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Abstract: The optimal allocation of land use is a promising approach to achieving the sustainable use
of land resources, to weigh ecological protection and economic development. The urban agglomera-
tion around Poyang Lake is a crucial plate for implementing the spatial planning policy of the national
urban agglomeration and supporting the development of the Yangtze River Economic Belt. Based on
the ecosystem service value (ESV), we utilize the minimum cumulative resistance (MCR), the gray
multi-objective planning (GMOP) and the future land-use simulation (FLUS) model to optimize the
quantitative structure and spatial pattern of the land use in 2030. The present study designs four
scenarios of baseline development (BD), ecological conservation (EC), economic priority (EP) and
coordinated development (CD) to discuss how to optimize land-use allocation while considering
ecological security and economic development. The result suggests that the land-use structure and
spatial layout in the CD_scenario are relatively reasonable, and the overall eco-economic benefits
and landscape pattern levels are better than those of the other three scenarios. Additionally, the
ecological security and landscape pattern indices are optimized, landscape fragmentation decreases
and aggregation degree increases. This study is instructive to promote the sustainable development
of urban agglomeration and land spatial planning.

Keywords: land-use optimization; ecosystem service value; multi-scenario simulation; urban

agglomeration

1. Introduction

With the rapid development of urbanization and industrialization, the contradiction
between land supply and demand is increasingly serious [1]. The over-exploitation, idle
waste and unreasonable arrangement of land resources have a great negative impact
on eco-environmental security, social and economic development [2,3]. From 1978 to
2020, China’s urbanization rate increased from 17.9% to 63.89%. This upward trend is
forecasted to remain in the coming decades [4]. Moreover, as the world’s second-largest
economy, China’s economic growth is contributing to an increasing rate of global growth [5].
Population growth, economic development and urbanization continue to be accompanied
by the phenomenon of urban sprawl. The continuous encroachment of construction land on
cultivated land and ecological land and the occupation of ecological land by cultivated land
have led to a serious imbalance in land-use structures [6,7]. The dramatic land-use changes
have placed considerable pressure on sustainable development at the regional and national
levels. With the background of national land spatial planning and the construction of
ecological civilization, the optimal allocation of land use is a necessary measure to improve
the intensive degree of land use and maintain the stability of the ecosystem. It is also the
fundamental guarantee to realize the sustainable use of land resources [8].

The optimal allocation of land use refers to the rational and overall arrangement of
all kinds of land use to promote the harmonious and coordinated development of society,
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economy and ecology, to achieve the optimization of various development goals [9,10]. Gen-
erally speaking, a reasonable land-use structure leads to a balance of ecological-economic
benefits, which is a key concern for national and regional development [11,12]. Therefore,
most scholars use the integrated evaluation of ecological and economic benefits as the refer-
ence goal of land-use optimization. While the evaluation methods regarding the economic
benefits of land are relatively mature, the evaluation methods of ecological benefits have
not been unified. Ecosystem services are the bridge between the natural environment and
human well-being [13]. Monetizing ecosystem services to evaluate the ecological benefits
of different land-use types has been a hot research topic in recent years [14]. It can visually
express the functions and values of ecosystem services and is widely used in measuring
comprehensive land-use benefits.

Currently, scholars have conducted studies on optimal land-use allocation at different
regional scales, such as national [15], continental [16], urban [17], village [10] and wa-
tershed [18]. The research methods mainly involve two aspects: quantitative structure
optimization and spatial layout optimization. Among them, the quantitative structure
optimization method are mainly the gray model (GM) [19], multi-objective programming
(MOP) model [20] and genetic algorithm (GA) [21]. Ecosystem service value [22], social-
economic benefits [17] and the ecological green equivalent [23] are the dominant objectives
or constraints. By adjusting the structure of different land-use types to achieve the balance
of different benefits needs, the development goal is shifted from a single objective to a
multi-objective balance and the top-down grasp of the overall regional policy regulations.
The balance of economic and ecological aspects is achieved. However, it lacks the consider-
ation of the optimal configuration of spatial patterns and cannot be reflected in space. With
the shift from traditional mathematical models to intelligent geo-information processing
technology, the bottom-up spatial optimization of land use is achieved. The spatial layout
optimization method mainly uses the particle swarm optimization algorithm (PSO) [24],
conversion of land use and its effects at small region extent (CLUE-S) model [25], cellular
automata (CA) [26] and FLUS model [27]. Based on the spatial distribution of ecological
sensitivity [28] and ecological security pattern [29], the land-use demand is input into the
spatial model as an objective function to realize the spatial pattern under different devel-
opment targets. The combination of mathematical and spatial models can simultaneously
optimize the land-use structure and spatial layout. For example, Cheng et al. [30] optimized
the spatial structure of mountain-abandoned-mine land reuse by combining system dy-
namics and the CLUE-S model. Ma et al. [31] combined an uncertain mathematical model
with the FLUS model to solve the problem of the planning system with uncertainty of the
land system and applied it to structural and spatial patterns. The coupled model balances
macro policy effects and micro driving mechanisms, so it is widely used in the research
of land-use optimization [32,33]. Among these methods, the GMOP model is dynamic
linear programming that calculates the optimal structure under different benefit pursuits
considering the uncertainty of the constraints, and also allows us to understand the devel-
opmental changes of the optimal structure. The FLUS model introduces a roulette-wheel
selection based on the adaptive inertia mechanism on the basis of cellular automata, which
improves the precision of simulating the spatial layout of land use.

Balanced ecological-economic development is essential to maintain sustainable land-
resource use. However, in terms of the research content, apart from combining the quan-
titative structure and spatial layout of land use, the research that incorporates ecological
security into simulation optimization is relatively weak. It is also rare to integrate ecological—-
economic values and landscape pattern characteristics under multiple types of constraints,
such as policy planning and accessibility, for which is difficult to meet the realistic needs of
socio-economic development in a new stage of ecological civilization construction. Urban
agglomerations are the strategic core areas of national economic development and vital
growth poles for the country’s high-quality development, which has extremely high require-
ments for ecological environment and economic stability [34]. The land-use structure under
different development orientations has a significant influence on the ecological civilization
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construction and social-economic development of urban agglomeration [35]. Nevertheless,
the studies focusing on land-use optimization in urban agglomerations are not common.
Therefore, taking ecological conservation into account in land-use simulation and optimiza-
tion is crucial for urban planning and ecological management of large-scale areas.

In view of this, this paper takes the urban agglomeration around Poyang Lake, one
of the urban agglomerations in the middle reaches of the Yangtze River, as the study
area. We coupled the minimum cumulative resistance (MCR) model, the gray multi-
objective planning (GMOP) model and the future land-use simulation (FLUS) model to
simulate and optimize the land-use structure and spatial patterns. Based on the spatial
and temporal evolution characteristics of ecosystem service values, we delineated the
core ecological protection zone and compared the differences in land-use structure, spa-
tial layout and ecological-economic effects before and after optimization under the four
scenarios (baseline development, BD; ecological conservation, EC; economic priority, EP
and coordinated development, CD), to explore the optimal land-use decision making in the
study area. Meanwhile, it provides a reference for regional land-resource management and
ecological practice.

2. Materials and Methods
2.1. Study Area

The ecological urban agglomeration around Poyang Lake is a key urban agglomeration
in Jiangxi Province according to the Development Plan of Urban agglomeration in the middle
reaches of the Yangtze River (Figure 1). The area of this region is 9.23 x 10* km?, including
all the administrative areas of Nanchang, Jiujiang, Jingdezhen, Shangrao, Yingtan, Yichun,
Xinyu, Pingxiang prefecture-level cities, and the municipal districts of Fuzhou, Dongxiang
County, Jinxi County and Chongren County, Xingan County and Xiajiang County of
Ji'an City.

N China /.|| Urban agglomeration around Poyang Lake N

Figure 1. DEM and location of the study area.

From the implementation plan of the 14th five-year plan for the development of
urban agglomeration in the middle reaches of the Yangtze River and the planning of
ecological urban agglomeration around Poyang Lake (2015-2030), it is clear that the urban
agglomeration around Poyang Lake is an essential carrier to promote the development
of the Yangtze River economic belt and occupies an essential place in the economic and
social development patterns in China. The study area is dominated by a mountainous and
hilly topography, with high forest coverage, numerous rivers and lakes and the Poyang
Lake, the largest freshwater lake in China, which is rich in ecological resources and has
a high ecosystem service value. It is a typical Mountain—-River-Forest-Farmland-Lake-
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Grass System. However, regional development has long focused on economic benefits
at the expense of land ecological benefits, leading to increased conflicts between people
and land. From 2011 to 2020, the regional GDP rapidly increased from CNY 915.655
billion to CNY 1945.990 billion, the population increased from 30.410 million to 30.726
million and the urbanization rate increased from 47.49% to 63.03%. The continuous socio-
economic development has led to drastic changes in the land-use structure. During this
period, cultivated land and forest land decreased by 5.21 x 10* hm? and 5.09 x 10* hm?,
respectively, while construction land increased by 9.76 x 10* hm?. Therefore, scientific
and rational land-use planning is urgently needed to promote regional ecological security,
economic development and the sustainable use of land resources.

2.2. Data Sources

The data of this study include land-use data, distance accessibility data, natural en-
vironment data and socio-economic data (Table 1). Based on the land-use classification
system and the purpose of the study, land was divided into cultivated land, forest land,
grassland, water area, construction land and unused land, among which construction land
was divided into urban land, rural residential land and other construction land. Further-
more, this study combined the concept of ecological land with the research achievements
on the division of eco-land, taking forest land, grassland and water as ecological land,
and cultivated land and construction land as economic land [36]. Following a series of
operations, such as Euclidean distance, cropping, masking and reclassification in ArcGIS,
all data were unified as raster data with a resolution of 200 m x 200 m and the same number
of rows and columns under the same projection coordinate system.

Table 1. Key data and sources.

Category Data Name Year Att]r)iiliattites Data Source
Remote sensing image
. processing
Land-use data Land-use data 2010, 2015, 2020 Grid (http:/ /www.gscloud.cn)
(accessed on 23 October 2020)
. s The rural settlement, river, .
Distance accessibility data city center, road network 2015 Shapefile Extracted from land-use data
Geospatial Data Cloud
. platform
DEM, NDVI 2015 Grid (http:/ /www.gscloud.cn)
(accessed on 23 October 2020)
Natural environment data Slope, aspect Grid Extracted from DEM
Resource and Environment
Soil type, temperature, . Science and Data Center
precipitation 2015 Grid (https:/ /www.resdc.cn)
(accessed on 1 January 2020)
National agricultural product
cost-income data compilation,
Population, GDP, Jiangxi statistical yearbook,
grain-crop planted area 2011-2020 Text statistical yearbook and
and yield, food prices statistical bulletin of cities and
Socio-economic data counties around Poyang Lake
urban agglomeration
Resource and Environment
. . . Science and Data Center
Population density, GDP 2015 Grid (https:/ /www.resdc.cn)
(accessed on 1 January 2020)
2.3. Methods

The research is divided into five parts: (1) estimation of ecosystem service value (ESV);
(2) delineation of ecological protection functional areas based on the MCR model; (3) land-
use structure optimization based on the GMOP model; (4) land-use spatial optimization
based on FLUS model and (5) analysis of land-use optimization results (Figure 2).
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Figure 2. Flowchart of the methods.

2.3.1. ESV Assessment

The equivalent factor method was first proposed by Costanza et al. [37] for the mon-
etary expression of ecosystem services. Xie et al. [38] modified the method locally and
developed an ESV equivalent factor table suitable for China’s ecological status, which has
been widely used [39]. We revised the ESV coefficients by combining the latest improved
ecosystem service equivalent table per unit area and the actual situation of the study
area [40]. By calculating the average grain-yield ratio of the whole country and the urban
agglomeration around Poyang Lake from 2011 to 2020, the correction coefficient of the
biomass factor in this region can be obtained as 1.15. The area ratio of paddy fields and dry
land in the region was 3:1, and the weight of the value equivalent coefficient of the two
was taken as the basic equivalent of cultivated land. Forest land was the average value of
the basic equivalent of coniferous, coniferous and broad-leaved mixed, broad-leaved and
shrub, and grassland corresponded to shrub; similarly, water body was the average value
of the water system and wetland, unused land corresponded to bare land and construction
land was 0. Since the economic value of a single equivalent factor was equal to 1/7 of the
actual value of the average grain yield per unit [41], the economic value of an equivalent
factor in the study area was calculated to be 2246.97 CNY/ hm? (Table 2).

2.3.2. Delineation of Core Protected Area Using MCR

The essence of the ‘anti-planning/NEGATIVE PLANNING’ concept is to ensure
the safety and functional stability of the ecosystem [42], and to realize the sustainable
development of the ecological environment by giving priority to urban spatial planning in
non-construction areas. The Getis-Ord GI* index was used to identify the hot and cold spots
in the spatial distribution of ecosystem service values, and the spatial distributions of the
high and low values of ecosystem services in the study area were obtained. The hotspots of
ecosystem services under the 90% confidence level were regarded as the ecological sources
according to the identification results of cold and hot spots [43]. Referring to the relevant
papers [44,45], the land-use type, slope, elevation, terrain relief and vegetation coverage
were selected as resistance factors, the weight of each resistance factor was determined
by the AHP method and the comprehensive resistance surface was obtained through the
superposition analysis function in ArcGIS. Finally, the minimum cost distance layer of the
ecological protection of urban agglomeration around Poyang Lake was obtained by using
the MCR model.
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Table 2. The ESV coefficient per unit area of urban agglomeration around Poyang Lake.

Primary Secondary Cultivated
Classification Classification Land Forest Land Grassland Water Area Unused Land
L Food 3184.80 652.46 981.93 1692.53 0.00
Provisioning production
service Raw material 432.82 1498.73 1447.05 943.17 0.00
Water supply —5084.05 775.20 801.04 14,057.04 0.00
Gas regulation 2584.02 4929.01 5090.51 3449.66 51.68
Climate 1337.23 14,748.27 13,462.72 7609.93 0.00
Reoulati regulation
eguiating Environmental
service e 394.06 4321.77 444451 11,821.87 258.40
purification
Water flow 544581 9651.30 9870.94 163,400.22 77.52
regulation
Soil fertility 684.76 6001.38 6201.64 4186.11 51.68
maintenance
Supporting  Nutrient cycle 445.74 458.66 465.12 323.00 0.00
service maintenance
Biodiversity 490.96 5465.19 5633.15 13,462.72 51.68
protection
. Aesthetic
Cultural service 213.18 2396.67 2480.65 8553.09 25.84
landscape
Total 10,129.34 50,898.65 50,879.27 229,499.34 516.80

2.3.3. Optimization of Land-Use Structure Using GMOP

The GMOP model was developed from the GM (1, 1) model and gray system theory
combined with multi-objective programming [46], which can grasp the overall regional
situation and development goals according to the top-down policy planning [47]. The
optimization result of land-use structure was obtained by inputting decision variables,
constraint conditions and objective functions. We set up variables and established con-
straints from the land-use and socio-economic conditions, planning requirements and
future development trends of the study area over the years, and determined the objective
function according to the needs of different development benefits. LINGO 12.0 software
was used to predict the land-use optimization plan of the urban agglomeration around
Poyang Lake in 2030.

In the optimization of ecological goals, when the total ESV of land resources in the
study area reached the maximum, the ecological benefits generated by land use were
maximized. In the optimization of the economic goals, various types of land output were
regarded as economic benefits, and the method of benefit coefficient was used to perform
the calculations; that is, the area of various types of land was multiplied by the economic
benefit coefficients of various types of land [48]. First, combined with the economic output
proportion of each land use in the study area from 2011 to 2020, the AHP method was
used to determine the benefits weight of each land use. The output benefit per unit area of
cultivated land in 2030 was predicted by using the GM (1, 1) model. After obtaining the
total benefit per unit area, the output per unit area of other types can be calculated. Based
on this result, the objective function of land-use economic benefit was obtained. According
to the 14th five-year plan for ecological environmental protection in Jiangxi Province, the planning
of rehabilitation and rehabilitation of cultivated land, grassland, rivers and lakes in Jiangxi Province
(2016-2030), the planning of ecological urban agglomeration around Poyang Lake (2015-2030),
gquidelines for village construction planning in Jiangxi Province and Jiangxi Province urban system
planning (2014-2030), these acts form the content of planning texts used to understand the
future development trends of various land uses. Constraining equations for each variable
were established (Table 3).
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Table 3. Land-use optimization decision variables, constraints and objective function.
Constraint Type Equation
Total area Xi +Xo + Xz + Xg + X5 + Xg + X7 + Xg =9.23 x 10° hm?
Cultivated land (X;) 291.58 x 10* hm? > X; > 235.69 x 10* hm?
Forest land (X;) X, > 505.56 x 10* hm?
Grassland (X3) 28.98 x 10* hm? > X3 > 27.33 x 10* hm?
Decision variables and constraints Water area (Xy) 63.29 x 10* hm? > X4 > 58.78 x 10* hm?
Urban land (Xs) 33.23 x 10* hm? > X5 > 14.17 x 10* hm?
Rural residential land (Xg) 10.73 x 10* hm? > Xg > 7.16 x 10* hm?
Other construction land (X7) 16.94 x 10* hm? > Xy > 9.51 x 10* hm?
Total construction land 53.68 x 10* hm? > X5 + Xg + X7 > 39.32 x 10* hm?
Unused land (Xg) 5.30 x 10* hm? > Xg > 3.69 x 10* hm?

The objective function

Ecological benefits F1(X)max = 1.01 X7 + 5.09 Xé +5.09 X3 +22.95 Xy +
Fp(X)max = 8.73 X1 + 1.46 X5 + 5.82 X3 + 2.91 X4 + 126.59

Economic benefits (X5 + X + X7)

2.3.4. Optimization of Land-Use Spatial Pattern by FLUS
Model Introduction and Operation Process

The FLUS model optimized the traditional CA model and introduced an adaptive
inertia competition mechanism based on the roulette mechanism [49], which reflected the
uncertainty of the transformation of land-use change in the real world and improved the
accuracy of land-use-change simulation [50]. It is suitable for simulating spatial change
in land use. Firstly, the land-use data and driving factors were uniformly sampled and
normalized. The suitability probability of each land type was calculated by applying the
artificial neural network (ANN) model. Thereafter, in the cellular automaton with an
adaptive inertia mechanism, the overall conversion probability of each cellular unit was
calculated by combining the neighborhood influence factor, inertia coefficient, conversion
cost and suitability probability. Finally, the roulette-selection mechanism was used to
determine the land-use type to which the cell unit was converted, which reflected the
micro-complex internal operation mechanism of land-use change from the bottom-top
approach. The study simulated the spatial distribution of land use in 2020 with 2015 as
the base period, and compared it with the actual spatial distribution in 2020 (Figure 3),
using the Kappa coefficient and overall accuracy to verify the results. The calculated Kappa
coefficient was 0.90 and the overall accuracy was 0.94, indicating the high precision of the
experimental simulation [51]. The FLUS model can commendably simulate the spatial
distribution of land use around Poyang Lake urban agglomeration.

0 25 50 100 km 0 25 50 100 km
L 11 L 11
Legend | | Cultivated land I Forest land [ | Grassland [0 Water area
[ Urban land 777 Rual residential land B Other construction land 777 Unused land

Figure 3. (a) Actual land-use pattern in 2020; (b) simulated land-use pattern in 2020.

Scenario Definitions

The change in demand for urban agglomeration development is a vital factor affecting
the change in land space. Different development demands will guide different development
directions of national land space. Setting up land-use simulation predictions under various
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scenarios can provide decision makers with a variety of decision-making perspectives. In
this paper, the land-use demand and restriction factors under four designed scenarios were
input into FLUS, and the dynamic changes of land use in space were obtained (Table 4).

Table 4. Development scenario setting of land use in urban agglomeration around Poyang Lake.

Scenario Type

Scenario Description

Objective Function

Space
Restriction

BD_scenario

Follow the natural evolution
of land-use types

Solving with Markov chain

No restriction

EC_scenario

Strengthen the conservation of
ecological land and maintain
the stability of ecological
functions. Take the growth of
ecological benefits as the main
optimization goal

F(X)max = 1.01 X; +5.09 X, +
5.09 X3 + 22.95 X4 + 0.05 Xg

Restricted ecological core area

EP_scenario

Strengthen urban and rural
constructions, further promote
regional urbanization, drive
infrastructure construction
and industrial structure
optimization. Take the growth
of economic benefits as the
main optimization goal

F(X)max =8.73 X1 + 1.46 X, +
5.82 X3 +2.91 X4 + 126.59 (X5
+ X6 + X7)

No restriction

CD_scenario

Strengthen the degree of
comprehensive utilization of
land resources. Promote rapid
development of economic
construction under the
premise of guaranteeing
sustainable development of

F;(X)max = 1.01 X4 + 5.09 X, +
5.09 X3 +22.95 X4 + 0.05 Xg
Fy(X)max = 8.73 Xq + 1.46 Xy +
5.82 X3 +2.91 X4 + 126.59 (X5
+ X6 + X7)

Restricted ecological core area

ecological environment and
steady speed of ecological
construction.

BD_scenario: This scenario follows the natural evolution law of land-use types. Two
periods of land-use data were selected from 2015 and 2020 and input into the Markov chain
to predict the demand for land use in 2030, and without making any allowances for space
constraints.

EC_scenario: Under this scenario, the areas with high ecological value were strictly
protected and forbidden to develop, and maximizing the ecological benefits was the primary
objective. Thus, in the process of optimizing the land-use structure, only the maximization
of ecological benefits was taken as the objective function without considering the economic
benefits, and the ecologically protected areas were designated by the MCR model as limiting
factors.

EP_scenario: Social and economic development was paid the most attention in this
scenario, and the goal was to pursue the benefits output of various land uses. For this
reason, the maximization of economic benefits was regarded as the objective function
without considering the ecological benefits, and no spatial limitation factor was set.

CD_scenario: This scenario emphasizes the harmonious development of ecology and
economy. Under the premise of ensuring the stability of the ecological environment and the
steady progress of ecological construction, it can also ensure the safety of urban expansion
and the rapid development of the social economy. We used the ideal point approach to
achieve the synchronous maximization of ecological and economic benefits [52] to obtain
the optimized land-use structure. The ecological reserve was taken as a constraint factor.
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2.3.5. Ecological-Economic-Effect Analysis of Land-Use Optimization

This paper analyzed the ecological-economic benefits of land from the changes in
ecosystem service value and economic value before and after land-use optimization, and
used Fragstats 4.2 software to analyze the landscape pattern characteristics from the two
aspects of landscape type and landscape level. We referred to the landscape pattern index
selection and ecological significance of the related literature [53], and mainly selected
number of patches (NP), patch density (PD), landscape shape index (LSI), contagion
(CONTAG), aggregation index (Al), landscape division index (DIVISION), patch cohesion
index (COHESION), Shannon’s diversity index (SHDI) and Shannon’s evenness index
(SHEI).

3. Results and Analysis
3.1. ESV Analysis

The ESV of land use around Poyang Lake urban agglomeration was calculated by the
equivalent factor method. The ESV in 2010, 2015 and 2020 was CNY 439.773, 438.726 and
437.161 billion, respectively, reflecting an overall downward trend. The spatial distribution
of ESV in 2010-2020 shows that the eastern, southeastern, western and Poyang Lake areas
of the study region are high-value areas of ESV distribution, which are mainly composed
of water and forest land (Figure 4). Due to the high ecosystem service value coefficient per
unit area of land in forest land and water area, and the large land area and concentrated
distribution, the ecosystem service value in these areas is much higher than in other areas.
With the decline in ESV, it is urgent to protect the ecological security of key ecological
function areas and enhance the capacity of ecosystem services.

© Pus "w A

TR

ESV (x108 CNY)

[Jo-5 M 50-100

0 25 50 100 km 0 25 50 100 km [05-10 [ 100-200
é S [ 10-50 1 >200

Figure 4. (a) Spatial distribution of ESV in 2010; (b) spatial distribution of ESV in 2015; (c) spatial
distribution of ESV in 2020.

3.2. Delimitation of the Ecological Core Area

This paper used statistical concepts to classify the standard deviation of the minimum
cost distance and determined the core area of ecological protection (Figure 5). The operation
results of the minimum cumulative resistance model were divided into 9 categories (C1 to
C9) with a variance of 1/2 standard deviation [42]. The quantitative differences of different
categories were analyzed from the results of the variance classification, and the threshold
of the core area was determined according to the discrepancy mutation. From the linear
relationship between the standard deviation classification category and the number of
grids, it can be determined that C1 (31.94%) is the core protected area, which is defined as a
restricted or undeveloped area.
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Figure 5. (a) Minimum cost distance; (b) standard deviation classification.

3.3. Land-Use Optimization
3.3.1. Optimization of Land-Use Structure

In this paper, land-use structure schemes under various scenarios in 2030 were ob-
tained based on the Markov chain and GMOP model (Table 5). There were significant
differences in the quantitative structure of land use in the four designed scenarios, in which
cultivated land and rural settlements all showed a downward trend, while urban land and
other construction land increased. Compared with the land use in 2020, there were obvious
changes due to the direct and significant impacts on the ecological and economic benefits
of cultivated land, forest land, construction land and unused land.

Table 5. Quantitative structure changes before and after land-use optimization under different

scenarios.
2030
Land-Use Type BD_Scenario EC_Scenario EP_Scenario CD_Scenario
(x10* hm?, %) 2020 Rate of Rate of Rate of Rate of
4 ate o ate o ate o ate o
Area Change Area Change Area Change Area Change
Cultivated land 292.55 286.22 —2.16 235.69 —19.44 273.91 —6.37 259.03 —11.46
Forest land 494.93 494.13 —0.16 553.63 11.86 505.56 2.15 514.28 391
Grassland 28.98 29.85 3.00 27.33 —5.69 27.33 —5.69 28.98 0.00
Water area 61.59 60.69 —1.46 63.29 2.76 58.78 —456 63.29 2.76
Urban land 14.17 23.06 62.74 22.66 59.92 33.23 134.51 33.23 134.51
Rural fgf‘gennal 15.64 12.74 _1854 7.15 —5428 10.73 —31.39 7.91 —49.44
Other Cgﬁr““ion 9.51 10.86 14.20 9.51 0.00 9.72 221 12.54 31.88
Unused land 5.32 5.40 1.50 3.69 —30.64 3.69 —30.64 3.69 —30.64

In the BD_scenario, the cultivated land, forest land and water area all declined, though
the declines were small, and the grassland appeared to slightly increase. In general, the
ecological land had a slight downward trend. Among the construction land, there was a
significant increase in urban land and other construction land, with increases of 62.74% and
14.20%, respectively, compared to 2020, while there was a decrease of 18.54% in the rural
residential land, demonstrating a general trend of growth.

In the EC_scenario, areas with a high ecological service value were strictly protected.
Therefore, the forest land will have a relatively large increase, up 11.86% compared to 2020.
In addition to the increase in the water area, the total area of cultivated land and grassland
decreased by 19.44% and 5.69%, respectively. Among the construction land, the decline
in rural settlements was outstanding, and other construction land remained unchanged.
Overall, there was a significant increase in ecological land and a decline in economic land.

In the EP_scenario, ecological land tended to decrease as a whole. Compared to the
land-use structure in 2020, the grassland and water areas will fall by 5.69% and 4.56%, re-
spectively, while forest land showed a slight increase. In this scenario, the increase in urban
land was observable, more than doubling. The rural residential area was on a decreasing
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trend because the rural land was entering a phase of reduction. Other construction land
slightly increased. The overall growth of economic land was obvious.

In the CD_scenario, in order to obtain an eco-economic win-win outcome, ecological
land and economic land are equated as far as possible to achieve balance and coordination.
The increase in forest land and water area had smaller amplitudes, 3.91% and 2.76%,
respectively, and grassland remained unchanged. The ecological land will remarkably
increase, and ecological benefits will be dramatically improved. At the same time, cultivated
land and rural settlements will decline, but the steady development of the economy will
lead to a significant increase in urban land use and other construction land by 134.51% and
31.88%, respectively. In this scenario, the quantitative structure of land use is reasonable,
and both ecological and economic benefits can be taken into account.

3.3.2. Optimization of the Spatial Pattern of Land Use

The spatial pattern of land-use optimization for the year 2030 was obtained by using
the FLUS model combined with the results of land-use structure optimization and ecological
reserve constraints (Figure 6). It can be observed that the grassland does not distinctly
change spatially, and there will be sporadic subsidence in the EC_scenario and EP_scenario.
Cultivated land, forest land, water area and construction land have obvious changes in the
spatial layout, the unused land is chiefly concentrated in the area around Poyang Lake and
presents no significant change.

A

0 25 50 100 km

0 25 50 100 km
| T ——

Legend | Cultivated land Il Forest land Grassland [ Water area
I Urban land 770 Rual residential land M Other construction land 7771 Unused land
Figure 6. Spatial pattern of land-use optimization of urban agglomeration around Poyang Lake
in different scenarios in 2030. (a) is BD_scenario; (b) is EC_scenario; (c) is EP_scenario; (d) is
CD_scenario.

The phenomenon of spatial regression of cultivated land exists in all four scenarios,
which is more evident in the EC_scenario, EP_scenario and CD_scenario, is concentrated
in the east, southeast, west and southwest of the study area, and is mainly converted to
forest land. Moreover, the reduction in cultivated land also includes the reasons for the
occupation of construction land.

In the BD_scenario, the spatial distribution of forest land is almost unchanged with
only sporadic regression. Compared to the spatial distribution in 2020, the growth in the
EP_scenario is not apparent. In the EC_scenario and CD_scenario, the forest land is not
converted to other land use, but expands marginally around it due to the ecological core
area being set as a limit. Among them, the EC_scenario has a more pronounced expansion
than the CD_scenario.
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Grassland will not significantly change in the four development scenarios in 2030. In
the BD_scenario, there are subtle marginal and infill growth phenomena, mainly in the
north and south of the study area. In the EC_scenario and EP_scenario, the grassland
distribution is relatively scattered and mostly patchy. There will only be scattered declines,
mainly shifting to forest land and cultivated land. However, there is almost no change in
the CD_scenario.

In the BD_scenario and EP_scenario, the water area has a certain shrinkage phe-
nomenon, and it is more evident in the EP_scenario, mainly shifting to construction land.
In both the EC_scenario and CD_scenario, the development of water areas is restricted due
to the high ecological service value, and marginal expansion occurs around them.

In the total construction land, urban land and other construction land will expand
in four scenarios in 2030, especially in the EP_scenario and CD_scenario, mainly by the
expansion of the land itself to its periphery, resulting in the occupation of cultivated land,
forest land and water. On the other hand, rural settlements show a shrinking phenomenon
in all four development scenarios, and the most evident change is in EC_scenario and
CD_scenario, which is mainly a change into cultivated land.

3.4. Comparison of Eco-Economic Effects of Land-Use Optimization

Based on various benefit-demand objectives, the ecological benefit, economic benefit
and landscape pattern index of the urban agglomeration around Poyang Lake in different
scenarios in 2030 were obtained and compared (Tables 6 and 7).

Table 6. Comparison of ecological and economic benefits in different scenarios.

. Ecological Benefit Economic Benefit
Scenario
Value/x 108 CNY Rate of Change (%) Value/x 108 CNY Rate of Change (%)
2020 4371.61 - 8601.97 -

BD 4349.25 —0.51 9477.15 10.17

EC 4647.82 6.32 8186.63 —4.83

EP 4338.24 -0.76 10,254.81 19.21

CD 4479.51 2.47 10,160.35 18.12

Table 7. Comparison of landscape pattern index in different scenarios.
Scenario NP PD LSI CONTAG Al SHDI SHEI COHESION DIVISION

2020 60,616 0.6569 166.8191 54.5152 78.3072 1.1984 0.5763 99.6653 0.9079
BD 61,285 0.6641 164.8621 53.5789 78.5673 1.2371 0.5949 99.6198 0.9170
EC 53,670 0.5816 146.3897 55.5351 81.0007 1.2021 0.5781 99.6499 0.9014
EP 62,345 0.6756 158.0102 54.5862 79.4693 1.2152 0.5844 99.5924 0.9150
CD 54,071 0.5859 148.6909 55.0920 80.6978 1.2117 0.5827 99.6500 0.9029

The ecological benefit in the EC_scenario is the highest, which is CNY 464.782 bil-
lion. However, the economic benefit is the lowest among the four scenarios, at CNY
818.663 billion, which is 4.83% lower than the actual benefit in 2020. Compared to the
landscape pattern before land-use optimization, the NP, PD and LSI, representing the patch
level, all decrease. Among the landscape-level indicators, CONTAG, AI, SHDI and SHEI all
show an increasing trend, while COHESION and DIVISION decrease to some magnitude.
These indicate that landscape fragmentation will decrease in this scenario in 2030, the land-
scape shape area will be regularized and the dominance and diversity will also increase.
The landscape ecological security will be improved, but the economic backwardness will
be aggravated due to the neglect of economic development while protecting the ecology.
In contrast, economic land use shows a sharp rise in the EP_scenario, and the increase in
land economic output leads to an acceleration in economic development and a remarkable
increase in economic benefit, with a 19.21% increase compared to the actual benefits in 2020.
The ecological benefit, however, is the lowest of the four scenarios, reduced by 0.76%. The
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patch and landscape levels are also lower than the EC_scenario, with an increase in NP and
PD, illustrating that the degree of landscape fragmentation will increase. The BD_scenario
has an increase in the economic benefit of 10.17% compared to 2020, but a decrease in
ecological benefits of 0.51%. From the perspective of the landscape pattern index, the NP
and PD increase, and CONTAG slightly decreases. Overall, the landscape pattern level is
weaker than that of the EC_scenario. In the CD_scenario, both ecological and economic
benefits increase, by 2.47% and 18.12%, respectively, compared to the actual benefits in
2020, achieving an eco-economic win-win situation. The patch and landscape levels are
similar to the indicators in the EC_scenario, indicating that the overall landscape pattern
will be excellent in 2030. The ecosystem could give full play to its ecological function.

The optimization results of the quantitative structure, the spatial pattern and the
eco-economic benefits of land use were comprehensively analyzed. The development
scenarios of EC and EP make the development of regional ecological land and economic
land imbalanced, resulting in extremely uncoordinated ecological protection and economic
construction. The BD_scenario fails to maximize the benefits. The layout of land-use types
in the CD_scenario is more rational, and the optimal solution of ecological and economic
benefits is simultaneously achieved. The overall landscape pattern is optimized.

4. Discussion
4.1. Coupled Model for Large-Scale Regional Land-Use Optimization

The key to optimizing land use is to find a balance between ecological land and
economic land and meet the needs of human benefits to achieve a harmonious relationship
between humans and nature [54]. However, how to make the limited land resources
support economic development and ecological protection is a pressing challenge for each
country. Few coupled models have incorporated ecosystem service security and are mostly
applied to urban areas [31,55]. The land-use structure and ecological environment of
different scale areas vary significantly. Therefore, it is important to study the optimization
of land use in large-scale regions and consider ecological security to achieve a balance
between ecosystem service functions and socio-economic development.

In this study, we proposed a coupled MCR-GMOP-FLUS model to optimize the land-
use structure and spatial pattern of urban agglomerations. This combination of models
effectively performs optimal planning for different optimization objectives and develop-
ment strategies to obtain the optimal configurations spatially and for land-use structure [56].
The MCR model classifies the spatial hotspots of ESV distribution as ecological source
areas, effectively delineating the core ecological protection areas. The GMOP model in-
tegrates the multiple benefits of urban agglomeration development, and obtains several
optimal solutions for the quantitative structure of land use for decision makers to make
further decisions by combining actual needs and planning objectives. The FLUS model
combines ecological and mathematical models to simulate land-use changes on a large
spatial scale by setting different development scenarios. In addition, the comparison be-
tween the ecological-economic benefits and landscape pattern indices before and after
land-use optimization in different scenarios can provide intuitive reference and reference
for land-use policy formulation. Therefore, the coupled model has strong applicability for
land-use optimization in multi-scale regions.

4.2. Future Land Policy Formulation

The ecological urban agglomeration around Poyang Lake, as an essential economic
sector to speed up the “Rise of Central China”, is a demonstration model area for practicing
the national ecological civilization [57]. In the future, we should focus on dealing with the
contradiction between ecological construction and economic development, strictly arrange
all kinds of land use and establish the trinity concept of land construction and protection
of “quantity—quality—ecology”. As urbanization advances, there is an inevitable trade-off
between cultivated land protection and urban space. With the trend of decreasing cultivated
land, it is inevitable to ensure the safe supply of food. This requires the delineation of
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permanent basic farmland protection lines, while improving science and technology to
increase the efficiency of grain yields [58]. There will be a significant increase in urban
land in Nanchang, Jingdezhen, Shangrao and Yichun in the future, mainly through the
occupation of cultivated land and forest land. Thus, there is a need to scientifically delineate
the urban growth boundary and strengthen inner-city land tapping to control the expansion
rate and direction of construction land. As for the ecological security, the region has
vast forest land, mainly located in the east and southeast of Shangrao City, the north of
Jingdezhen City, the west of Jiujiang City, the northwest of Yichun City and the south of
Pingxiang City. Additionally, the region has the largest freshwater lake in China—Poyang
Lake. It has a high ecological value and ecological sensitivity, and it is crucial to delineate
the ecological suitability zoning [59]. For the ecological core area, it is necessary to designate
an ecological protection red line and conduct systematic ecological space protection and
restoration. As for the outer edge of the core area, it is the buffer zone between the
ecological and construction zones. The system stability is poor and the resistance to
external disturbance is weak, so ecological restoration should be the main focus. Some
areas can be reasonably guided to perform eco-tourism activities in appropriate amounts
to shape the urban landscape.

4.3. Limitations and Research Outlook

Although this study optimized the regional land-use allocation based on the eco-
economic equilibrium, there are still some deficiencies. We were unable to meet all the
constraints to building because the data collected in the relevant land-use planning texts
were limited. Some of the constraints were predicted and calculated according to the
development trend in the state of natural development, which led to the introduction of
a small amount of subjective judgment. Furthermore, there was a lack of comprehensive
consideration for the selection of driving factors when calculating the comprehensive
conversion probability of land-use types. The setting of neighborhood-factor parameters
was obtained by referring to the relevant literature and continuous debugging, which was
subjective to a certain extent. Different urban agglomerations have different development
levels and dominant directions. With the vigorous development of urban agglomerations,
the influencing factors of land-use change will become more complex and diversified,
which requires the establishment of long-term and comprehensive data observation and
consideration. Future research should have a clear insight into the changes in policies,
industries and other aspects, and further determine the more objective and scientific
influencing factors and model parameters.

5. Conclusions

This paper coupled the MCR model, the GMOP model and the FLUS model based
on ESV for optimizing the land-use structure and spatial patterns of urban agglomeration
around Poyang Lake in 2030 in different scenarios. We obtained the following conclusions.
First, the ESV assessment result shows that the ESV has a decreasing trend in general from
2010 to 2020, and the high-value areas of ESV spatial distribution are mainly concentrated
areas of forest land and water area. Second, the delineation of ecological protection areas
indicates that the ecological core area of the urban agglomeration accounts for 31.94% of
the total land area, mostly located in the east, west, southwest and Poyang Lake areas.
Third, judging from the optimization results of the land-use structure and spatial pattern,
the CD_scenario may be suitable for future development. Ecological land and economic
land attain a balance. Forest land and the water area show an upward trend because of
the ecological constraint condition, and their spatial expansion is more obvious. Grassland
is almost unchanged. Due to the accelerated urbanization process, there is a significant
expansion of urban land, and the cultivated land around it shrinks spatially, leading to a
decrease in the area of cultivated land and an increase in construction land. Fourth, from
the perspective of ecological-economic effects, the ecological and economic benefits in the
CD_scenario are integrated, with an increase of 2.47% and 18.12%, respectively, compared
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to the current situation in 2020. The comprehensive benefits are better than the other three
scenarios. Moreover, the landscape level is improved, with fewer landscape patches and
less fragmentation. Land-use distribution becomes simple and regular, and landscape
richness and agglomeration increases. The overall landscape pattern is improved.

In future research, we aim to explore more ways to assess the value of ecosystem
services and establish a systematic data framework to analyze the driving forces of land-use
change, in order to provide more accurate simulation methods for land-use optimization
and apply them to territorial spatial planning.
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