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W N e

Abstract: To balance ecological protection and urban development, a land use simulation model
that couples an ecological network (EN) and multiple scenarios was developed based on the PLUS
model. The simulation of land use in the Qiantang River Basin in 2030 successfully demonstrates
the usefulness of the EN-PLUS model. In this model, conventional ecological constraints (nature
reserves and water areas) and three different EN levels were taken as restricted conversion areas
during the simulation. Then, four ecological constraints were coupled with four simulation scenarios:
business as usual (BAU), rapid urban development (RUD), ecological protection (EP), and urban-
and ecology-balanced (UEB). Information from the analysis of model simulation results can be used
to reduce the potential damage to a range of land cover types. However, this protective effect is not
obvious under the RUD scenario due to the impact of significant human disturbance. Furthermore,
although EP is the scenario with the least ecological damage at the whole watershed scale, this is
not the case for all subbasins. This indicates the existence of a landscape scale effect. Therefore, the
best development scenario should be selected by comprehensively weighing the scale effect and the
ecological characteristics of each subbasin.

Keywords: land use simulation; ecological land protection; ecological network; multiple scenario;
EN-PLUS model

1. Introduction

Land-use and land-cover (LULC) change is one of the causes of environmental quality
changes and reflects the interaction between humans and the environment [1-3]. Human-
induced LULC changes (LULCCs), such as urban expansion, industrial construction, and
deforestation, have led to food shortages, climate change, and irreversible biodiversity loss,
which have aggravated the tension between humans and nature [4-6]. Relevant research
shows that the average annual change rate of global land cover in the past 30 years is 0.36%,
and it is still accelerating [7]. In addition, the negative impact of humans on the Earth’s
surface environment will increase by 2-3 times by 2050 compared to the beginning of this
century [8,9], so the world will face more severe environmental problems [10]. Therefore,
optimizing the LULCC process is of great significance to the sustainable development of
the regional economy and environment [11].

The main purpose of land use optimization is to meet the needs of human develop-
ment to the greatest extent with the least damage to the environment to balance regional
development and ecological protection [12]. Regulating the quantity and space of LULCs is
an effective way to achieve this goal [13]. The impact of this regulation can be simulated by
relevant models. The Markov model [14] and system dynamics (SD) model [15], developed
in the early stage of LULCCs modeling research, can predict the quantity of land use, but
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not its spatial layout [16]. Based on historical land use data, the cellular automata (CA)
model can effectively simulate the complex process of LULCCs in space [17,18], which
makes up for the deficiency of the Markov model [19]. Therefore, the CA-Markov model,
which combines these two models, is widely used in land use simulation [16,19,20]. In
recent decades, other models developed based on the CA model have also have also been
gradually used, such as the CLUE-S model [21,22], the SLEUTH model [17] and the FLUS
model [23]. However, most models ignore the internal competition mechanism and inter-
action among patches in the process of land use conversion [24]. To solve this problem,
Liang et al. [25] developed the patch-generating land use simulation (PLUS) model, which
uses the random forest algorithm to obtain the expansion probability of each land use
type by retaining the adaptive inertia and roulette mechanism of the FLUS model. This
simulation mechanism also makes up for the Markov model’s difficulty in simulating
changes in ecological land (grassland, woodland, and waters) at the patch level. Therefore,
the PLUS model can more accurately reveal the complexity and randomness of future
LULCs [26].

At present, protecting ecological land is one of the core factors to be considered in the pro-
cess of LULCC simulation [27]. Under such constraints, ecological land can be better protected
to maintain regional ecosystem services and sustainable development [28,29]. Although some
studies have taken ecological red lines [24], construction-forbidden areas [16] and areas
with high ecosystem service value [30,31] as ecological constraints, there are still some
core issues that deserve further attention. First, the ecological land used in most of the
previous studies are independent landscape patches that do not form an interconnected
ecosystem in space. Using an ecological network (EN) as an ecological constraint may be
an effective way to remedy this deficiency. The EN is a landscape spatial pattern formed
by using ecological corridors to organically connect isolated resource patches in an open
space [32,33]. Protecting ENs can improve and regulate some specific processes in the
ecosystem, which is of great significance to ensure the sustainable acquisition of ecosystem
services [34,35]. However, the traditional method of constructing ENs using the minimal
cumulative resistance (MCR) model [36] does not allow the constructed ENs be used as an
ecological constraint space due to the lack of data on the width and extent of ecological
corridors. However, circuit theory developed based on physics and motion ecology [37],
can identify the range of corridors by calculating the cumulative resistance [32,38—40].

Second, the LULCCs process includes both spatial and quantitative changes [13].
Therefore, it is necessary to couple the land use demand under different scenarios with
different levels of ecological constraints to more comprehensively coordinate the LULCCs
process. In this coupling mode, the ecological land used as a spatial constraint must
not have fixed layout but should rather be set flexibly according to different simulation
scenarios. Different EN levels can be constructed according to different ecological corridor
ranges. The quantity of land use in each scenario can be calculated by adjusting the
transition probabilities between landscape types in the Markov chain [41].

In addition, current research on land use simulation covers detailed administrative
scales, such as provinces [42], urban agglomerations [43] and counties [24]. However,
the administrative boundary usually separates the ecological attributes of the region [44].
Although some studies use topographical conditions or hydrological characteristics as the
research boundary [45-47], the research is mainly focused on the prediction of climate
change, water production, and carbon sinks. As the basic unit coordinating the water and
land environment in the complete ecosystem, the watershed is the foundation for building
regional ecological security [48]. Therefore, taking the watershed as the research boundary
can not only reveal the process of future LULCCs, but also facilitate the coupling of research
content and ecological characteristics.

The Qiantang River Basin is the second largest basin in southeastern China and the
largest in Zhejiang Province [49]. In the context of rapid urbanization and continuous
population growth, the contradiction between people and land in this basin is increasingly
prominent. How to balance the contradiction between construction land demand and
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ecological protection has become a challenge. The simulation of future LULCCs based
on quantitative models has become an applicable method for optimizing land use [50].
However, related research in the Qiantang River Basin is still lacking. This study explores
land use in the Qiantang River Basin in 2030 by constructing a simulation model (EN-
PLUS model) that couples ecological constraints and multiple scenarios. In addition, the
characteristics of LULC and landscape patterns in the simulation results were analyzed
at the whole basin and subbasin scales. The research method can provide a reference for
land optimization under ecological land protection, and can serve as scientific support for
sustainable spatial planning and management at the watershed scale.

2. Study Area and Datasets
2.1. Study Area

The Qiantang River Basin flows through the Anhui and Zhejiang provinces, passing
through 38 counties, covering an area of more than 50,000 km? and including 14 subbasins
(Figure 1). The main part (77.45%) of the Qiantang River Basin is located in Zhejiang
Province, one of the most economically developed provinces in China, and the overall area
of the basin accounts for 2/5 of the province’s area [51]. The basin covers rich landforms
such as mountains, hills, subbasins, and plains. In recent decades, due to rapid urbanization,
unprecedented changes in land use have taken place within the basin, and ecological land
has been significantly reduced. In 2020, Zhejiang Province promulgated the Regulations
on the Protection and Development of the Qiantang River Basin, which emphasizes the
protection of the ecological environment. Therefore, it is crucial and urgent to explore
ways to optimize land use and protect ecological land in the Qiantang River Basin for the
sustainable development of the region.

——
0_100 200

Anhui Provinceo ¢ =

Provinces

Figure 1. Basic information of the study area: (a,b) are the locations of the study area in China and
provincial scale; (c) is the boundary of 14 sub-basins; and (d) is the digital elevation model (DEM) of

the study area.

2.2. Datasets

According to their function, the data used in this study can be divided into land
use data, EN construction data and driving force data (Table 1). Land use data with a
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resolution of 30 x 30 m in 2010, 2015, and 2020 were used to simulate and verify the land
use of the study area in 2030. Land use types are divided into eight categories: cultivated
land, woodland, waters, urban construction land, rural construction land, industrial land,
grassland, and unused land. We selected elevation, slope, distance from roads of different
grades, and the normalized difference vegetation index (NDVI) to calculate the resistance
surface required for the construction of ENs. The data for constructing the resistance
surface can also be used as the driving force data required for the LULCCs simulation
model. We added data on GDP, population density and distance from construction land as
driving factors. In addition, we regard the nature reserves in the study area as one of the
conventional ecological constraints. Considering the efficiency of data processing, we used
the resampling method to unify the resolution of all data to 100 x 100 m [41].

Table 1. Information on the data used in this study.

Data

Year Resolution Database Sources Related Uses

Land use/land cover
(LULQC)

DEM

Slope

NDVI

Distance from railway
Distance from highway
Distance from urban road
Distance from rural road
GDP
Population density

Distance from urban
construction land

Distance from rural
construction land

Distance from industrial
land

Nature reserve scope

Resource and Environment Science and

. LULC simulation (PLUS
2010, 2015, 2020 30 x 30 m  Data Centre of Chinese Academy of model) and
Sciences (https://www.resdc.cn) (accessed Resistance factor

on 1 January 2022) [52] esistance facto

Geospatial Data Cloud Resistance factor and
2020 30 x 30 m (http:/ /www.gscloud.cn) (accessed on 1 driving factor

January 2022) [53] &

2020 30 x 30m Calculated from DEM Resistance factor and

driving factor

National Ecological Science Data Center

2020 30 x 30 m (http:/ /www.nesdc.org.cn) (accessed on
January 2022) [54]

Resistance factor and
driving factor

2020 Vectorgraph M
2020 Vectorgraph ) Open Street‘ ap Resistance factor and
(https:/ /www.openstreetmap.org) drivine factor
2020 Vectorgraph (accessed on January 2022) [4] ving facto
2020 Vectorgraph
2015, 2020 1km x 1km Geographical Information Monitoring Drivine §
Cloud Platform (http://www.dsac.cn) riving factor
2015, 202 1k 1k
015,2020 m oL im (accessed on January 2022) [26]
2015, 2020 30 x 30 m Calculated from land use data Driving factor
2015, 2020 30 x 30 m Calculated from land use data Driving factor
2015, 2020 30 x 30m Calculated from land use data Driving factor

Resource and Environment Science and
2020 Vectorgraph Data Centre of Chinese Academy of Spatial constraints
Sciences (https:/ /www.resdc.cn) [52]

3. Methodology
3.1. Design of the EN-PLUS Model

Based on the PLUS model, this study proposes a land use simulation model with
ecological constraints (EN-PLUS), in which the corresponding EN levels are used as eco-
logical constraints in different scenarios. The research framework is shown in Figure 2.
The steps mainly include (1) constructing three EN levels through morphological spatial
pattern analysis (MSPA), connectivity analysis, and circuit theory; and (2) proposing four
simulation scenarios: business as usual (BAU), rapid urban development (RUD), ecological
protection (EP), and urban- and ecology-balanced (UEB). Then, traditional ecological con-
straints (natural reserves and large water areas) were used in all scenarios, and three EN
levels were used as ecological constraints for the RUD, EP, and UEB scenarios, respectively.
Steps (3) and (4) involve using the EN-PLUS model to simulate the land use in the Qiantang
River Basin in 2030 and analyzing the characteristics of LULC and landscape patterns in
the simulation results at the whole basin and subbasin scales.
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Figure 2. Framework of the EN-PLUS model.

3.2. Constructing the Ecological Network

The process based on “ecological source identification—resistance surface construction—
ecological corridor extraction” has become the basic paradigm for constructing ENs [4,55].
The detailed process is as follows.

3.2.1. Identifying of Ecological Sources

The ecological source is the starting point of ecological flow operation, and is the key
area to maintain the stability of the ecosystem [32,56]. The selection of ecological sources
based on MSPA can identify areas that play an key role in landscape connectivity at the pixel
level [57,58] and has been widely used [40]. First, the Guidos Toolbox software was used
to perform MSPA on the reclassified land use data (Figure 3a). Then, Conefor 2.6 software
was used to analyze the importance of patches in the core area. According to the analysis
results, we selected 39 patches with a dPC greater than 1 and an area greater than 5 km? as
the ecological source [59,60]. Patch importance was calculated using the following formula:

p—P

dPC = x 100% 1)
where dPC represents the impact of removing a patch on the regional landscape connectivity,
and the greater the value is, the more important the patch is [4]; P is the probability that the
patches can be connected; and P’ is the connectivity probability after removing a certain patch.
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It is the main source of ecological sources in the ecological network and
patches that play an important role in regional habitat quality.

Corridors connecting a core arca and are shortcuts for specics migration
in this core area.

Small patches that lack connections to cach other and arc less likely to
communicate and transfer internal matter and energy.

The lincar arca connecting the core arca, which represents the corridors
connecting the ecological sources in the ecological network.

The transition area between the core area and the ecological area, that is,
the cdge of the internal patch.

An arca with only onc cnd connceted to a cdge, bridge, loop, or
perforation.

It is a transitional area between the core area and the main non-green
landscape area.

Background value area.

km
100

g \Area greater than 5 ki’ o = drC>1 \\’\ : e /’V’
: i : ) e :
Legend »&@E} Legend X Legend
mm Core paltches \c 8 Patches larger than Sk’ — e 2 ™ Ecological sources|

Background 0 25 50 100 Background 0 25 50 100 Background H

ArcGIS Conefor2.6

Figure 3. Process of ecological source selection: MSPA (a) and connectivity analysis (b).

3.2.2. Mapping the Ecological Resistance Surface and Identifying the Ecological Corridor

The ecological resistance surface represents the disturbance species encounter during
horizontal movement [61]. This study selected nine resistance factors (Table S1) and used
ArcGIS 10.8 to superimposed them to obtain the resistance [60,62]. The weight of each factor
was determined by spatial principal component analysis (SPCA). The calculation formula is
as follows, and the detailed process is shown in Section S2 of the Supplementary Materials.

L 2 aijFy
RV =) agwe =) S ()
k=1 k=1 ~p=1"%k

where RV and wy are the resistance values of the i-th grid and the weight of the k-th
resistance factor, respectively; aj is the k-th resistance factor of the i-th grid; and Fy is the
common factor variance of the k-th resistance factor.

Ecological corridors are linear spaces that connect ecological sources and are the main
paths for biological migration and material flow [63,64]. This study uses circuit theory to
extract ecological corridors and their extents [65]. Circuit theory uses the random walk
characteristics of electrons to simulate the diffusion of species in the landscape [65,66]
calculated as follows:

I=V/R.y 3

where I is the current, V is the voltage between ecological sources, and R is the effective
resistance, which reflects the degree of isolation between ecological sources. The higher the
value of R, is, the more difficult it is for species to move.

Ecological sources and resistance surfaces were imported into the Linkage Mapper
module of Circuitscape 4.0 software to identify ecological corridors. The resistance surface
construction and ecological corridor identification processes are shown in Figure 4.
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@ Constructing resistance surface \ @ Identifying ecological corridors
I Resistance factors | | Weighted superposition | | Circuitscape (Pinchpoint Mapper) |
§ Railway -~ = l Human interference N
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SPCA
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NDVI e~ @Y ‘
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Prich
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+ [Natural conditions

Figure 4. The construction of resistance surface and the extraction of ecological corridor.

3.2.3. Three Types of ENs Serving as Ecologically Constrained Space

Only when the corridor has a certain width or extent can it be used as an ecological
constraint. Therefore, in circuit theory, we identify the corridor range according to the threshold
value of the accumulated resistance [38]. Taking into account the corridor width requirements
for biological flow [4,67] and the proportion of EN area in the study area [68], we extracted the
ecological corridors when the cumulative resistance was 5000, 11,000, and 19,000 to construct
the bottom-line EN (BEN), satisfactory EN (SEN) and ideal EN (IEN) (Figure 5).

&S Legend : Legend - Legend
ey I [ cological sources ——e— 1 I [Ecological sources e sp— I [Ecological sources
0 25 50 100 B 1 Ecological corridors 0 25 50 100 B 1 Ecological corridors| [0 25 50 100 B 1 Ecological corridors

Cost-Weighted Distance Threshold : 7000 Cost-Weighted Distance Threshold : 13,000 Cost-Weighted Distance Threshold : 19,000
Proportion of EN in the total study area: 21.04% Proportion of EN in the total study area: 25.96% Proportion of EN in the total study area: 30.45%

Figure 5. Three types of ENs.

3.3. Four Scenarios for Regional Development

To explore the multiple possibilities of LULCCs in the future, we set up four regional
development scenarios: business as usual (BAU), rapid urban development (RUD), ecologi-
cal protection (EP), and urban- and ecology-balanced (UEB). We used Markov chains to
calculate the probability of transitions between landscapes during the period 2010-2020.
Then, referring to related research [26,41], we reset the transition probability between
landscapes according to the characteristics of the different scenarios, as follows:

1. BAU scenario: In this scenario, the trend of land use change is consistent with that in
the past 10 years.

2. RUD scenario: In this scenario, the scale of urban expansion and the intensity of
human development are greater than before. Therefore, the probability of converting
nonconstruction land into urban construction land increases by 20%, and the prob-
ability of converting it into rural construction land and industrial land increases by
10%. The probability of converting construction land to other land use is reduced by
30%, and the probability of converting rural construction land to the other two types
of construction land is increased by 20%.
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EP scenario: This scenario emphasizes protecting the environment and reducing urban
expansion. Therefore, the probability of converting cultivated land and woodland
into construction land is reduced by 30%. The probability of converting waters,
grassland, and unused land into construction land is reduced by 20%. In addition,
the probability of converting construction land into cultivated land, woodland, and
grassland is increased by 20%, and the probability of converting rural construction
land into other construction land types is decreased by 20%.

UEB scenario: This scenario requires the coordination of ecological protection and
urban development. In terms of ecological protection, the probability of converting
cultivated land and woodland into construction land is reduced by 15% and the proba-
bility of converting waters and grassland into construction land is reduced by 10%. In
terms of urban development, the expansion probability of rural construction land in
the RUD scenario is reserved. In addition, the probability of converting construction
land into other land is decreased by 15%, and the probability of converting unused
land into construction land is increased by 10%.

Considering the protection of large-scale waters and nature reserves, this study set

them as restricted conversion areas in all scenarios. The ecologically restricted areas in each
scenario are shown in Figure 6. In addition, considering that urban construction land is
difficult to convert into other land, and this type of conversion is excluded [24].

RUD scenario c EP scenario

| [@ UEB scenario

a BAU scenario
}N\ o0
o Legend

km
0 25 50 1€

MW Restricted conversion areas
00 Unrestricted arca

25 50

S A ¥ - { N k o
e Big: ~ % g B
4 4 - { "
gy Legend - &4 Legend

xm MRestricted conversion areas km M@Restricted conversion areas
100 Unrestricted arca 0 25 S0 10

MM Restricted conversion areas

— —
00 Unrestricted arca 0 25 SO 100 Unrestricted arca

Figure 6. Ecologically restricted areas in each scenario.

3.4. Land Use Simulation Model—PLUS

PLUS is a land use simulation model based on the land expansion analysis strategy

(LEAS) and CA based on multiple random seeds (CARS) [25,69,70]. In the simulation
process, the expansion part of the two-phase land use data was analyzed through the
random forest algorithm in the LEAS module to obtain the development probability of
various land types. Then, based on the random seed generation and threshold decrement
mechanisms in the CARS model, the automatic generation of patches was simulated under
the constraints of developmental probability.

3.4.1. PLUS Model Settings—Driving Factors Required for the LEAS Module

This study selected 12 driving factors in terms of natural conditions (elevation, slope,

and vegetation cover), economic development (GDP), and human disturbance (distance
from roads of different grades), as shown in Figure S1.

3.4.2. PLUS Model Settings—Cost Matrix and Neighborhood Weight Required for the
CARS Module

The cost matrix represents whether the land can be converted between different types.

A value of 1 means that it can be converted; 0 means otherwise [25]. The cost matrix in the
BAU scenario is determined based on the land use transfer matrix from 2010 to 2020 [41],
while in the other three scenarios, the conversion of construction land into other land types
is restricted (Table S3).

The neighborhood weight represents the expansion ability of each landscape type, and

its value is between 0 and 1; the larger the value is, the stronger the ability. In this study,
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according to the research method of Wang et al. [71], the area changed by each land type
from 2010 to 2020 was normalized and used as the neighbor weights. To avoid the occurrence
of 0 and 1 values, we set the normalization range to between 0.1 and 0.9 (Table 2).

Table 2. Weight of the neighborhood.

LULC Type Cultiv Wood Waters Urban Constr Rural Constr Indust Grass  Unused
Weight 0.1000 0.4439 0.4520 0.8018 0.6823 0.9000 0.5906 0.5671

3.5. Landscape Pattern Analysis of Each Scenario

Landscape patterns are the structure, number, and spatial distribution of landscape
components, which reflect the effects of ecological processes at different scales [72]. To
compare the simulation results of the EN-PLUS model under different scenarios, this study
selected the landscape pattern indices from the aspects of landscape fragmentation (number
of patches: NP, landscape division index: DIVISION), diversity (Shannon diversity index:
SHDI, Shannon evenness index: SHEI), and dispersion (patch cohesion index: COHESION,
contagion index: CONTAG) for analysis [13,73]. The analysis of landscape pattern indices
was performed in Fragstats4.2, and their ecological meanings are listed in Table S4.

4. Results
4.1. Validation

We simulated the land use in the Qiantang River Basin in 2020 under the BAU scenario
using the land use data of 2010 and 2015 and compared it with the actual data to verify
the accuracy of the model settings (Figure 7). The results show that all construction land
types and woodland are in good agreement with the actual situation, and the Kappa
coefficients are all above 90%. In addition, in the simulation process, we adopted the
ecological constraints in the BAU scenario (large-scale waters and natural reserve area), so
the accuracy of the waters is high and the kappa coefficient is 95%. The verification results
at the overall landscape level show that the kappa coefficient is 93%, which indicates that
the simulation accuracy is ideal and can meet the research needs [24,74].

Legend
Cultivated land
B Woodland
Waters H
I Urban construction land
I Rural construction land  *
I Industry land :
[ Grassland
I Unused land
0 25 s 100

Figure 7. Comparison of simulated (a) and actual LULC (b) in 2020.

4.2. Land Use Quantity and Layout in Each Scenario
4.2.1. Analysis at the Whole Basin Scale

The EN-PLUS model was used to simulate the land use of the Qiantang River Basin in
2030, and the results are shown in Figure 8a. As shown in Table 3, compared with 2020,
there are obvious differences in the degree of land use change in each scenario. The most
obvious changes are in urban construction land and industrial land. The average annual
growth rates of urban construction land were 2.34% (BAU scenario), 2.83% (RUD scenario),
1.87% (EP scenario), and 2.18% (UEB scenario). Industrial land shows the same trend as
urban construction land. However, rural construction land experiences the fastest growth



Remote Sens. 2022, 14, 6099 10 of 20

under the BAU scenario, which is different from the result obtained using the Markov chain,
which calculated that its growth was the fastest under the RUD scenario. Although we tried
to make the simulation results match the preset scenario by adjusting the patch generation
threshold and expansion coefficient by referring to the method of Liu, Liu, Wang, and
Liu [41], this did not work. This may be due to the PLUS model introducing the analysis of
competition within patches, which resulted in the expansion ability of rural construction
land being weakened by other landscape types under the RUD scenario, so its amount was
less than the preset value, but the deviation was <5%. The simulation mechanism of the
PLUS model makes the simulation results more in line with the actual situation [52].

Land use simulation results of Qiantang River basin in 2030
a. BAU scenario RUD scenario | EP scenario UEB scenario

W Woodland (66.35%) [ Cultivated land 20.08%)| |l Woodland (66.30%) [OCultivated land (19.86%)| | Bl Woodland (66.45%) [ Cultivated land (20 44%)| Woodland (66.38%) O Cultivated land (20.16%)
[ Waters (3.62%) W Industry land (2.55%) [ Waters (3.65%) [ Industry land (2.66%) | | Waters (3.65%) W Industry land (2.29%) ters (3.64%) W Industry land (244%)
[ Urban construction land (2.65%) [l Grassland (2.68%) /B Urban construction kand (2.77%) [l Grassland (2.79%) Il Urban construction land (1.93%) [l Grassland (2.69%) rban construction land (2.60%) [l Grassland (2.79%)
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Figure 8. The results of the multi scenario simulation (a) and the analysis of the expansion region (b).

Table 3. LULCCs in each scenario in 2030 (compared with 2020).

BAU Scenario RUD Scenario EP Scenario UEP Scenario

LULC Area (km?) Rate (%) Area (km?) Rate (%) Area (km?) Rate (%) Area (km?) Rate (%)
Cultiv —486.76 —4.65 —592.52 —5.67 —304.01 —-2.91 —444 .34 —4.25
Wood —143.16 —0.43 —167.18 —0.51 —96.99 —0.29 —127.97 —0.39
Waters —67.80 —3.63 —56.38 —3.02 —56.33 —-3.12 —58.23 —3.21
Urban 271.85 26.08 335.94 32.23 212.73 20.41 250.49 24.03
Rural 118.49 13.24 72.62 8.11 64.20 7.17 75.81 8.47
Indust 335.95 36.03 386.85 41.49 270.36 22.24 280.14 30.05
Grass —28.42 2.09 20.89 1.53 —26.86 1.97 24.30 1.78

Unused -0.15 1.39 -0.22 2.04 -0.1 0.93 -0.2 1.85
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We calculated the growth rate of all construction land types, including urban con-
struction land, rural construction land, and industrial land, and the results show that it
increased by 25.31%, 27.72%, 16.88%, and 21.13% in the BAU, RUD, EP, and UEB scenarios,
respectively. This trend is completely in line with our preset scenarios. The expansion of
construction land is mainly concentrated in several central urban areas in the northwest
of the Qiantang River Basin. From the nine samples we selected according to the location
of the central urban area, ENs effectively protected the ecological spaces in some regions
(Figure 8b). For example, under the EP and UEB scenarios, sample 7 has very little expan-
sion of construction land. This ecological constraint is also valid in the RUD scenario with
the largest urban construction intensity.

In terms of ecological land, the degree of decline in woodland in each scenario was
RUD > BAU > UEB > EP, which is consistent with our preset scenario. We also counted the
changes in the total area of ecological land, including water, woodland, and grassland, and
the results showed that their areas decreased by 239.38 km? (BAU scenario), 202.67 km?
(RUD scenario), 180.18 km? (EP scenario), and 161.90 km? (UEB scenario). The UEB scenario
replaces the EP scenario as the one with the least reduction in ecological land. By comparing
the deviations between the simulation results and the presets scenario, we found that this
is mainly because, under the UEB scenario, part of the expansion probability of rural
construction land is transferred to water and grassland, while the expansion capacity
of grassland under the EP scenario is reduced. This indicates that the use of EN as an
ecological constraint affecting the expansion probability of landscape patches.

In summary, although the simulation results of a few landscape types in some scenarios
are not exactly the same as our presuppositions, the overall matching degree is still high.
Based on the analysis of the results, the constraints set in the EN-PLUS model effectively
control the expansion of construction land and improve the protection of ecological land.

4.2.2. Analysis at the Subbasins Scale

To reveal the characteristics of LULCCs in different regions, the analysis was carried
out at the scale of 14 subbasins of the Qiantang River Basin. As shown in Figure 9, the
characteristics of land use composition and change in different subbasins are significantly
different. In terms of land composition, ecological land (woodland, water, and grassland) is
the dominant type in most subbasins, and its average proportion under the four scenarios at
the whole basin scale is 72.75%. However, the proportion of ecological land in the Qiantang
River Estuary subbasin is only 42.72%, which is mainly due to the high construction and
development intensity in this subbasin. The average proportion of construction land under
the four scenarios in this basin is 23.86%, which is higher than that in the whole Qiantang
River Basin (6.97%).

In terms of the degree of LULCCs, the Qiantang River Estuary subbasin (1.64%) and
Puyang River subbasin (1.41%) had the largest average decline in ecological land under the
four scenarios. This indicates that it is very urgent for these regions to formulate future
ecological compensation plans in the context of high urbanization rates. In addition, the
ecological land in the Majinxi River subbasin increased by 0.36%, which indicates that the
improvement in the expansion capacity of ecological land under the UEB scenario that we
found in the previous analysis mainly occurred in this watershed. The subbasins with the
fastest average growth in construction land were the Fengshui River subbasin (40.04%)
and Lanjiang River subbasin (39.90%). However, since the current construction land in
these subbasins is relatively small, even after rapid growth, the average proportion of
construction land is only 1.90% and 2.44%, respectively. The subbasins with the lowest
average growth rates of construction land are the Fuchun River subbasin (18.98%) and
Dongyang River subbasin (17.24%). This is mainly because these two watersheds have
been relatively intensively developed and the available land for urban expansion is limited
under ecological constraints.
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Figure 9. Land composition and change degree of each subbasin in different scenarios.

From the perspective of the role of ecological constraints, the growth rate of construc-
tion land in 11 subbasins was RUD > BAU > UEB > EP. However, in the Cao’e River, Jinhua
River, and Wuxi River subbasins, the highest growth rate of construction land was under
the BAU scenario, which is mainly due to the higher growth rate of rural construction
land in this scenario. Compared with the RUD scenario, the growth rate of construction
land under the EP scenario dropped by an average of 13.61%. In addition, focusing the
analysis on the growth rate of urban construction land, which has the greatest impact
on the environment, the results show that there were 10 subbasins with the trend RUD >
BAU > UEB > EP. However, in the Lanjiang River, Jiangshangang River, and Majinxi River
subbasins, the trend was RUD > UEB > BAU > EP. The reason for this difference is in line
with our analysis in Section 4.2.1. In conclusion, the EN-PLUS model, we constructed can
effectively control the scale and degree of future LULCCs.
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4.3. Scenario Comparison Using the Landscape Pattern Index

We analyzed the landscape pattern of the Qiantang River and its subbasins in terms of

fragmentation, aggregation, and diversity. As shown in Figure 10, in terms of fragmentation,

the NP index under the different scenarios was mainly RUD > BAU > UEB > EP, which is in
line with our preconceived assumptions. However, the lowest NP index values in the three
subbasins appeared under the BAU scenario, indicating that the current number of patches

in these areas is increasing at a slower rate

and there may be a natural and coherent process

7

and thus lead to an increase in the NP value in these regions. The trend in the NP value

of ecological patch merging. The other three scenarios we set may disrupt this process

which is consistent with the

change trend in construction land in this subbasin that we found in Section 4.2.1. Changes

in the DIVISION index showed that the landscape separation in most of the regions was
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Figure 10. Landscape pattern change of Qiantang River and its sub-basins in different scenarios.

I UD scenario

In terms of landscape aggregation, on the whole, the COHESION index under the

other three scenarios was higher than that under the BAU scenario. This is due to the fact
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that LULCCs occurs in a more clustered space under the constraints of EN, which helps
increase the connectivity between patches. This is also confirmed from the overall change
trend in the CONTAG index. However, in the Xin’an River subbasin, the performance of
the CONTAG and COHESION indices was not consistent, and the highest CONTAG value
appeared under the BAU scenario. This indicates that, although the current landscape
patch aggregation in this watershed is low, the distribution of patches of the same landscape
type is relatively concentrated. However, the ecological constraints we set may destroy the
spatial continuity of the original landscape evolution to a certain extent, so the concentration
of expanded construction land in this subbasin needs to be improved.

In terms of the landscape diversity index, the trend in the SHDI value in most regions
was RUD > BAU > UEB > EP, which indicated that landscape heterogeneity was positively
correlated with the degree of human disturbance. However, there are five subbasins with
a maximum SHDI value under the BAU scenario, because the construction land in some
subbasins (Cao’e River, Jinhua River, and Wuxi River subbasins) increases the most under this
scenario. In addition, in the Lanjiang River and Dongyang River subbasins, this phenomenon
may be caused by the disorderly development of the current construction land.

In conclusion, the ecological constraints we set effectively slowed the degree of land-
scape pattern destruction, but not in all scenarios and regions. Especially under RUD
scenarios with high development intensity, this protective effect is not considerable.

5. Discussion
5.1. Matching Degree between the EN-PLUS Model and the Preset Scenarios

LULCC:s are influenced by a combination of natural conditions, economic develop-
ment, and policy regulation [13]. It is difficult for any model to fully accurately simulate this
complex process. Section 4.2 shows the deviation between the results of our simulations
and the calculations of the Markov chain. As shown in Table 4, the deviation is mainly
caused by the increase in patch expansion probability in water areas and the decrease in
rural construction land and grassland. However, the deviation is approximately 5%, which
has little impact on the overall trend. As this deviation occurs, on the one hand, the PLUS
model considers the competition mechanism between patches, which makes the transition
conditions between patches more accurate, so it is difficult to simply change the results
by adjusting the model parameters. On the other hand, this may be due to the difficulty
in quantifying the impact of social and economic factors on LULCCs in the model [13].
Therefore, there may be a slight inconsistency between the transition probabilities adjusted
in the Markov chain and those determined in the PLUS model using random forests and
roulette. Finally, the EN area used as the restricted conversion zone in this study is relatively
large, which may also have a certain impact on the simulation results.

Table 4. The difference between the results simulated by PLUS model and the Markov chain model.

BAU Scenario UD Scenario EP Scenario UEB Scenario
LULC Area (km?) Rate (%) Area (km?) Rate (%) Area (km?) Rate (%) Area (km?) Rate (%)
Waters 52.05 2.98 71.08 4.08 53.72 3.06 63.80 3.65
Rural - - —71.08 —6.84 - - —63.80 —6.17
Grass —52.07 —3.76 - - -53.71 -3.87 - -

5.2. Land Use Optimization Modeling Oriented to Ecological Land Protection

Protecting ecological land is one of the basic principles for optimizing land use [1]. The
EN-PLUS model we constructed coupled EN with multiscenario simulations to protect the
land space that plays a key role in ecological processes within the region. The simulation
results show that the area of ecological land in the scenarios with the EN as an ecological
constraint (RUD, EP, and UED) increases by 15.34%, 24.73%, and 32.37%, respectively,
compared with the scenario without this constraint (BAU) (Section 4.2.1). The results of
the landscape pattern analysis show that the degree of damage to the landscape pattern



Remote Sens. 2022, 14, 6099

15 of 20

is the lowest under EP and UEB scenarios in most areas (Section 4.2.2). These results are
consistent with those of some studies using ecological land as spatial constraints [16,75,76].
However, compared with the conventional ecological constraints (nature reserves, water
areas, large forest patches) used in other studies, the ecological constraints we set are closer
to a complete ecosystem due to the connection function of ecological corridors.

In addition, most relevant studies only simulate two scenarios according to whether
ecological constraints are applied. This is helpful to verify the role of ecological constraints
for land use optimization, but does not consider the multiple possibilities of future LULCCs.
Therefore, in this study, different EN levels were coupled with the corresponding development
scenarios, which improved the simulation process to a certain extent. The simulation results
demonstrate that this simulation mechanism can bring some new discoveries to research.
For example, the study found that although the reduction in ecological land under the RUD
scenario was smaller than that under the BAU scenario, the overall landscape pattern damage
was still the most serious under the RUD scenario, which proves the limited protection effect
of ENs (Section 4.3). Although multiscenario simulation is the mainstream research method
at present, it mainly focuses on land use prediction (conventional ecological constraints) [77],
ecosystem service value [78], and ecological risk [79,80] simulation. Therefore, this study
broadens the research scope of the multiscenario simulation to some extent.

5.3. Scale Dependence of Simulation Results

From Section 4.2.2 and 4.2, it can be seen that the characteristics of LULCCs and
landscape pattern in a few subbasins are not consistent with the overall Qiantang River
Basin. This is due to the existence of the landscape scale effect, which dictates that ecological
characteristics and impact mechanisms at a certain research scale may not be applicable at
other scales [81,82]. Research on scale effects is meaningful for improving the operability of
research results, because pure large-scale research is only suitable for macromanagement
and planning, and conclusions at smaller scales can be better matched with administrative
management [83]. For example, we found that the increase in construction land under
the BAU scenario was higher than that under the RUD scenario in the three subbasins,
which indicated that the constraints we set to protect ecological land were not effective
in these regions. Therefore, different regions have their own most suitable development
scenarios, but to coordinate the overall economic development planning of the Qiantang
River Basin, some subbasins cannot be fully developed according to the scenario with
minimal ecological sacrifice. In this case, we can choose areas with low ecological sensitivity
to prioritize economic development. For example, in the Wuxi River subbasin, the difference
in landscape pattern between the RUD and EP scenarios is relatively small, so the future
development of this area can be planned based on the RUD scenario.

In addition, the scale effects of landscape patterns can be combined with the con-
servation objectives of subbasins. For example, there is a relatively high proportion of
woodland in the Xin’an River subbasin, and the Qiandao Lake subbasin, the largest lake in
the Qiantang River Basin, is located in this subbasin, so protecting habitat quality in this
subbasin is particularly important. Related studies suggest that habitat quality is inversely
associated with the SHDI in this region [84]. Therefore, BAU may be an appropriate devel-
opment scenario for this subbasin, although the degree of landscape fragmentation in this
scenario is not the lowest.

In conclusion, revealing the landscape scale effect on the multiscenario simulation
results will help us formulate more detailed land use and ecological governance strategies
for each region. At present, research on scale effects mainly focuses on land use evolu-
tion [83,85] and ecological function evaluation [82,86]. Therefore, our study enriches the
research on the scale effect to some extent.

5.4. Limitations and Future Research Directions

Based on anti-planning thinking, the EN-PLUS model can simultaneously coordinate
the space and quantity of LULCCs, which plays a prominent role in balancing regional
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development and ecological protection. Theoretically, the model is applicable to the research
of land use and management in the urban planning discipline, and helps alleviate the
problem of ecological pattern destruction during urban development. In addition, the
optimization of ecological functions can also be incorporated into the model. For example,
the evaluation of ecosystem services, ecological sensitivity, and landscape stability can
be incorporated into the process of selecting ecological land. In the process of scenario
setting, more quantitative models can be combined, such as system dynamics (SD) or gray
multiobjective optimization (GMOP) models, which can provide more diverse attempts to
calculate the amount of land use in different scenarios [78].

However, some uncertainties and limitations also exist in our study. First, even under
the ecological protection policy, LULCCs in ENs are inevitable, so adopting an evaluation
method for zoning ENs may solve this problem to a certain extent. Second, we only used
landscape pattern indices to analyze the simulation results, and more landscape ecological
features should be evaluated. Third, when analyzing the scale effect, we only considered the
spatial scale effect and did not incorporate the time scale effect by simulating and analyzing
multiyear land use. Finally, we use the resampling method to unify the resolution of all
data to 100 x 100 m, which may lead to the loss of some information in the data and bring
a certain uncertainty to the results.

6. Conclusions

The EN-PLUS model was proposed, which takes different EN levels as ecological
constraints and couples them with a multiscenario simulation of LULC. The model was
used to simulate land use in the Qiantang River Basin in 2030 under four scenarios, and
the land use change and landscape pattern characteristics of the simulation results were
analyzed at the scale of the whole basin and subbasins. The conclusions are as follows:

1.  The four ecological constraints in the EN-PLUS model play different roles in the
protection of ecological land. This protective effect is more pronounced under the
EP and UEB scenarios, while under the RUD scenario, the extent of ecological pat-
tern destruction is still greater than that under the BAU scenario due to excessive
human disturbance.

2. The simulation results showed obvious landscape scale effects at subbasins scale.

3. Although the damage to the landscape pattern is generally lower under the EP
scenario, it is not the best development scenario for all subbasins. The scale effect and
the regional ecological characteristics should be comprehensively considered to select
the best regional development scenario.

The EN-PLUS model provides a reference for the ecological protection and sustainable
development of the Qiantang River Basin and its subbasins by introducing the EN as
the goal of ecological land protection in simulations of future land use. Future research
can incorporate this research framework into ecological governance and land planning
policy formulation in a more objective way by integrating policy drivers and more diverse
evaluation methods of ecological functions.
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scenario. Table S4. Description of selected landscape indices. Table S5. Abbreviations and their
meanings. Reference [87] is cited in the supplementary materials

Author Contributions: W.N. and B.X. designed the study and methodology. FY., S.M., N.H. and
B.L. extracted and compiled the data. Z.B. analyzed the data with the help of RW.,, Y.S. and W.L. All
authors contributed to the article and approved the submitted version. All authors have read and
agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/rs14236099/s1
https://www.mdpi.com/article/10.3390/rs14236099/s1

Remote Sens. 2022, 14, 6099 17 of 20

Funding: This research was financially supported by Zhejiang Province key Research and Develop-
ment Project under Grants N0.2019C02023 and Zhejiang Provincial Natural Science Foundation of
China under Grants LY19C160007.

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

References

1. Weilin, W,; Jiao, L, Jia, Q.; Liu, J.; Mao, W.; Xu, Z.; Li, W. Land Use Optimization Modelling with Ecological Priority Perspective
for Large-Scale Spatial Planning. Sustain. Cities Soc. 2021, 65, 102575.

2. Luca, S;; Zambon, I.; Chelli, EM.; Serra, P. Do Spatial Patterns of Urbanization and Land Consumption Reflect Different
Socioeconomic Contexts in Europe? Sci. Total Environ. 2018, 625, 722-730.

3. Wenbin, N,; Yang, F; Xu, B.; Bao, Z.; Shi, Y.; Liu, B.; Wu, R.; Lin, W. Spatiotemporal Evolution of Landscape Patterns and Their
Driving Forces under Optimal Granularity and the Extent at the County and the Environmental Functional Regional Scales. Front.
Ecol. Evol. 2022, 10, 954232.

4. Wenbin, N.; Shi, Y,; Siaw, M.].; Yang, E; Wu, R.; Wu, X.; Zheng, X.; Bao, Z. Constructing and Optimizing Ecological Network at
County and Town Scale: The Case of Anji County, China. Ecol. Indic. 2021, 132, 108294.

5. Jayne, T.S.; Chamberlin, J.; Headey, D.D. Land Pressures, the Evolution of Farming Systems, and Development Strategies in
Africa: A Synthesis. Food Policy 2014, 48, 1-17. [CrossRef]

6.  Eugenia, K.; Cai, M. Impact of Urbanization and Land-Use Change on Climate. Nature 2003, 423, 528-531.

7. Liu, H.; Gong, P; Wang, ].; Wang, X.; Ning, G.; Xu, B. Production of Global Daily Seamless Data Cubes and Quantification of
Global Land Cover Change from 1985 to 2020-Imap World 1.0. Remote Sens. Environ. 2021, 258, 112364. [CrossRef]

8. David, T.; Fargione, J.; Wolff, B.; D’antonio, C.; Dobson, A.; Howarth, R.; Schindler, D.; Schlesinger, W.H.; Simberloff, D.;
Swackhamer, D. Forecasting Agriculturally Driven Global Environmental Change. Science 2001, 292, 281-284.

9. United Nations. World Urbanization Prospects: The 2014 Revision, Highlights; Department of Economic and Social Affairs; Population
Division; United Nations: New York, NY, USA, 2014.

10. Vera, H.; Hoff, H.; Wirsenius, S.; Meyer, C.; Kreft, H. Land Use Options for Staying within the Planetary Boundaries-Synergies
and Trade-Offs between Global and Local Sustainability Goals. Glob. Environ. Chang. 2018, 49, 73-84.

11.  Wenbin, N.; Xu, B.; Yang, F; Shi, Y.; Liu, B.; Wu, R.; Lin, W.; Hui, P.; Bao, Z. Simulating Future Land Use by Coupling Ecological
Security Patterns and Multiple Scenarios. Sci. Total Environ. 2023, 859, 160262.

12.  Groot, J.C.J.; Yalew, S.G.; Rossing, W.A.H. Exploring Ecosystem Services Trade-Offs in Agricultural Landscapes with a Multi-
Objective Programming Approach. Landsc. Urban Plan. 2018, 172, 29-36. [CrossRef]

13.  Mengyu, J.; Hu, M,; Xia, B. Spatiotemporal Dynamic Simulation of Land-Use and Landscape-Pattern in the Pearl River Delta,
China. Sustain. Cities Soc. 2019, 49, 101581.

14. Courage, K.; Aniya, M.; Adi, B.; Manjoro, M. Rural Sustainability under Threat in Zimbabwe-Simulation of Future Land
Use/Cover Changes in the Bindura District Based on the Markov-Cellular Automata Model. Appl. Geogr. 2009, 29, 435—447.

15. Genga, B.; Zhengb, X.Q.; Fua, M.C. Scenario Analysis of Sustainable Intensive Land Use Based on Sd Model. Sustain. Cities Soc.
2017, 29, 193-202. [CrossRef]

16. Liang, Z.; Dang, X.; Sun, Q.; Wang, S. Multi-Scenario Simulation of Urban Land Change in Shanghai by Random Forest and
Ca-Markov Model. Sustain. Cities Soc. 2020, 55, 102045.

17.  Clarke, K.C.; Hoppen, S.; Gaydos, L. A Self-Modifying Cellular Automaton Model of Historical Urbanization in the San Francisco
Bay Area. Environ. Plan. B Plan. Des. 1997, 24, 247-261. [CrossRef]

18. Aburas, M.M.; Ho, YM.; Ramli, M.E,; Ash’aari, Z.H. Improving the Capability of an Integrated Ca-Markov Model to Simulate
Spatio-Temporal Urban Growth Trends Using an Analytical Hierarchy Process and Frequency Ratio. Int. J. Appl. Earth Obs. Geoinf.
2017, 59, 65-78. [CrossRef]

19. Fei, E; Deng, S.; Wu, D.; Liu, W,; Bai, Z. Research on the Spatiotemporal Evolution of Land Use Landscape Pattern in a County
Area Based on Ca-Markov Model. Sustain. Cities Soc. 2022, 80, 103760.

20. Chen, G.Z; Li, X,; Liu, X.P,; Chen, YM,; Liang, X.; Leng, J.Y.; Xu, X.C.; Liao, W.L.; Qiu, Y.A.; Wu, L.Q.; et al. Global Projections of
Future Urban Land Expansion under Shared Socioeconomic Pathways. Nat. Commun. 2020, 11, 1-12. [CrossRef]

21. Verburg, PH.; Soepboer, W.; Veldkamp, A.; Limpiada, R.; Espaldon, V.; Mastura, 5.5.A. Modeling the Spatial Dynamics of
Regional Land Use: The Clue-S Model. Environ. Manag. 2002, 30, 391-405. [CrossRef]

22. Daquan, H.; Huang, J.; Liu, T. Delimiting Urban Growth Boundaries Using the Clue-S Model with Village Administrative
Boundaries. Land Use Policy 2019, 82, 422—435.

23. Xiaoping, L.; Liang, X.; Li, X.; Xu, X.; Ou, J.; Chen, Y,; Li, S.; Wang, S.; Pei, E. 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.

24. Zhou, Y,; Jiang, C.; Shan-Shan, F. Effects of Urban Growth Boundaries on Urban Spatial Structural and Ecological Functional
Optimization in the Jining Metropolitan Area, China. Land Use Policy 2022, 117, 106113.

25. Xun, L.; 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.


http://doi.org/10.1016/j.foodpol.2014.05.014
http://doi.org/10.1016/j.rse.2021.112364
http://doi.org/10.1016/j.landurbplan.2017.12.008
http://doi.org/10.1016/j.scs.2016.12.013
http://doi.org/10.1068/b240247
http://doi.org/10.1016/j.jag.2017.03.006
http://doi.org/10.1038/s41467-020-14386-x
http://doi.org/10.1007/s00267-002-2630-x

Remote Sens. 2022, 14, 6099 18 of 20

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

Zhou, F; 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.

Yonghua, L.; Ma, Q.; Song, Y.; Han, H. Bringing Conservation Priorities into Urban Growth Simulation: An Integrated Model and
Applied Case Study of Hangzhou, China. Resour. Conserv. Recycl. 2019, 140, 324-337.

Xie, H.L.; Zhu, Z.H.; He, Y.F. Regulation Simulation of Land-Use Ecological Security, Based on a Ca Model and Gis: A Case-Study
in Xingguo County, China. Land Degrad. Dev. 2022, 33, 1564-1578. [CrossRef]

Marcus, S.; Mattone, C.; Connolly, RM.; Hernandez, S.; Nagelkerken, I.; Murray, N.; Ronan, M.; Waltham, N.J.; Bradley, M.
Ecological Constraint Mapping: Understanding Outcome-Limiting Bottlenecks for Improved Environmental Decision-Making in
Marine and Coastal Environments. Front. Mar. Sci. 2021, 8, 717448. [CrossRef]

Pengju, L.; Hu, Y,; Jia, W. Land Use Optimization Research Based on Flus Model and Ecosystem Services-Setting Jinan City as an
Example. Urban Clim. 2021, 40, 100984.

Emmett, B.A.; Cooper, D.; Smart, S.; Jackson, B.; Thomas, A.; Cosby, B.; Evans, C.; Glanville, H.; McDonald, J.E.; Malham, S.K; et al.
Spatial Patterns and Environmental Constraints on Ecosystem Services at a Catchment Scale. Sci. Total Environ. 2016, 572, 1586-1600.
[CrossRef]

Peng, J.; Yang, Y,; Liu, Y,; Hu, Y.; Du, Y,; Meersmans, J.; Qiu, S. Linking Ecosystem Services and Circuit Theory to Identify
Ecological Security Patterns. Sci. Total Environ. 2018, 644, 781-790. [CrossRef] [PubMed]

Paul, O,; Steingrover, E.; van Rooij, S. Ecological Networks: A Spatial Concept for Multi-Actor Planning of Sustainable Landscapes.
Landsc. Urban Plan. 2006, 75, 322-332.

Ahern, J. Planning for an Extensive Open Space System: Linking Landscape Structure and Function. Landsc. Urban Plan. 1991, 21, 131-145.
[CrossRef]

Lu, YH,; Li, T.; Whitham, C.; Feng, X.M.; Fu, B.J.; Zeng, Y.; Wu, B.E; Hu, ]. Scale and Landscape Features Matter for Understanding
the Performance of Large Payments for Ecosystem Services. Landsc. Urban Plan. 2020, 197, 103764. [CrossRef]

Knaapen, J.P; Scheffer, M.; Harms, B. Estimating Habitat Isolation in Landscape Planning. Landsc. Urban Plan. 1992, 23, 1-16.
[CrossRef]

McRae, B.H,; Beier, P. Circuit Theory Predicts Gene Flow in Plant and Animal Populations. Proc. Natl. Acad. Sci. USA 2007, 104, 19885-19890.
[CrossRef]

Huang, L.Y.; Wang, J.; Fang, Y.; Zhai, T.L.; Cheng, H. An Integrated Approach Towards Spatial Identification of Restored and
Conserved Priority Areas of Ecological Network for Implementation Planning in Metropolitan Region. Sustain. Cities Soc.
2021, 69, 102865. [CrossRef]

Ma, B.B.; Chen, Z.A.; Wei, X].; Li, X.Q.; Zhang, L.T. Comparative Ecological Network Pattern Analysis: A Case of Nanchang.
Environ. Sci. Pollut. Res. 2022, 29, 37423-37434. [CrossRef]

Yi, A; Liu, S.; Sun, Y.; Shi, E; Beazley, R. Construction and Optimization of an Ecological Network Based on Morphological
Spatial Pattern Analysis and Circuit Theory. Landsc. Ecol. 2020, 36, 2059-2076.

Xueqi, L.; 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.

Zhang, H.X,; Liao, L.; Zhai, T.L. Evaluation of Ecosystem Service Based on Scenario Simulation of Land Use in Yunnan Province.
Phys. Chem. Earth 2018, 104, 58-65. [CrossRef]

Wang, H.J.; Bao, C. Scenario Modeling of Ecological Security Index Using System Dynamics in Beijing-Tianjin-Hebei Urban
Agglomeration. Ecol. Indic. 2021, 125, 107613. [CrossRef]

Zihan, X; Peng, J.; Dong, J.; Liu, Y.; Liu, Q.; Lyu, D.; Qiao, R.; Zhang, Z. Spatial Correlation between the Changes of Ecosystem
Service Supply and Demand: An Ecological Zoning Approach. Landsc. Urban Plan. 2022, 217, 104285.

Zeng, L.; Li, ].; Qin, K.Y;; Liu, J.Y;; Zhou, Z.X.; Zhang, Y.M. The Total Suitability of Water Yield and Carbon Sequestration under
Multi-Scenario Simulations in the Weihe Watershed, China. Environ. Sci. Pollut. Res. 2020, 27, 22461-22475. [CrossRef]

Kis, A.; Pongracz, R.; Bartholy, J.; Gocic, M.; Milanovic, M.; Trajkovic, S. Multi-Scenario and Multi-Model Ensemble of Regional
Climate Change Projections for the Plain Areas of the Pannonian Basin. Idojaras 2020, 124, 157-190. [CrossRef]

Huizhong, L.; Fang, C.; Xia, Y.; Liu, Z.; Wang, W. Multi-Scenario Simulation of Production-Living-Ecological Space in the Poyang
Lake Area Based on Remote Sensing and Rf-Markov-Flus Model. Remote Sens. 2022, 14, 2830.

Silvio, S.; Perrings, C. Bundling Ecosystem Services in the Panama Canal Watershed. Proc. Natl. Acad. Sci. USA 2013, 110, 9326-9331.
Cheng, L.; Dengyun, W.; Wen, J.; Honghua, L.; Xiangmin, Z. Geomorphic Evolution of the Qiantang River Drainage Basin Based
on the Analysis of Topographic Indexs. Quat. Sci. 2017, 37, 343-352.

Weilin, W.; Jiao, L.; Dong, T.; Xu, Z.; Xu, G. Simulating Urban Dynamics by Coupling Top-Down and Bottom-up Strategies. Int. J.
Geogr. Inf. Sci. 2019, 33, 2259-2283.

Zhou, M.M,; Deng, ].S.; Lin, Y.; Zhang, L.].; He, S.; Yang, W. Evaluating Combined Effects of Socio-Economic Development and
Ecological Conservation Policies on Sediment Retention Service in the Qiantang River Basin, China. J. Clean. Prod. 2021, 286, 124961.
[CrossRef]

Ling, X.; 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.

Jian, P; Zhao, M.; Guo, X; Pan, Y,; Liu, Y. Spatial-Temporal Dynamics and Associated Driving Forces of Urban Ecological Land: A
Case Study in Shenzhen City, China. Habitat Int. 2017, 60, 81-90.


http://doi.org/10.1002/ldr.4197
http://doi.org/10.3389/fmars.2021.717448
http://doi.org/10.1016/j.scitotenv.2016.04.004
http://doi.org/10.1016/j.scitotenv.2018.06.292
http://www.ncbi.nlm.nih.gov/pubmed/29990926
http://doi.org/10.1016/0169-2046(91)90037-M
http://doi.org/10.1016/j.landurbplan.2020.103764
http://doi.org/10.1016/0169-2046(92)90060-D
http://doi.org/10.1073/pnas.0706568104
http://doi.org/10.1016/j.scs.2021.102865
http://doi.org/10.1007/s11356-021-17808-5
http://doi.org/10.1016/j.pce.2017.12.001
http://doi.org/10.1016/j.ecolind.2021.107613
http://doi.org/10.1007/s11356-020-08205-5
http://doi.org/10.28974/idojaras.2020.2.2
http://doi.org/10.1016/j.jclepro.2020.124961

Remote Sens. 2022, 14, 6099 19 of 20

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

Wu, A.C.; Zhou, G.Y,; He, H.L,; Hautier, Y,; Tang, X.L.; Liu, ].X.; Zhang, Q.M.; Wang, S.L.; Wang, A.Z.; Lin, L.X,; et al. Tree Diversity
Depending on Environmental Gradients Promotes Biomass Stability Via Species Asynchrony in China’s Forest Ecosystems. Ecol.
Indic. 2022, 140, 109021. [CrossRef]

Mikel, G.; Lozano, PJ.; del Barrio, G. Gis-Based Approach for Incorporating the Connectivity of Ecological Networks into Regional
Planning. J. Nat. Conserv. 2010, 18, 318-326.

Yu, K. Security Patterns and Surface Model in Landscape Ecological Planning. Landsc. Urban Plan. 1996, 36, 1-17. [CrossRef]
Santiago, S.; Vogt, P.; Velazquez, J.; Hernando, A.; Tejera, R. Key Structural Forest Connectors Can Be Identified by Combining
Landscape Spatial Pattern and Network Analyses. For. Ecol. Manag. 2011, 262, 150-160.

Vogt, P; Ferrari, ].R.; Lookingbill, T.R.; Gardner, R.H; Riitters, K.H.; Ostapowicz, K. Mapping Functional Connectivity. Ecol. Indic.
2009, 9, 64-71. [CrossRef]

Liu, C.; Wang, J.; Sun, L.; Lv, C. Construction and Optimization of Green Space Ecological Networks in Urban Fringe Areas: A
Case Study with the Urban Fringe Area of Tongzhou District in Beijing. J. Clean. Prod. 2020, 276, 124266.

Fangning, S.; Liu, S.; Sun, Y,; An, Y,; Zhao, S; Liu, Y.; Li, M. Ecological Network Construction of the Heterogeneous Agro-Pastoral
Areas in the Upper Yellow River Basin. Agric. Ecosyst. Environ. 2020, 302, 107069.

Stevens, V.M.; Verkenne, C.; Vandewoestijne, S.; Wesselingh, R.A.; Baguette, M. Gene Flow and Functional Connectivity in the
Natterjack Toad. Mol. Ecol. 2006, 15, 2333-2344. [CrossRef]

Mu, HW,; Li, X.C.; Ma, H.J.; Du, X.P; Huang, ].X.; Su, W.; Yu, Z; Xu, C.; Liu, H.L.; Yin, D.Q.; et al. Evaluation of the Policy-Driven
Ecological Network in the Three-North Shelterbelt Region of China. Landsc. Urban Plan. 2022, 218, 104305. [CrossRef]

Mingjun, T.; Wu, C.; Zhou, Z.; Lord, E.; Zheng, Z. Multipurpose Greenway Planning for Changing Cities: A Framework
Integrating Priorities and a Least-Cost Path Model. Landsc. Urban Plan. 2011, 103, 1-14.

Bascompte, J. Structure and Dynamics of Ecological Networks. Science 2010, 329, 765-766. [CrossRef]

McRae, B.H.; Dickson, B.G.; Keitt, TH.; Shah, V.B. Using Circuit Theory to Model Connectivity in Ecology, Evolution, and
Conservation. Ecology 2008, 89, 2712-2724. [CrossRef]

Feifei, F; Liu, Y.; Chen, J.; Dong, J. Scenario-Based Ecological Security Patterns to Indicate Landscape Sustainability: A Case Study
on the Qinghai-Tibet Plateau. Landsc. Ecol. 2021, 36, 2175-2188.

Qiang, Z.; Yu, K,; Li, D. Ecological Corridor Width in Landscape Planning. Acta Ecol. Sin. 2005, 25, 2406-2412. (In Chinese)
Huang, ].M.; Hu, Y.C.; Zheng, EY. Research on Recognition and Protection of Ecological Security Patterns Based on Circuit
Theory: A Case Study of Jinan City. Environ. Sci. Pollut. Res. 2020, 27, 12414-12427. [CrossRef] [PubMed]

Wang, J.; Zhang, J.; Xiong, N.; Liang, B.; Wang, Z.; Cressey, E.L. Spatial and Temporal Variation, Simulation and Prediction of
Land Use in Ecological Conservation Area of Western Beijing. Remote Sens. 2022, 14, 1452. [CrossRef]

Chen, Y.; Wang, ]J.; Xiong, N.; Sun, L.; Xu, ]. Impacts of Land Use Changes on Net Primary Productivity in Urban Agglomerations
under Multi-Scenarios Simulation. Remote Sens. 2022, 14, 1755. [CrossRef]

Wang, B.S.; Liao, ].E; Zhu, W.; Qiu, Q.S.; 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.

Haber, W. Landscape Ecology as a Bridge from Ecosystems to Human Ecology. Ecol. Res. 2004, 19, 99-106. [CrossRef]

Zhang, X.; Wang, G.; Xue, B.; Zhang, M.; Tan, Z. Dynamic Landscapes and the Driving Forces in the Yellow River Delta Wetland
Region in the Past Four Decades. Sci. Total Environ. 2021, 787, 147644. [CrossRef] [PubMed]

Gilmore, PR, Jr.; Huffaker, D.; Denman, K. Useful Techniques of Validation for Spatially Explicit Land-Change Models. Ecol.
Model. 2004, 179, 445-461.

Huang, A.; Xu, Y,; Liu, C; Lu, L.; Zhang, Y.; Sun, P; Zhou, G.; Du, T,; Xiang, Y. Simulated Town Expansion under Ecological
Constraints: A Case Study of Zhangbei County, Heibei Province, China. Habitat Int. 2019, 91, 101986. [CrossRef]

Liu, X.Y.; Wei, M.; Zeng, J. Simulating Urban Growth Scenarios Based on Ecological Security Pattern: A Case Study in Quanzhou,
China. Int. ]. Environ. Res. Public Health 2020, 17, 7282. [CrossRef]

Zhang, S.Q.; Yang, P; Xia, ].; Wang, W.Y,; Cai, W.; Chen, N.C,; Hu, S.; Luo, X.G.; Li, J.; Zhan, C.S. 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]

Li, C; Wu, Y,; Gao, B.; Zheng, K.; Wu, Y,; Li, C. Multi-Scenario Simulation of Ecosystem Service Value for Optimization of Land
Use in the Sichuan-Yunnan Ecological Barrier, China. Ecol. Indic. 2021, 132, 108328. [CrossRef]

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]

Gao, L,; Tao, F; Liu, R.; Wang, Z.; Leng, H.; Zhou, T. Multi-Scenario Simulation and Ecological Risk Analysis of Land Use Based
on the Plus Model: A Case Study of Nanjing. Sustain. Cities Soc. 2022, 85, 108563. [CrossRef]

Holling, C.S. Cross-Scale Morphology, Geometry, and Dynamics of Ecosystems. Ecol. Monogr. 1992, 62, 447-502. [CrossRef]
Chi, Y.; Zhang, Z.; Gao, J.; Xie, Z.; Zhao, M.; Wang, E. Evaluating Landscape Ecological Sensitivity of an Estuarine Island Based
on Landscape Pattern across Temporal and Spatial Scales. Ecol. Indic. 2019, 101, 221-237. [CrossRef]

Luo, Y,; Lu, Y; Liu, L.; Liang, H.; Li, T; Ren, Y. Spatiotemporal Scale and Integrative Methods Matter for Quantifying the Driving
Forces of Land Cover Change. Sci. Total Environ. 2020, 739, 139622. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ecolind.2022.109021
http://doi.org/10.1016/S0169-2046(96)00331-3
http://doi.org/10.1016/j.ecolind.2008.01.011
http://doi.org/10.1111/j.1365-294X.2006.02936.x
http://doi.org/10.1016/j.landurbplan.2021.104305
http://doi.org/10.1126/science.1194255
http://doi.org/10.1890/07-1861.1
http://doi.org/10.1007/s11356-020-07764-x
http://www.ncbi.nlm.nih.gov/pubmed/31993899
http://doi.org/10.3390/rs14061452
http://doi.org/10.3390/rs14071755
http://doi.org/10.1111/j.1440-1703.2003.00615.x
http://doi.org/10.1016/j.scitotenv.2021.147644
http://www.ncbi.nlm.nih.gov/pubmed/34004536
http://doi.org/10.1016/j.habitatint.2019.05.005
http://doi.org/10.3390/ijerph17197282
http://doi.org/10.1016/j.scitotenv.2022.155238
http://www.ncbi.nlm.nih.gov/pubmed/35427604
http://doi.org/10.1016/j.ecolind.2021.108328
http://doi.org/10.1016/j.ecolind.2022.108642
http://doi.org/10.1016/j.scs.2022.104055
http://doi.org/10.2307/2937313
http://doi.org/10.1016/j.ecolind.2019.01.012
http://doi.org/10.1016/j.scitotenv.2020.139622
http://www.ncbi.nlm.nih.gov/pubmed/32535458

Remote Sens. 2022, 14, 6099 20 of 20

84.

85.

86.

87.

Zhu, C; Zhang, X.; Zhou, M.; He, S.; Gan, M.; Yang, L.; Wang, K. Impacts of Urbanization and Landscape Pattern on Habitat
Quality Using Ols and Gwr Models in Hangzhou, China. Ecol. Indic. 2020, 117, 106654. [CrossRef]

Zhu, Z.; Liu, B.; Wang, H.; Hu, M. Analysis of the Spatiotemporal Changes in Watershed Landscape Pattern and Its Influencing
Factors in Rapidly Urbanizing Areas Using Satellite Data. Remote Sens. 2021, 13, 1168. [CrossRef]

Xu, S.; Li, S.; Zhong, J.; Li, C. Spatial Scale Effects of the Variable Relationships between Landscape Pattern and Water Quality:
Example from an Agricultural Karst River Basin, Southwestern China. Agric. Ecosyst. Environ. 2020, 300, 106999. [CrossRef]
Dai, L.; Liu, Y.; Luo, X. Integrating the Mcr and Doi Models to Construct an Ecological Security Network for the Urban
Agglomeration around Poyang Lake, China. Sci. Total Environ. 2021, 754, 141868. [CrossRef]


http://doi.org/10.1016/j.ecolind.2020.106654
http://doi.org/10.3390/rs13061168
http://doi.org/10.1016/j.agee.2020.106999
http://doi.org/10.1016/j.scitotenv.2020.141868

	Introduction 
	Study Area and Datasets 
	Study Area 
	Datasets 

	Methodology 
	Design of the EN-PLUS Model 
	Constructing the Ecological Network 
	Identifying of Ecological Sources 
	Mapping the Ecological Resistance Surface and Identifying the Ecological Corridor 
	Three Types of ENs Serving as Ecologically Constrained Space 

	Four Scenarios for Regional Development 
	Land Use Simulation Model—PLUS 
	PLUS Model Settings—Driving Factors Required for the LEAS Module 
	PLUS Model Settings—Cost Matrix and Neighborhood Weight Required for the CARS Module 

	Landscape Pattern Analysis of Each Scenario 

	Results 
	Validation 
	Land Use Quantity and Layout in Each Scenario 
	Analysis at the Whole Basin Scale 
	Analysis at the Subbasins Scale 

	Scenario Comparison Using the Landscape Pattern Index 

	Discussion 
	Matching Degree between the EN-PLUS Model and the Preset Scenarios 
	Land Use Optimization Modeling Oriented to Ecological Land Protection 
	Scale Dependence of Simulation Results 
	Limitations and Future Research Directions 

	Conclusions 
	References

