, and a crucial transportation and
communication hub in China—is located in the north–central part of Henan Province, at
the boundary between the middle and lower reaches of the Yellow River. Meanwhile,
Zhengzhou City, with a large population and fast economic development, is the core city of
the Central Plains City group. People ignore the protection of the regional ecological envi-
ronment while pursuing the economic benefits of land. In recent years, due to the influence
of human activities, the LUC in Zhengzhou has become more significant. Therefore, this
study takes the metropolitan area of Zhengzhou as the research area to simulate the future
land use layout of Zhengzhou under different scenarios in order to provide references for
the sustainable development of land resources in Zhengzhou. The general topographic
trend of Zhengzhou is high in the southwest and low in the northeast, descending in steps
(Figure 1). The climate in Zhengzhou can be categorized as a Monsoon Climate of Medium
Latitudes, with an annual average temperature of 14.7 ◦C and an average precipitation of
632.4 mm. At the end of 2022, the permanent population of Zhengzhou reached 12.828 mil-
lion. Zhengzhou’s Gross Domestic Product (GDP) was 1293.4 billion Chinese Yuan (CNY)
at constant prices, an increase of 1.0% over the previous year. The added value of primary
industry was 18.56 billion CNY, up by 3.7%; the added value of secondary industry was
517.46 billion CNY, up by 2.0%; the added value of tertiary industry was 757.45 billion
CNY, up by 0.2%. The tertiary industrial structure was 1.4:40.0:58.6. As of December 2022,
Zhengzhou had jurisdiction over six districts, five county-level cities, and one county, with
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a total area of approximately 7567 km2 and an urbanization rate of about 78.4%. In recent
years, with the development of the social economy and improvements in the urbanization
level, the LUC in Zhengzhou has become more obvious, especially with regard to the rapid
expansion of construction land. The urban built-up area of Zhengzhou increased from
744.77 km2 in 2016 to 1284.89 km2 in 2021, an increase of 540.12 km2 in five years.
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2.2. Data Sources

The 30 m resolution land use data sets of Zhengzhou in 2000, 2010, and 2020 were
derived from the Chinese Academy of Sciences, Resources, and Environment Science Data
Center (https://www.resdc.cn/, accessed on 12 June 2023). The data set was mainly based
on Landsat satellite remote sensing data and constructed by human–machine interactive
visual interpretation. Landsat-TM/ETM remote sensing image data were mainly used for
the interpretation of remote sensing data from 2000 and 2010, while Landsat8 OLI remote
sensing image data were the data source for 2020. Landsat8 is the latest satellite in the U.S.
government’s Landsat family, which launched on 11 February 2013, carrying the OLI Land
Imager and TIRS thermal infrared sensor. Landsat8′s OLI Land Imager consists of nine
bands. OLI includes all bands of the ETM+ sensor, in addition to two new bands, namely
the blue band (band1; 0.433–0.453 µm), which is mainly used for coastal zone observation,
and the short-wave infrared band (band9; 1.360–1.390 µm), which includes strong water
vapor absorption features and can be used to detect clouds. In the process of land use
remote sensing monitoring in 2020, standard false-color composite images synthesized
by OLI land imager in 5, 4, and 3 bands were used for artificial visual interpretation.
According to the natural properties of land resources, the data set can be divided into six
first-level categories: cultivated land, forestland, grassland, water bodies, construction
land, and unused land (Figure 2), and the accuracy of all of them is above 90%. This data
set is recognized as a land use data set with high precision, high resolution, and a long
time series.

The socioeconomic data were obtained from the China Agricultural Product Price
Survey Yearbook and Henan Statistical. Some government reports and planning drawings
were taken from the Zhengzhou Municipal People’s Government website. The geographic
and socioeconomic data used in the study concerning elements such as elevation, tempera-
ture, precipitation, soil type, population, GDP, points of interest (POI), and traffic data were
obtained from different websites. For details concerning the year, resolution, and source of
all data, see Table 1.

https://www.resdc.cn/
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Table 1. Details of the data used in this study.

Data Types Data Name Years Attributes/
Resolution Data Sources

Government
report

integrated land-use
planning

2006–
2020 Text, atlas Zhengzhou Municipal People’s Government network

(http://www.zhengzhou.gov.cn/, accessed on 12 June 2023)

Statistic data Socioeconomic data 2000–
2020 Excel Henan Provincial Bureau of Statistics

(http://www.ha.stats.gov.cn/, accessed on 12 June 2023)

Land use Land use data 2000–
2020 TIFF/30 m Resource and Environmental Sciences and Data Center

(http://www.resdc.cn/, accessed on 12 June 2023)

Socioeconomic
data

Traffic data 2020 SHP Open Street Map (https://www.openstreetmap.org/, accessed
on 12 June 2023)

Population 2015 TIFF/1 km Global Change Scientific Research Data Publishing &
Repository (http://www.resdc.cn/, accessed on 12 June 2023)GDP 2015 TIFF/1 km

POI 2020 SHP Baidu Map crawler (https://map.baidu.com/, accessed on 12
June 2023)

Climate data

Temperature 2018 TIFF/1 km
National Meteorological Science Data Center

(http://data.cma.cn/, accessed on 12 June 2023)Average annual
precipitation 2018 TIFF/1 km

Natural
conditions

DEM 2015 TIFF/30 m NASA SRTM1 v3.0

Slope, aspect 2015 TIFF/30 m
Extracted from DEM data

Aspect 2015 TIFF/30 m

Soil type 2012 SHP National Earth System Science Data Center
(http://www.geodata.cn/, accessed on 12 June 2023)

2.3. Research Methods

Four ND, ED, EP, and SD scenarios were established. Among them, the ND scenario
follows the natural evolution law of land use structure from 2000 to 2020. The ED scenario
takes the improvement of regional economic benefits as its ultimate goal, focuses on
developing land use types with high economic benefits, strengthens urban infrastructure

http://www.zhengzhou.gov.cn/
http://www.ha.stats.gov.cn/
http://www.resdc.cn/
https://www.openstreetmap.org/
http://www.resdc.cn/
https://map.baidu.com/
http://data.cma.cn/
http://www.geodata.cn/
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construction, and promotes a steady increase in the rate of urbanization. The EP scenario
strengthens the protection of nature reserves, forestland, water bodies, and other land
with important ecological functions, ensures biodiversity and environmental quality and
safety, and takes the increase in ecological benefits as the ultimate goal. The SD scenario
focuses on the coordinated development of economic construction and ecological protection.
It promotes high-quality economic development on the precondition of the high-level
protection of the ecological environment to maximize ecological and economic benefits.

Figure 3 shows the coupled model framework, which contains the procedures of
the MOP and PLUS-SA models. First, we used the Markov model to predict the land
use structure demand in Zhengzhou City in 2035 under the ND scenario. Based on the
MOP model, Lingo 12.0 software was used to obtain the land use structure demand in ED,
EP, and SD scenarios. Then, natural conditions, traffic locations, the social economy, and
other driving factors were introduced in order to simulate the land use patterns under the
four scenarios of Zhengzhou in 2035 by utilizing the FLUS, PLUS, and PLUS-SA models,
respectively. This study can verify that our PLUS-SA model possesses a higher degree of
simulation accuracy than the FLUS and traditional PLUS models. It can also function in
line with the current requirements for high-quality and sustainable urban development
land use structure and spatial distribution scenarios. This will assist relevant government
departments in formulating sustainable land policies.
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2.3.1. Research Methods of LUC

Single land use dynamics (K) can intuitively reflect the change amplitude and velocity
of a single land type during a research period, and the comprehensive land use dynamic
degree (LC) can reflect the overall change in the land use quantity of a study region within a
certain time range. Therefore, the single and comprehensive land use dynamic degrees were
adopted in order to explore the LUC in Zhengzhou from 2000 to 2020. The comprehensive
land use dynamic degree in Zhengzhou was visualized from a spatial perspective by
creating a 2 × 2 km fishing net.

Ki =
Ma −Mb

Ma
× 1

T2 − T1
× 100% (1)

LC =

[
∑n

i=1 ∆LUi−j

2 ∑n
i=1 LUi

]
× 1

T
× 100% (2)

where Ki represents the single dynamic degree of land type ‘i’ from the start date T1 to the
end date T2. Ma and Mb represent the area of land use type ‘i’ on T1 and T2, respectively.
T2 − T1 represents the length of the monitoring period. Thus, when Ki is greater than 0,
the area of land type ‘i’ increases within the monitoring period; otherwise, it decreases.
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Therefore, the larger the absolute value of Ki, the greater the increase or decrease, and the
faster the rate. In Formula (2), LC represents the comprehensive land use dynamic degree,
LUi is the area of land type ‘i’ on T1, and ∆LUi−j is the area of land type ‘i’ converted
to ‘j’. In this study, the LC in Zhengzhou City was visualized by using “Create Fishnet”
in ArcGIS.

2.3.2. Multi-Objective Programming Model

The Multi-Objective Programming (MOP) model is a mathematical model for re-
searching geography and regional development, and it aims to derive optimal solutions by
considering multiple objective functions simultaneously [17,58]. The MOP model can pre-
dict the land use structure more scientifically and reasonably based on objective laws and
constraint data, and has been widely used in land use simulation research [59]. The MOP
model includes decision variables, objective functions, and constraint conditions [18]. It fo-
cuses on the decision to make one or more goals achieve the best value under subjective or
objective conditions.

f1(x) = max
n

∑
j=1

Ecoj × xj (3)

f2(x) = max
n

∑
j=1

Esvj × xj (4)

f3(x) = max{ f1(x) , f2(x)} (5)

s.t. =


n
∑

j=1
aijxj = (≥,≤)bj, (i = 1, 2, . . . , m)

xj ≥ 0, (j = 1, 2, . . . , n)
(6)

where f1(x), f2(x), and f3(x) represent the objective functions under the ED scenario, EP
scenario, and SD scenario, respectively; and xj is the area of the jth decision variable. There
are six decision variables in this study: x1 cultivated land, x2 forestland, x3 grassland, x4
water bodies, x5 construction land, and x6 unused land. Ecoj and Esvj are the economic
and ecological benefit coefficients of different land uses per unit area, respectively. Under
the constraint condition s.t., aij is the coefficient corresponding to the jth variable under the
ith constraint condition, and bj is the constraint value.

(1) Determination of the objective function: According to the output per unit area of
each land type in Zhengzhou from 2000 to 2020, the economic benefit coefficient of each land
type was calculated (Table 2). Among them, the total output values of agriculture, forestry,
animal husbandry, and fisheries were used to estimate the economic benefits of cultivated
land, forestland, grassland, and water bodies, respectively. The GDPs of the secondary and
tertiary industries were used to estimate the economic benefits of construction land and the
economic benefits of unused land were assigned a value of 0 [19,55]. Therefore, Formula (3)
can be expressed as:

f1(x) = max(6.54x1 + 1.86x2 + 189.72x3 + 1.68x4 + 1890.36x5 + 0x6) (7)

Table 2. Economic and ecological benefit coefficients per unit area (106 CNY/km2).

Efficiency
Coefficient

Cultivated
Land Forestland Grassland Water

Bodies
Construction

Land
Unused

Land

Ecoj 6.54 1.86 189.72 1.68 1890.36 0
Esvj 1.19 4.23 1.76 7.62 0 0.21

The ecological benefits of each land type were estimated by utilizing the Xie et al. [60,
61] “Equivalent value of ecological services per unit area of ecosystems in China” table.
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The calculation of the economic value of food production services per unit area of the
farmland ecosystem can be seen in Guo et al. [6]. Meanwhile, the cultivated land, forestland,
and grassland were revised grid-by-grid using NDVI (the NDVI values of construction land,
water bodies, and unused land were almost 0, which were not considered here). Finally, the
ecological benefit coefficients of six land types were acquired (Table 3). Therefore, Formula
(4) can be expressed as:

f2(x) = max(1.19x1 + 4.23x2 + 1.76x3 + 7.62x4 + 0x5 + 0.21x6) (8)

Table 3. The constraint conditions of various land types in Zhengzhou.

Constraint Class Constraint Conditions Evidence and Description

Total area constraints 6
∑

j=1
xj = A = 7567.80 km2

The sum of the six land use types area must equal the total
area of Zhengzhou City.

Total population constraint 75.81 (x1 + x2 + x3) + 6744.06
x5 ≤ 1.8× 107

By 2035, the population of Zhengzhou is expected to be 18
million. According to Wang et al. [55], the population
densities on agricultural land (cropland, woodland, and
grassland) and construction land will be 75.81 and 6744.06
people per square kilometer by 2035.

Cultivated land area constraint 0.4901 ≤ x1/A ≤ 0.5632

With improvements in farming technology, the yield of
cultivated land per unit area increases, which can effectively
compensate for the food security problems caused by the
expansion of construction land to cultivated land. Therefore,
56.32% (the proportion of cultivated land in 2020) is set as
the upper limit and 49.01% (the predicted proportion of
cultivated land in 2035 from the Markov chain) is set as the
lower limit for the percentage of cultivated land in 2035.

Forestland area constraint 0.0741 ≤ x2/A ≤0.0889
Forestland should account for 7.41% (the proportion of
forestland in 2020) to 8.89% (1.2 times the forestland area in
2020) of the total area.

Grassland area constraint 0.0499 ≤ x3/A ≤ 0.0527

5.27% (cover degree of grassland in 2010) is set as the upper
limit and 4.99% (predicted cover degree of grassland in 2035
from the Markov chain) is set as the lower limit for the
percentage of grassland in 2035.

Water bodies area constraint 0.0372 ≤ x4/A ≤ 0.0496

In order to protect water resources with high ecosystem
service value coefficients, the area of water bodies in
Zhengzhou is required to be no less than 90% and no greater
than 120% of the 2020 level.

Construction land area
constraint 0.2766≤ x5/A ≤0.4150

The percentage of construction land will be between 80%
and 120% of the predicted construction land in 2035 from
the Markov chain.

Non-negative constraint xj ≥ 0, j = 1, 2, . . . 6 The area of each land type is non-negative.

After measuring the economic benefits f1(x) and ecological benefits f2(x) of land
resources in Zhengzhou, the objective function f3(x) under the SD scenario can be ex-
pressed as:

f3(x) = max{(6.54x1 + 1.86x2 + 189.72x3 + 1.68x4 + 1890.36x5 + 0x6)ϕ1
+(1.19x1 + 4.23x2 + 1.76x3 + 7.62x4 + 0x5 + 0.21x1)ϕ2}

(9)

In Formulas (7)–(9), x1–x6 denote cultivated land, forestland, grassland, water body,
construction land, and unused land, respectively. The future development orientation
of Zhengzhou City and the goal of simultaneously improving economic and ecological
benefits were taken into account. Meanwhile, improving the efficiency of land use, the
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simulation effect, and the achievability of the model iteration results was considered. Refer
to the study of Chen et al. [18]. After repeatedly modifying the constraints and model
parameters, the weights were set to ϕ1 = 0.47, ϕ2 = 0.53.

(2) Determination of constraints: The future land use simulation under the multi-
scenario model was constrained by the laws of natural development and government
planning expectations. Combined with the existing literature, this paper has limited the
number of different land types in Zhengzhou in 2035 according to the “General Plan
for Land Use in Zhengzhou (2006–2020)” and the trend of LUC from 2010 to 2020, and
constraint conditions were constructed (Table 3).

2.3.3. PLUS-SA Model

Combining simulations, knowledge discovery, and decision-making, the patch-generating
land use simulation (PLUS) model provides researchers and planning authorities with
an important decision-making tool. The model integrates the rule-mining method based
on the land expansion analysis strategy (LEAS) and the CA model based on multi-type
random patch seeds (CARS) (Figure 4), which can be utilized to mine the driving factors of
land expansion and predict the patch-level evolution of land use landscapes. Additional
details regarding the PLUS model can be found at https://github.com/HPSCIL/Patch-
generating_Land_Use_Simulation_Model, accessed on 12 June 2023.

To reasonably describe the dynamic process of the spatial distribution of LUC, the
spatial autocorrelation of land use data must be comprehensively considered [52]. But,
when PLUS uses RF to fit the relationship between land use and driving factors and then
calculate the probability of an occurrence of each species, it does not consider the impact
of possible spatial autocorrelation in land use data. This paper intends to introduce the
spatial autocorrelation factor of different land types as the RF model’s input variable to
improve the accuracy of the PLUS model; we call it the PLUS model considering Spatial
Autocorrelation (PLUS-SA). Specifically, in the LESA module of the PLUS model (Figure 4),
we input the spatial autocorrelation factors of land use types into the RF model as driving
factors to obtain the growth possibilities of different land use types, which will potentially
help to improve the accuracy of model simulation. The spatial autocorrelation factor can be
expressed as:

Autocovp =
∑p 6=j wpjyj

∑p 6=j wpj
(10)

where Autocovp represents the spatial autocorrelation variable of land type ‘i’ on the cell
p; j represents the neighborhood cell of cell p; yj represents the occurrence of land type ‘i’
on cell j (it is assigned a value of 1 when it occurs, otherwise, it is 0); and wpj is the spatial
weight coefficient between cell p and cell j. When the distance between p and j is less than
the threshold distance d, wpj = 1/d; otherwise, wpj = 0.

https://github.com/HPSCIL/Patch-generating_Land_Use_Simulation_Model
https://github.com/HPSCIL/Patch-generating_Land_Use_Simulation_Model
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2.3.4. Model Validation Method

This study validated the model’s accuracy by comparing actual 2020 land use data
with simulated data from FLUS, PLUS, and PLUS-SA. Model accuracy verification tests
were performed using the following two methods. First, the model was evaluated quantita-
tively by establishing a confusion matrix between the simulated land use results and the
corresponding grid cells of the actual land use, and then calculating the simulated Kappa
and overall accuracy. The Kappa coefficient is an index used for consistency testing and can
also be used to measure the effect of classification, because, for classification problems, the
so-called consistency is whether the model prediction results and the actual classification
results are consistent. The calculation formulas are as follows:

Kappa =
OAo −OAe

1−OAe
(11)

OAO = (
n

∑
k=1

OAkk)/N (12)
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where OAO is the overall accuracy, which represents the probability that the simulation
results of each random sample are consistent with the real land use data, and its value
is equal to the ratio of the number of correct pixels to the total number of pixels; n is the
number of land use types, which was 6 in this study; N is the total number of samples; OAkk
indicates the quantity of correctly classified samples of land type k; and OAe represents
the accidental consistency between the predicted and actual land use data. The closer the
overall accuracy and Kappa are to 1, the better the simulation results and the higher the
model accuracy.

Second, the consistency of the spatial location was verified by calculating the figure
of merit (FOM) index. Compared with Kappa, the FOM can better describe the accuracy
of land use simulations. The FOM index was utilized to verify the consistency between
the simulated change and the real change. The range is 0 to 1, and the larger the value, the
more the simulated variation and the real variation overlap. The calculation formula can
be expressed as follows:

FOM =
B

A + B + C + D
(13)

where A is the real data change, but was simulated as a constant grid cell; B is the number
of grid cells where the real data change, the simulation results also change, and the changes
are consistent; C is the number of grid cells where the real data change and the simulation
results also change, but the change is an incorrect category; and D is the number of grid
cells in which the real data do not change, but are simulated as changing.

3. Results
3.1. LUC between 2000 and 2020

Table 4 shows that the main land use type in Zhengzhou was cultivated land, followed
by construction land, forestland, grassland, and water bodies. In 2020, the cultivated
and construction land areas accounted for 56.32% and 26.95% of Zhengzhou’s total area,
respectively. The areas of forests, grassland, and water bodies were comparable, accounting
for between 4% and 7.5% of Zhengzhou’s total area. It is worth noting that the small
amount of unused land in 2000 gradually disappeared over time. From the perspective
of single land use dynamics, the K values of cultivated land, forestland, grassland, and
unused land were all negative during the different monitoring periods (2000–2010, 2010–
2020, and 2000–2020), while those of water bodies and construction land were all positive.
This indicates that the areas of cultivated land, forestland, grassland, and unused land in
Zhengzhou had continued to decrease, and the areas of water bodies and construction land
had continued to increase; the construction land area, in particular, had increased the most
(83.85% of the newly added construction land came from cultivated land) over the past
20 years. The forestland area decreased by 197.99 km2 from 2000 to 2010; however, this
may have been affected by the policy of returning farmland to forests, and the forest area
decreased slightly from 2010 to 2020 (decreasing by 3.69 km2). Judging from the spatial
visualization results of the comprehensive land use dynamic degree (Figure 5), the high
value of the comprehensive land use dynamic degree was mainly distributed around the
main urban area, as well as the central and northern mountainous areas in Zhengzhou
during the 2000 to 2010 period, which may mainly have been due to the utilization of
land resources by human activities, such as urban expansion, deforestation, and wasteland
cultivation. The implementation of the “Zhengzhou–Kaifeng Integration” and the second-
phase expansion project of the Zhengzhou Xinzheng International Airport were the primary
reasons for the high spatial distribution of the comprehensive land use dynamic degree
in the eastern part of the main urban area of Zhengzhou and the Zhengzhou Airport
Economy Zone between 2000 and 2010. Throughout the research period (2000–2020), urban
expansion around the main urban area was evident in Zhengzhou.
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Table 4. Land use structure and single land use dynamic degree in Zhengzhou.

Land Use Type Cultivated Land Forestland Grassland Water
Bodies

Construction
Land Unused Land

2000 Area (km2) 5060.81 762.64 690.02 206.05 844.97 3.31
Percentage (%) 66.87% 10.08% 9.12% 2.72% 11.17% 0.04%

2010 Area (km2) 4629.13 564.65 398.48 281.92 1693.62 0.00
Percentage (%) 61.17% 7.46% 5.27% 3.73% 22.38% 0.00%

2020 Area (km2) 4262.44 560.96 392.27 312.90 2039.23 0.00
Percentage (%) 56.32% 7.41% 5.18% 4.13% 26.95% 0.00%

K
2000–2010 −0.85% −2.60% −4.23% 3.68% 10.04% −10.00%
2010–2020 −0.79% −0.07% −0.16% 1.10% 2.04% 0.00%
2000–2020 −0.79% −1.32% −2.16% 2.59% 7.07% −5.00%
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3.2. Simulation of the Demand for Land Use Structures in Multiple Scenarios

The land use quantity demand in 2035 was determined under four scenarios using the
Markov and MOP (based on Lingo12.0 software and Markov Chain tool) models (Table 5).
The cultivated land would decrease by approximately 554 km2 under the ND and ED
scenarios, and the construction land would continue to increase, with the largest increase
compared with other scenarios. Meanwhile, compared with other scenarios, the area of
water bodies would decrease by a maximum of 30.22 km2 under the ED scenario, seriously
threatening the regional ecological environment. Under the EP scenario, the reduction in
cultivated land would be at its smallest (234.85 km2) and the growth rate of construction
land would be effectively limited. On the contrary, the areas of forestland, grassland, and
water bodies with high ecosystem service value coefficients would increase significantly
compared with those in 2020, with increases of 111.82 km2, 6.55 km2, and 62.46 km2,
respectively. Under the SD scenario, changes in different land types took into account the
dual goals of economic development and ecological protection. Cultivated land would be
consistent with the ND and ED scenarios on the premise of meeting the population demand
in 2035, while the forestland, grassland, and water body areas would increase significantly
compared with those under the two scenarios, but the increase would be slightly smaller
than that under the EP scenarios. The increase in the construction land area with a higher
economic value coefficient would be larger than that of the EP scenario, but it would also
be controlled to a certain extent compared with the ND and ED scenarios. Judging from
the results of Zhengzhou’s economic and ecological benefits under different scenarios, the
ND and ED scenarios targeted economic development, and the economic value would be
about 1.09 × 104 billion CNY higher than that in 2020, but the ecological benefit would
also decrease by 7.32 billion CNY. Under the EP scenario, with ecological protection as the
primary goal, although the ecological benefit of Zhengzhou would increase by 6.9 billion
CNY compared with that in 2020, economic development will be slow, only increasing
by 0.08 × 104 billion CNY. In contrast with the above three scenarios, the economic and
ecological benefits under the SD scenario will both increase compared with those in 2020.
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Among them, the economic benefits would increase by 0.75 × 104 billion CNY and the
ecological benefits would increase by 1.71 billion CNY.

Table 5. The land use demand (km2) and economic/ecological benefits (CNY) under different scenar-
ios.

Type
2020

Actual

2035 Land Use Demand

ND
Scenario

ED
Scenario

EP
Scenario

SD
Scenario

Cultivated land 4262.44 3708.79 3708.97 4027.59 3708.97
Forestland 560.96 552.99 560.77 672.78 667.56
Grassland 392.27 377.96 398.82 398.82 378.96
Water bodies 312.90 311.06 282.68 375.36 363.55
Construction land 2039.23 2616.99 2616.54 2093.25 2439.76
Economic benefits (billion) 3.96 × 104 5.04 × 104 5.05 × 104 4.06 × 104 4.71 × 104

Ecological benefits
(billion) 105.2 97.88 96.42 112.01 106.91

3.3. The Accuracy Comparison of PLUS-SA, PLUS, and FLUS Models

Based on the two phases (2010 and 2020) of land use and other geographic data, this
study simulated the land use layout in 2020 using the FLUS, PLUS, and PLUS-SA models
and calculated the Kappa and FOM in order to verify the accuracy of the three models.
When simulating future land use patterns, 16 driving factors were selected by referring
to the existing research results [19] and considering the accessibility, systematicness, and
representativeness of the driving factors. Among them, the six natural driving factors
include: DEM, slope, aspect, annual mean temperature, annual precipitation, and soil
type. Further, the ten socioeconomic driving factors include population, GDP, proximity
to a highway, proximity to a railway, proximity to a trunk road, proximity to a primary
road, proximity to a secondary road, proximity to a tertiary road, proximity to a town, and
proximity to open water. The parameters of the LEAS and CARS modules of the PLUS-SA
have been tested on many occasions, and the regression tree number and sampling rate
were finally set to 50 and 0.05, respectively, in the LEAS module. In the CARS module,
the patch generation threshold, expansion coefficient, and percentage of seeds were set to
0.9, 0.1, and 0.0001, respectively. The 3 × 3 Moore neighborhood was adopted to quantify
the neighborhood effects of the PLUS model. The land use transition matrix was set with
reference to the actual transition matrix from 2010 to 2020, and neighborhood weights were
established in reference to the study by Wang et al. [62]. Meanwhile, some policies restricted
changes in all land types in designated areas, such as nature reserves, open waters, etc.
This study set water bodies and national nature reserves as restricted transformation zones.

Figure 6 displays a contrast of the simulated land use patterns utilizing the FLUS (a1),
PLUS (b1), and PLUS-SA (c1) models. Panels a2, b2, and c2 show the incorrect patches of
the result for 2020 simulated using the three models compared with the actual land use
pattern in 2020. Panels a3, b3, and c3 show the incorrect patches of a subregion. Table 6
displays the accuracy of the different models. We can see that the Kappa was above 0.85
for all three models, and the overall accuracy was over 90%. The accuracy of the PLUS
model was higher than that of the FLUS model. Meanwhile, the Kappa, overall accuracy,
and the FOM of the PLUS-SA model were higher than those of the PLUS and FLUS models.
The PLUS-SA model had significantly fewer misclassified plaques than the other two
models, according to the comparison of a3, b3, and c3 in Figure 6. Therefore, the simulation
accuracy of the PLUS-SA model was better than that of the FLUS model and traditional
PLUS model, and better simulation results concerning LUC based on the PLUS-SA model
could be achieved.
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understand our manuscript.

Table 6. FLUS model, PLUS model, and PLUS-SA model accuracy results.

Model Type Kappa Overall Accuracy FOM

FLUS model 0.85 0.90 0.17
PLUS model 0.87 0.92 0.22

PLUS-SA model 0.91 0.95 0.29

3.4. Spatial Layout of Future Land Use for Different Scenarios

The parameter settings for the Zhengzhou 2035 land use simulation under different
scenarios were the same as those in Section 3.3, except for the transition matrix in the
CARS module. The land use transfer constraints were different under different scenarios.
Specifically, the transition matrix setting for the ND scenario was the same as that in
Section 3.3. Under the ED scenario, construction land can be expanded to any other land
type. Under the EP scenario, the government pays more attention to the protection of
land types with high ecosystem service value coefficients, for instance, water bodies and
forestland. Therefore, it was stipulated that land types with high ESV coefficients were
prohibited from being converted into land types with lower ESV coefficients. Under the SD
scenario, the expansion of urban construction land and the protection of water bodies and
forestland with high ESV coefficients were taken into account. The transition matrix under
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different scenarios is shown in Table 7, where 0 signifies that a conversion was prohibited
and 1 signifies that a conversion was allowed.

Table 7. The land use transition possibility matrix for different scenarios.

Scenario ED EP SD

CL FL GL WB CTL CL FL GL WB CTL CL FL GL WB CTL
CL 1 1 1 0 1 1 1 1 0 1 1 1 1 0 1
FL 1 1 0 0 1 0 1 0 0 0 0 1 1 0 0
GL 1 1 1 1 1 0 1 1 0 0 0 1 1 1 1
WB 1 0 1 1 0 0 0 0 1 0 1 0 0 1 0
CTL 0 0 0 0 1 1 1 1 0 1 0 0 1 0 1

Abbreviations: cultivated land (CL); forestland (FL); grassland (GL); water bodies (WB); construction land (CTL).

Based on the PLUS-SA model, the land use spatial distribution of Zhengzhou was
simulated under four scenarios in 2035, and a land use expansion map from 2020 to 2035
was produced (Figure 7). The results showed that construction land expansion would be the
most significant under the ND and ED scenarios. The newly added construction land would
primarily be located around the main urban area in Zhengzhou, the Zhengzhou Airport
Economy Zone, and Zhongmu County to the east of Zhengzhou City. As the Zhengdong
New District, Zhengzhou International Cultural and Creative Industry Park, Zhengzhou
Economic Development Zone, Zhengzhou Airport Zone, and so on have all mainly been
distributed in most of the towns in the west (southwest and northwest) of Zhongmu, most
of Zhongmu County has, in fact, been gradually forming a “same city” along with the main
city of Zhengzhou. Under the EP scenario, the expansion of construction land would be
the slowest; in contrast, the forestland to the southwest of Zhengzhou, which is unsuitable
for human habitation and less disturbed by human activities because of its high altitude
and complicated topography, would increase significantly. Under the SP scenario, the
expansion of construction land and forestland would be relatively obvious, and the spatial
location of the expansion would be highly consistent with the above-mentioned ED and
EP scenarios.
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4. Discussion
4.1. Urban Expansion-Exacerbated LUC

Urban expansion is a necessary process for the development of cities of different
scales in China and even in the world [63]. The “man–land” contradiction and “space
conflict” caused by urban expansion are bound to attract the attention of policymakers
and researchers [64,65]. As a unipolar core city in Henan, Zhengzhou is also a key city
for population agglomeration. With its continuous population growth, the land around
Zhengzhou City has been converted into construction land, thus increasing the speed of
urban expansion. Relevant studies have shown that the built-up central urban area of
Zhengzhou is expanding at a scale of nearly 70 km2 every year [66], which means that
Zhengzhou’s fundamental rapid population growth and urban expansion will not change.
Urban expansion must come at the expense of encroaching on other land resources, which,
in turn, drives regional land use changes [67]. Our research shows that 83.85% of the land
used for urban expansion in Zhengzhou from 2000 to 2020 came from cultivated land,
directly threatening food security and hindering sustainable agricultural development.
Meanwhile, forestland and grassland areas with higher ecosystem service value coefficients
decreased by 201.68 km2 and 297.75 km2, respectively, from 2000 to 2020, which also
brought huge challenges to the regional ecological environment. It is concluded here that
Zhengzhou is currently facing the following problems: (1) the construction land area is
growing rapidly, and there is a conflict between protecting cultivated land and ensuring
development; (2) the cultivated land area per capita is continuing to decline, and the
reserve resources for cultivated land are insufficient; (3) the contradiction between land
exploitation and utilization, ecosystem construction, and environmental conservation has
intensified, and the task of coordinating protection and development has become more
arduous. Therefore, policymakers should coordinate the relationship between cultivated
land protection, ecosystem services, and urban development. They should scientifically
delineate spatial control boundaries, such as permanent basic farmland protection red lines,
ecological protection red lines, and urban growth boundaries [68,69]. The ultimate target
is to optimize the spatial distribution of land use and achieve the goal of intensive and
efficient land resource utilization and sustainable development.

4.2. Coupling Model Contributing to the Sustainable Development of Land Resources

Clarifying the processes and laws of LUC and identifying the key factors that drive
LUC are of great significance, particularly with regard to adjusting land use policies and
realizing efficient, green, and intensive uses of land resources [70,71]. In the LESA module
of the PLUS model, firstly, based on the 2000 and 2020 land use data, the expansion
grids of various land types were extracted and sampled, and then random forest was
utilized to mine various land use expansion and driving factors one by one. Finally, the
contributions of driving factors to various land use expansions were captured during the
monitoring period between 2000 and 2020 based on Origin software (Figure 8). It was
found that annual precipitation, annual mean temperature, and DEM rank were the three
most significant factors when it came to the contribution rate to cultivated land expansion,
followed by the proximity to roads, which indicated that natural factors greatly influenced
cultivated land expansion, and the newly increased cultivated land was more distributed in
areas with moderate temperatures, abundant precipitation, and convenient transportation.
With regard to forestland, DEM and population were the key driving factors behind
forestland expansion, and their contribution rates were 0.2418 and 0.1329, respectively,
indicating that newly increased forestland was mainly distributed in mountainous areas
with higher altitudes and lower impact from human activities. GDP, proximity to a town,
and population contributed the most to grassland changes, and their values all exceeded
0.1. The newly increased grasslands were most likely to be distributed in areas that were
far from towns with higher GDP and were less affected by human activities. The primary
factors driving the expansion of water bodies were proximity to open water, soil type, and
DEM. Construction land expansion was principally distributed in regions near towns with
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high GDP. Therefore, the driving factors behind the expansion of different land types were
different, and this should be taken into account by policymakers when formulating relevant
land use policies [72].
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The land use structure demands (Table 5) that assisted in enhancing regional sustain-
able development were acquired and were significant in helping policymakers to determine
future management directions and rational land use policies. For instance, the optimal land
use structures for economic development and ecological protection were calculated under
the ED and EP scenarios, respectively. Decision-makers can formulate different land use
planning policies according to different target needs. However, these two development
models only considered the land use structure needs of single-objective planning, which led
to the pursuit of one land benefit while ignoring other land benefits. It was found here that,
under the ED scenario, the economic benefits will increase the most compared with those in
2020 (1.09 × 104 billion CNY), but the ecological benefits will decrease the most compared
with those in 2020 (7.32 billion CNY). Similarly, under the EP scenario, although the ecolog-
ical benefit exhibited the largest increase (6.81 billion CNY), economic development would
be slow, and the economic benefit would only increase by 0.08 × 104 billion CNY com-
pared with that in 2020. Under the ED scenario, when decision-makers pursue economic
benefits, the reductions in cultivated land, forestland, and grassland areas brought about by
urban expansion would indirectly bring serious challenges to the ecological environment,
while the EP scenario is not conducive to economic development. These are clearly not
in line with the current requirements of high-quality and sustainable urban development.
The SD scenario takes into account the dual goals of economic development and ecological
protection. Compared with those in 2020, the economic and ecological benefits will increase
by 0.75 × 104 billion CNY and 1.71 billion CNY, respectively, in 2035. Therefore, coupling
MOP and PLUS-SA can lead to seeking a sustainable future land use spatial layout scenario.
However, there are many factors that affect the performance of the coupled MOP and
PLUS-SA model, which need to be taken into account during the research process. For
example, the government’s future land use planning policy will affect the performance of
the MOP model by influencing the land use structure. The setting of computer hardware
and LEAS and CARS module parameters directly affects the simulation speed and accuracy
of the PLUS-SA model.
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4.3. Limitations and Future Directions

Scientifically understanding and coordinating a “human–land relationship” is an
essential condition for achieving sustainable development. While land use is the core
issue of a human–land relationship, LUC is also a vital way to study the human–land
relationship [73,74]. This study considered the effects of human activities on LUC, which
were reflected in the simulation process of LUC in the form of driving factors. However,
LUC also influences human activity and cognition, which is rarely seen in modeling
work [75]. Future land use simulations are expected to start from the perspective of
the “human–land” interaction. By exploring the interaction between LUC and human
activities, the establishment of a scientific concept of land use will be promoted, and human
behavior will be adjusted and restrained. Moreover, most existing land use simulation
studies regard regions as isolated individual units, ignoring the teleconnection effect of
land use between different regions [76]; that is, owing to the economic division of labor and
location advantages, economic activities and consumer demand within a region are often
no longer supported by local land use, but are instead transferred to other regions through
inter-regional trade activities, thus causing changes in land use within other regions [77].
Therefore, using economic quantitative models, such as the multi-regional input–output
(MRIO) model, to quantify the teleconnection effect of land use between regions and then
coupling a spatial model to simulate the future spatial distribution of land use will be a
new direction for land use simulation research.

5. Conclusions

We proposed the PLUS-SA model by introducing the spatial autocorrelation factor as
the input variable for the RF model in the LEAS module of the PLUS model and verified
the simulation accuracy of the PLUS-SA model. The LESA module was then used to
explore the driving mechanism of LUC in Zhengzhou from 2010 to 2020. Finally, the
land use quantitative demand and spatial distribution were predicted under the ND, ED,
EP, and SD scenarios in Zhengzhou City based on the coupled MOP and the PLUS-SA
model. The following important conclusions were reached. (1) With accelerations in
population growth and urbanization in Zhengzhou, urban expansion is still proceeding
rapidly. Urban expansion has encroached on a great deal of cultivated land (83.85% of
the land for urban expansion from 2000–2020 was cultivated land) and other ecological
land in Zhengzhou, and the task of coordinating ecological protection and economic
development was arduous. (2) Natural factors (topography, temperature, and precipitation)
greatly influenced cultivated land expansion. Socioeconomic factors (population, GDP,
and proximity to a town) had a high contribution rate to grassland and construction land
expansion. However, forestland expansion was the result of a combination of natural
factors (DEM) and socioeconomic factors (population). (3) The Kappa coefficient, overall
accuracy, and FOM of the PLUS-SA model were 0.91, 0.95, and 0.29, respectively, and
higher than those of the traditional PLUS and FLUS models, indicating that the PLUS-SA
model had a higher degree of simulation accuracy. (4) Land use structures and spatial
distributions under four scenarios in 2035 and their corresponding economic and ecological
benefits can be forecasted by coupling the MOP and PLUS-SA models. Such forecasts will
be important for policymakers when formulating sustainable land resource development
policies for the study area. Notably, the land use structure and spatial distribution under the
SD scenario can be used as criteria for inspecting whether Zhengzhou City has developed
along a sustainable pathway.

The PLUS-SA model we proposed could be applied to the study of geospatially intelli-
gent simulation, and the findings of this study can provide a reference for the sustainable
development of land resources in Zhengzhou. However, in the process of land use simu-
lation, not only the influence of human activities on LUC, but also the influence of LUC
on human activities and cognition should be considered, which is rarely seen in mod-
eling work. Additionally, the existing land use simulation studies regard the region as
an isolated individual, and few consider the influence of an external region on the study
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area. The above two points can be used as new directions for future land use simulation
research. In spite of this, our research framework can provide a basis for decision-makers to
formulate sustainable land use development policies to realize high-quality and sustainable
urban development.

Author Contributions: Conceptualization, P.G. and F.Z.; methodology, P.G.; software, F.Q.; validation,
P.G., F.Z. and C.M.; formal analysis, F.Q.; investigation, C.M.; resources, C.M.; data curation, P.G.;
writing—original draft preparation, P.G.; writing—review and editing, F.Z.; visualization, F.Q.;
supervision, H.W.; project administration, H.W.; funding acquisition, H.W. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Major Project of High-Resolution Earth Observa-
tion System, Grant/Award Number: 80-Y50G19-9001-22/23; University Young Key Teacher Training
Plan of Henan Province, Grant/Award Number: 2020GGJS028; Natural Science Foundation of Henan,
Grant/Award Number: 202300410096; Key Scientific Research Project Plans of Higher Education
Institutions of Henan, Grant/Award Number: 21A170008; Technology Development Plan Project of
Kaifeng, Grant/Award Number: 2003009.

Data Availability Statement: Data sharing not applicable.

Acknowledgments: The authors would like to thank the editor and reviewers of the manuscript for
their thoughtful and helpful comments.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Du, X.; Huang, Z. Ecological and environmental effects of land use change in rapid urbanization: The case of Hangzhou, China.

Ecol. Indic. 2017, 81, 243–251. [CrossRef]
2. Long, H.; Qu, Y. Land use transitions and land management: A mutual feedback perspective. Land Use Policy 2018, 74, 111–120.

[CrossRef]
3. Chen, W.; Zhao, H.; Li, J.; Zhu, L.; Wang, Z.; Zeng, J. Land use transitions and the associated impacts on ecosystem services in the

middle reaches of the Yangtze river economic belt in China based on the geo-informatic Tupu method. Sci. Total Environ. 2020,
701, 134690. [CrossRef] [PubMed]

4. Lambin, E.F.; Turner, B.L.; Geist, H.J.; Agbola, S.B.; Angelsen, A.; Bruce, J.W.; Coomes, O.T.; Dirzo, R.; Fischer, G.; Folke, C.; et al.
The causes of land-use and land-cover change: Moving beyond the myths. Glob. Environ. Chang. 2001, 11, 261–269. [CrossRef]

5. Dullinger, I.; Gattringer, A.; Wessely, J.; Moser, D.; Plutzar, C.; Willner, W.; Egger, C.; Gaube, V.; Haberl, H.; Mayer, A.; et al.
A socio-ecological model for predicting impacts of land-use and climate change on regional plant diversity in the Austrian Alps.
Glob. Chang. Biol. 2020, 26, 2336–2352. [CrossRef]

6. Guo, P.F.; Zhang, F.F.; Wang, H.Y. The response of ecosystem service value to land use change in the middle and lower Yellow
River: A case study of the Henan section. Ecol. Indic. 2022, 140, 109019. [CrossRef]

7. Luyssaert, S.; Jammet, M.; Stoy, P.C.; Estel, S.; Pongratz, J.; Ceschia, E.; Churkina, G.; Don, A.; Erb, K.; Ferlicoq, M.; et al. Land
management and land-cover change have impacts of similar magnitude on surface temperature. Nat. Clim. Chang. 2014, 4,
389–393. [CrossRef]

8. Winkler, K.; Fuchs, R.; Rounsevell, M.; Herold, M. Global land use changes are four times greater than previously estimated.
Nat. Commun. 2021, 12, 2501. [CrossRef]

9. Grainger, A. Is land degradation neutrality feasible in dry areas? J. Arid. Environ. 2015, 112, 14–24. [CrossRef]
10. Vliet, J.; de Groot, H.L.F.; Rietvwld, P.; Verburg, P.H. Manifestations and underlying drivers of agricultural land use change in

Europe. Landsc. Urban Plan. 2015, 133, 24–36. [CrossRef]
11. Hu, W.; Ran, J.; Dong, L.; Du, Q.; Ji, M.; Yao, S.; Sun, Y.; Gong, C.; Hou, Q.; Gong, H.; et al. Aridity-driven shift in biodiversity-soil

multifunctionality relationships. Nat. Commun. 2021, 12, 5350. [CrossRef]
12. Guo, P.; Zhang, F.; Wang, H.; Qin, F. Suitability evaluation and layout optimization of the spatial distribution of rural residential

areas. Sustainability 2020, 12, 2409. [CrossRef]
13. Wang, Z.; Wang, H.; Qin, F.; Han, Z.; Miao, C. Mapping an urban boundary based on multi-temporal Sentinel-2 and POI data: A

case study of Zhengzhou City. Remote Sens. 2020, 12, 4103. [CrossRef]
14. Costanza, R.; de Groot, R.; Sutton, P.; van der Ploeg, S.; Anderson, S.J.; Kubiszewski, I.; Farber, S.; Turner, R.K. Changes in the

global value of ecosystem services. Glob. Environ. Chang. 2014, 26, 152–158. [CrossRef]
15. Fu, B.J.; Zhang, L.W. Land-use change and ecosystem services: Concepts, methods and progress. Prog. Geogr. 2014, 33, 441–446.
16. Hasan, S.S.; Zhen, L.; Miah, M.G.; Ahamed, T.; Samie, A. Impact of land use change on ecosystem services: A review. Environ.

Dev. 2020, 34, 100527. [CrossRef]

https://doi.org/10.1016/j.ecolind.2017.05.040
https://doi.org/10.1016/j.landusepol.2017.03.021
https://doi.org/10.1016/j.scitotenv.2019.134690
https://www.ncbi.nlm.nih.gov/pubmed/31704410
https://doi.org/10.1016/S0959-3780(01)00007-3
https://doi.org/10.1111/gcb.14977
https://doi.org/10.1016/j.ecolind.2022.109019
https://doi.org/10.1038/nclimate2196
https://doi.org/10.1038/s41467-021-22702-2
https://doi.org/10.1016/j.jaridenv.2014.05.014
https://doi.org/10.1016/j.landurbplan.2014.09.001
https://doi.org/10.1038/s41467-021-25641-0
https://doi.org/10.3390/su12062409
https://doi.org/10.3390/rs12244103
https://doi.org/10.1016/j.gloenvcha.2014.04.002
https://doi.org/10.1016/j.envdev.2020.100527


Remote Sens. 2023, 15, 3762 21 of 23

17. Cao, S.; Jin, X.B.; Yang, X.H.; Sun, R.; Liu, J.; Han, B.; Xu, W.; Zhou, Y. Coupled MOP and GeoSOS-FLUS models research on
optimization of land use structure and layout in Jintan district. J. Nat. Resour. 2019, 34, 1171–1185. [CrossRef]

18. Chen, Y.; Zhang, L.; He, L.; Men, M. Multi-scenario simulation of land use structure based on dual combined models. Acta Ecol.
Sin. 2016, 36, 5391–5400. [CrossRef]

19. Liang, X.; Guan, Q.; Clarke, K.C.; Liu, S.; Wang, B.; Yao, Y. Understanding the drivers of sustainable land expansion using a
patch-generating land use simulation (PLUS) model: A case study in Wuhan, China. Comput. Environ. Urban Syst. 2021, 85,
101569. [CrossRef]

20. Liang, X.; Guan, Q.; Clarke, K.C.; Chen, G.; Guo, S.; Yao, Y. Mixed-cell cellular automata: A new approach for simulating the
spatio-temporal dynamics of mixed land use structures. Landsc. Urban Plan. 2021, 205, 103960. [CrossRef]

21. Liu, S.Y.; Liu, X.P.; Li, X.; Chen, J. Simulation model of land use dynamics and application: Progress and prospects. Remote Sens.
2017, 21, 329–340. [CrossRef]

22. Bai, Y.; Wong, C.P.; Jiang, B.; Hughes, A.; Wang, M.; Wang, Q. Developing China’s ecological redline policy using ecosystem
services assessments for land use planning. Nat. Commun. 2018, 9, 3034. [CrossRef] [PubMed]

23. Borana, S.L.; Yadav, S.K. Chapter 10—Urban land-use susceptibility and sustainability—Case study. In Water, Land, and Forest
Susceptibility and Sustainability; Academic Press: Cambridge, MA, USA, 2023; Volume 2, pp. 261–286. [CrossRef]

24. Liu, X.; Liang, X.; Li, X.; Xu, X.; Ou, J.; Chen, Y.; Li, S.; Wang, S.; Pei, F. A future land use simulation model (FLUS) for simulating
multiple land use scenarios by coupling human and natural effects. Landsc. Urban Plan. 2017, 168, 94–116. [CrossRef]

25. Sohl, T.L.; Sayler, K.L.; Drummond, M.A.; Loveland, T.R. The FORE-SCE model: A practical approach for projecting land cover
change using scenario-based modeling. Land Use Sci. 2007, 2, 103–123. [CrossRef]

26. Sohl, T.; Sayler, K. Using the FORE-SCE model to project land-cover change in the southeastern United States. Eco. Modell. 2008,
219, 49–65. [CrossRef]

27. Liu, J.H.; Xu, L.J.; Pan, X.J. Research progress on land-use and land-cover change scenario simulation. Hangzhou Norm. Univ.
2017, 16, 551–560.

28. Chen, Y.; Li, X.; Liu, X.; Ai, B. Modeling urban land-use dynamics in a fast developing city using the modified logistic cellular
automaton with a patch-based simulation strategy. Int. J. Geogr. Inf. Sci. 2014, 28, 234–255. [CrossRef]

29. Li, X.; Yeh, A.G. Neural-network-based cellular automata for simulating multiple land use changes using GIS. Int. J. Geogr. Inf.
Sci. 2002, 16, 323–343. [CrossRef]

30. Yang, X.; Zheng, X.; Lv, L. A spatiotemporal model of land use change based on ant colony optimization, Markov chain and
cellular automata. Ecol. Modell. 2012, 233, 11–19. [CrossRef]

31. Tian, H.; Liang, X.; Li, X.; Liu, X.; Ou, J.; Hong, Y.; He, Z. Simulating multiple land use scenarios in China during 2010–2050 based
on system dynamic model. Trop. Geogr. 2017, 37, 547–561. [CrossRef]

32. Wang, H.H.; Liu, Y.F. Optimal allocation of land resources based on MOP-CA. Geomat. Inf. Sci. Wuhan Univ. 2009, 34, 174–177.
33. Liu, X.; Li, X.; Ai, B.; Tao, H.; Wu, S.; Liu, T. Multi-agent systems for simulating and planning land use development. Acta Geogr.

Sin. 2006, 61, 1101–1112. [CrossRef]
34. Guan, D.J.; Li, H.F.; Inohae, T.; Su, W.; Nagaie, T.; Hokao, K. Modeling urban land use change by the integration of cellular

automaton and Markov model. Ecol. Modell. 2011, 222, 3761–3772. [CrossRef]
35. Littleboy, M.; Simith, D.M.; Bryant, M.J. Simulation modelling to determine suitability of agricultural land. Ecol. Modell. 1996, 86,

219–225. [CrossRef]
36. Chen, Y.; Li, X.; Su, W.; Li, Y. Simulating the optimal land-use pattern in the farming-pastoral transitional zone of Northern China.

Comput. Environ. Urban. Syst. 2008, 32, 407–414. [CrossRef]
37. Castella, J.C.; Kam, S.P.; Dang, D.Q.; Verburg, P.H.; Chu, T.H. Combining top-down and bottom-up modelling approaches of land

use/cover change to support public policies: Application to sustainable management of natural resources in northern Vietnam.
Land Use Policy 2007, 24, 531–545. [CrossRef]

38. Tobler, W.R. Cellular geography. In Philosophy in Geography; Theory and Decision Library (An International Series in the Philosophy and
Methodology of the Social and Behavioral, Sciences); Gale, S., Olsson, G., Eds.; Springer: Dordrecht, The Netherlands, 1979; Volume 20.

39. Zhou, C.; Ou, Y.; Ma, T.; Qin, B. Theoretical perspectives of CA-based geographical system modeling. Prog. Geogr. 2009, 28,
833–838. [CrossRef]

40. Borana, S.L.; Yadav, S.K. Prediction of Land Cover Changes of Jodhpur City Using Cellular Automata Markov Modelling
Techniques. Int. J. Eng. Sci. 2017, 17, 15402–15406. [CrossRef]

41. Sang, L.; Zhang, C.; Yang, J.; Zhu, D.; Yun, W. Simulation of land use spatial pattern of towns and villages based on CA-Markov
model. Math. Comput. Modell. 2011, 54, 938–943. [CrossRef]

42. Veldkamp, A.; Fresco, L.O. CLUE-CR: An integrated multi-scale model to simulate land use change scenarios in Costa Rica. Ecol.
Modell. 1996, 91, 231–248. [CrossRef]

43. Verburg, P.H.; Soepboer, W.; Veldkamp, A.; Limpiada, R.; Espaldon, V.; Mastura, S.S.A. Modeling the spatial dynamics of regional
land use: The CLUE-S model. Environ. Manag. 2002, 30, 391–405. [CrossRef] [PubMed]

44. Charles, D.; Keith, C.C. Toward optimal calibration of the sleuth land use change model. Trans. GIS 2007, 11, 29–45. [CrossRef]
45. Aytaç, E. Modeling future impacts on land cover of rapid expansion of hazelnut orchards: A case study on Samsun, Turkey. Eur.

J. Sustain. Dev. Res. 2022, 6, em0193. [CrossRef] [PubMed]

https://doi.org/10.31497/zrzyxb.20190604
https://doi.org/10.5846/stxb201503060435
https://doi.org/10.1016/j.compenvurbsys.2020.101569
https://doi.org/10.1016/j.landurbplan.2020.103960
https://doi.org/10.11834/jrs.20176159
https://doi.org/10.1038/s41467-018-05306-1
https://www.ncbi.nlm.nih.gov/pubmed/30072771
https://doi.org/10.1016/B978-0-443-15847-6.00010-0
https://doi.org/10.1016/j.landurbplan.2017.09.019
https://doi.org/10.1080/17474230701218202
https://doi.org/10.1016/j.ecolmodel.2008.08.003
https://doi.org/10.1080/13658816.2013.831868
https://doi.org/10.1080/13658810210137004
https://doi.org/10.1016/j.ecolmodel.2012.03.011
https://doi.org/10.13284/j.cnki.rddl.002939
https://doi.org/10.11821/xb200610010
https://doi.org/10.1016/j.ecolmodel.2011.09.009
https://doi.org/10.1016/0304-3800(95)00055-0
https://doi.org/10.1016/j.compenvurbsys.2008.01.001
https://doi.org/10.1016/j.landusepol.2005.09.009
https://doi.org/10.11820/dlkxjz.2009.06.001
https://doi.org/10.13140/RG.2.2.10705.38246
https://doi.org/10.1016/j.mcm.2010.11.019
https://doi.org/10.1016/0304-3800(95)00158-1
https://doi.org/10.1007/s00267-002-2630-x
https://www.ncbi.nlm.nih.gov/pubmed/12148073
https://doi.org/10.1111/j.1467-9671.2007.01031.x
https://doi.org/10.21601/ejosdr/12167
https://www.ncbi.nlm.nih.gov/pubmed/36293020


Remote Sens. 2023, 15, 3762 22 of 23

46. Liu, X.; Liu, Y.; Wang, Y.; Liu, Z. Evaluating potential impacts of land use changes on water supply–demand under multiple
development scenarios in dryland region. J. Hydrol. 2022, 610, 127811. [CrossRef]

47. Zhang, S.; Yang, P.; Xia, J.; Wang, W.; Cai, W.; Chen, N.; Hu, S.; Luo, X.; Li, J.; Zhan, C. Land use/land cover prediction and
analysis of the middle reaches of the Yangtze River under different scenarios. Sci. Total Environ. 2022, 833, 155238. [CrossRef]
[PubMed]

48. Xie, L.; Wang, H.; Liu, S. The ecosystem service values simulation and driving force analysis based on land use/land cover: A
case study in inland rivers in arid areas of the Aksu River Basin, China. Ecol. Indic. 2022, 138, 108828. [CrossRef]

49. Fang, Z.; Ding, T.; Chen, J.; Xue, S.; Zhou, Q.; Wang, Y.; Wang, Y.; Huang, Z.; Yang, S. Impacts of land use/land cover changes on
ecosystem services in ecologically fragile regions. Sci. Total Environ. 2022, 831, 154967. [CrossRef]

50. Jiang, X.; Duan, H.; Liao, J.; Song, X.; Xue, X. Land use in the Gan-lin-gao region of middle reaches of Heihe River Basin based on
a PLUS-SD coupling model. Arid. Zone Res. 2022, 39, 1246–1258.

51. Zhang, S.; Zhong, Q.; Cheng, D.; Xu, C.; Chang, Y.; Lin, Y.; Li, B. Landscape ecological risk projection based on the PLUS model
under the localized shared socioeconomic pathways in the Fujian Delta region. Ecol. Indic. 2022, 136, 108642. [CrossRef]

52. Wu, G.; Zeng, Y.; Xiao, P.; Feng, X.; Hu, X. Using autologistic spatial models to simulate the distribution of land-use patterns in
Zhangjiajie, Hunan Province. J. Geogr. Sci. 2010, 20, 310–320.

53. Mei, Z.; Wu, H.; Li, S. Simulating land-use changes by incorporating spatial autocorrelation and self-organization in CLUE-S
modeling: A case study in Zengcheng District, Guangzhou, China. Front. Earth Sci. 2018, 12, 299–310. [CrossRef]

54. Zhang, J.; Mei, Z.; Lv, J.; Chen, J. Simulating multiple land use scenarios based on the FLUS model considering spatial
autocorrelation. J. Geo-Inf. Sci. 2020, 22, 531–542. [CrossRef]

55. Wang, Y.; Li, X.; Zhang, Q.; Li, J.; Zhou, X. Projections of future land use changes: Multiple scenarios-based impacts analysis on
ecosystem services for Wuhan city, China. Ecol. Indic. 2018, 94, 430–445. [CrossRef]

56. Li, X.; Li, W.; Gao, Y. Multi-Scenario Simulation of Green Space Landscape Pattern in Harbin City Based on FLUS Model. Int. J.
Environ. Res. Public Health 2023, 20, 4286. [CrossRef]

57. Yu, R.; Cheng, H.; Ye, Y.; Wang, Q.; Fan, S.; Li, T.; Wang, C.; Su, Y.; Zhang, X. Optimization of the Territorial Spatial Patterns Based
on MOP and PLUS Models: A Case Study from Hefei City, China. Int. J. Environ. Res. Public Health 2023, 20, 1804. [CrossRef]

58. Zhang, H.Y.; Shi, M.J.; Cao, Y.E.; Jiang, Y.L. Optimization of land use landscape pattern and multi scenario simulation in Aksu
region of Xinjiang based on MOP-PLUS model. Southwest. China J. Agric. Sci. 2022, 35, 2256–2264. [CrossRef]

59. Zhao, S.L.; Li, S.H.; Xu, X.H.; Li, Y.X.; Yang, W.X.; Qiu, L.D. Production-Life-Ecological Space Pattern Optimization of the
Urban Agglomeration in Central Yunnan Based on Coupled MOP and FLUS Model. Res. Soil. Water Conserv. 2022, 29, 322–328.
[CrossRef]

60. Xie, G.; Lu, C.; Leng, Y.; Zheng, D.; Li, S. Ecological assets valuation of the Tibetan Plateau. J. Nat. Resour. 2003, 18, 189–196.
[CrossRef]

61. Xie, G.D.; Zhen, L.; Lu, C.X.; Xiao, Y.; Chen, C. Expert knowledge based valuation method of ecosystem services in China. J. Nat.
Resour. 2008, 23, 911–919.

62. Wang, B.S.; Liao, J.F.; Zhu, W.; Qiu, Q.Y.; Wang, L.; Tang, L.N. The weight of neighborhood setting of the FLUS model based on a
historical scenario: A case study of land use simulation of urban agglomeration of the Golden Triangle of Southern Fujian in 2030.
Acta Ecol. Sin. 2019, 39, 4284–4298.

63. Chen, G.; Li, X.; Liu, X.; Chen, Y.; Liang, X.; Leng, J.; Xu, X.; Liao, W.; Qiu, Y.; Wu, Q.; et al. Global projections of future urban land
expansion under shared socioeconomic pathways. Nat. Commun. 2020, 11, 537. [CrossRef] [PubMed]

64. Lv, Z.; Bai, F.; Sun, C. Evaluation of urban sprawl and urban landscape pattern in a rapidly developing region. Environ. Monit.
Assess. 2012, 184, 6437–6448. [CrossRef] [PubMed]

65. Zhao, Y.; Wu, Q.; Wei, P.; Zhao, H.; Zhang, X.; Pang, C. Explore the mitigation mechanism of urban thermal environment by
integrating geographic detector and standard deviation ellipse (SDE). Remote Sens. 2022, 14, 3411. [CrossRef]

66. Cai, E.; Bi, Q.; Lu, J.; Hou, H. The spatiotemporal characteristics and rationality of emerging megacity urban expansion: A case
study of Zhengzhou in central China. Front. Environ. Sci. 2022, 10, 860814. [CrossRef]

67. Mukherjee, F. Environmental impacts of urban sprawl in Surat, Gujarat: An examination using Landsat data. J. Indian Soc. Remote
Sens. 2022, 50, 1003–1020. [CrossRef]

68. Jia, M.Y.; Liu, Y.; Lieske, S.N. Public policy change and its impact on urban expansion: An evaluation of 265 cities in China. Land
Use Policy 2020, 97, 104754. [CrossRef]

69. Yue, W.; Liu, Y.; Fan, P. Measuring urban sprawl and its drivers in large Chinese cities: The case of Hangzhou. Land Use Policy
2013, 31, 358–370. [CrossRef]

70. Du, X.; Jin, X.; Yang, X.; Yang, X.; Zhou, Y. Spatial pattern of land use change and its driving force in Jiangsu Province. Int. J.
Environ. Res. Public Health 2014, 11, 3215–3232. [CrossRef]

71. Liu, J.; Chen, L.; Yang, Z.; Zhao, Y.; Zhang, X. Unraveling the spatio-temporal relationship between ecosystem services and
socioeconomic development in Dabie Mountain area over the Last 10 Years. Remote Sens. 2022, 14, 1059. [CrossRef]

72. Huang, X.X.; Wang, H.J.; Xiao, F.T. Simulating urban growth affected by national and regional land use policies: Case study from
Wuhan, China. Land Use Policy 2022, 112, 105850. [CrossRef]

https://doi.org/10.1016/j.jhydrol.2022.127811
https://doi.org/10.1016/j.scitotenv.2022.155238
https://www.ncbi.nlm.nih.gov/pubmed/35427604
https://doi.org/10.1016/j.ecolind.2022.108828
https://doi.org/10.1016/j.scitotenv.2022.154967
https://doi.org/10.1016/j.ecolind.2022.108642
https://doi.org/10.1007/s11707-017-0639-y
https://doi.org/10.1016/j.ins.2020.07.024
https://doi.org/10.1016/j.ecolind.2018.06.047
https://doi.org/10.3390/ijerph20054286
https://doi.org/10.3390/ijerph20031804
https://doi.org/10.16213/j.cnki.scjas.2022.10.004
https://doi.org/10.13869/j.cnki.rswc.2022.04.008
https://doi.org/10.11849/zrzyxb.2003.02.010
https://doi.org/10.1038/s41467-020-14386-x
https://www.ncbi.nlm.nih.gov/pubmed/31988288
https://doi.org/10.1007/s10661-011-2431-x
https://www.ncbi.nlm.nih.gov/pubmed/22095203
https://doi.org/10.3390/rs14143411
https://doi.org/10.3389/fenvs.2022.860814
https://doi.org/10.1007/s12524-022-01509-8
https://doi.org/10.1016/j.landusepol.2020.104754
https://doi.org/10.1016/j.landusepol.2012.07.018
https://doi.org/10.3390/ijerph110303215
https://doi.org/10.3390/rs14051059
https://doi.org/10.1016/j.landusepol.2021.105850


Remote Sens. 2023, 15, 3762 23 of 23

73. Li, W.; Wang, L.; Yang, X.; Liang, T.; Zhang, Q.; Liao, X.; White, J.R.; Rinklebe, J. Interactive influences of meteorological and
socioeconomic factors on ecosystem service values in a river basin with different geomorphic features. Sci. Total Environ. 2022,
829, 154595. [CrossRef]

74. Long, H.; Ge, D.; Zhang, Y.; Tu, S.; Qu, Y.; Ma, L. Changing man-land interrelations in China’s farming area under urbanization
and its implications for food security. J. Environ. Manag. 2018, 209, 440–451. [CrossRef]

75. Lasanta, T.; Vicente-Serrano, S.M. Complex land cover change processes in semiarid Mediterranean regions: An approach using
Landsat images in northeast Spain. Remote Sens. Environ. 2012, 124, 1–14. [CrossRef]

76. Seto, K.C.; Reenberg, A.; Boone, C.G.; Simon, D. Urban land teleconnections and sustainability. Proc. Natl. Acad. Sci. USA 2012,
109, 7687–7692. [CrossRef]

77. Chen, Y.; Li, X.; Liu, X.; Zhang, Y.; Huang, M. Quantifying the teleconnections between local consumption and domestic land
uses in China. Landsc. Urban Plan. 2019, 187, 60–69. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.scitotenv.2022.154595
https://doi.org/10.1016/j.jenvman.2017.12.047
https://doi.org/10.1016/j.rse.2012.04.023
https://doi.org/10.1073/pnas.1117622109
https://doi.org/10.1016/j.landurbplan.2019.03.011

	Introduction 
	Materials and Methods 
	Study Area 
	Data Sources 
	Research Methods 
	Research Methods of LUC 
	Multi-Objective Programming Model 
	PLUS-SA Model 
	Model Validation Method 


	Results 
	LUC between 2000 and 2020 
	Simulation of the Demand for Land Use Structures in Multiple Scenarios 
	The Accuracy Comparison of PLUS-SA, PLUS, and FLUS Models 
	Spatial Layout of Future Land Use for Different Scenarios 

	Discussion 
	Urban Expansion-Exacerbated LUC 
	Coupling Model Contributing to the Sustainable Development of Land Resources 
	Limitations and Future Directions 

	Conclusions 
	References

