
����������
�������

Citation: Sun, Q.; Wu, M.; Du, P.;

Qi, W.; Yu, X. Spatial Layout

Optimization and Simulation of

Cultivated Land Based on the Life

Community Theory in a

Mountainous and Hilly Area of

China. Sustainability 2022, 14, 3821.

https://doi.org/10.3390/su14073821

Academic Editors: Stefano Salata,

Silvia Ronchi, Sabrina Lai and

Sila Özkavaf-Şenalp
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Abstract: China feeds 22 percent of people with 9 percent of the world’s cultivated land. The spatial
layout optimization of cultivated land is of strategic significance to the sustainable development
of socio-economy and ecology. Based on the integrated protection systematic perspective, namely
“life community of mountain, water, forestland, cultivated land, lake, and grassland”, this study
explored ways to optimize the spatial layout of cultivated land. Comprehensive Ecological Niche
Suitability of Cultivated Land was quantitatively analyzed utilizing a comprehensive ecological
niche suitability evaluation model and GIS analytic methodologies. The contribution rates of various
natural elements to cultivated land from 2000 to 2020 were determined by the path analysis, and
the land-conversion rules for the ecological optimization scenario were developed accordingly. The
GeoSOS-FLUS model was used to simulate land use in 2040 under two scenarios: natural and
ecological optimization. Results found that the study area showed varied patterns and can be
classified into five grades: extreme-suitability, high-suitability, moderate-suitability, low-suitability,
and unsuitability zones, based on the Comprehensive Ecological Niche Suitability of Cultivated Land.
The evolution of orchard land in the extreme-suitability and high -suitability zone and forestland
in the unsuitability zone contributed the most to the area and quality change of cultivated land
from 2000 to 2020. Compared with the results of the natural scenario, the simulation results of the
ecological optimization scenario in 2040 increased the area of cultivated land, improved the ecological
niche suitability, and the coordination between cultivated land and other natural elements.

Keywords: cultivated land; spatial layout optimization; life community theory; ecological niche;
GeoSOS-FLUS model

1. Introduction

Cultivated land is a natural resource on which humans rely for survival, and the strict
protection of cultivated land is critical for food security and socio-economic stability [1–3].
However, disorderly expansion of urban areas and excessive use of chemical fertilizer has
destroyed the ecological environment of cultivated land, which has affected its spatial
structure and quality [4,5] as well as the sustainability of natural elements adjacent to
the cultivated land. Optimizing and configuring the spatial layout of cultivated land has
long-term and strategic significance.

The research of cultivated land protection mainly focuses on basic cultivated land
optimization layout based on the cultivated land-quality evaluation. Some studies focused
on the quantity, quality, and ecological perspective and constructed a theoretical system of
cultivated land-quality evaluation to provide a scientific basis for the improvement of culti-
vated land quality [6–11]. For instance, Huang et al. used entropy weight, comprehensive
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index method, spatial analysis, and obstacle degree model to explore the spatio-temporal
characteristics and obstacle factors of cultivated land resources in quantity, quality, and
ecological security [12]; Wang et al. built a theoretical framework for the spatial zoning
of cultivated land based on the trinity of quantity, quality, and ecology and formed an
indicator system for the spatial zoning of cultivated land based on these three elements [13].
Based on the existing research, experts proposed methods and approaches for the opti-
mization of basic cultivated land layout based on the comprehensive evaluation of regional
cultivated land quality [14–16]. Studies used GIS spatial analysis and multifactor compre-
hensive evaluation methods to evaluate the cultivated land quality [17,18]. However, more
in-depth perspectives and frameworks are expected to precisely direct the optimization of
the cultivated land layout.

In the Third Plenary Session of the 18th Communist Party of China Central Committee
in 2013, General Secretary Xi pointed out that the country’s mountains, water, forestland,
cultivated land and lake form a community of shared life. Huang et al. then put forward
“orderly ecological systems for mountain, water, forestland, cultivated land, and lake” and
innovative ways to regulate the use of natural resources [19]. In 2017, Xi proposed the
basic concept of constructing a community of shared life, which considered the coordinated
development of mountains, water, forestland, cultivated land, lake, and grassland (life
community hereinafter) in the report of the Communist Party of China’s 19th National
Congress. He pointed out that the protection of cultivated land should be based on the
dimensions of quantity, quality, and ecology in this context [20]. Studies exploring the issue
of cultivated land protection from the perspective of the life community have attracted
attention. Li et al. (2018) found that the protection and management of the life community
is an important measure to improve the service function of the terrestrial ecosystem and
ensure the harmonious coexistence between humans and nature [21]. Cultivated land
protection considers the cultivated land and the other natural elements in the surrounding
environment, which is an important manifestation of the systematic view of the life com-
munity. Wang et al. (2018) analyzed the connotation, characteristics, and practice paths of
the life community, which provided empirical support for the life community theory [22].
However, few studies focused on the quantitative analysis and spatial layout optimization
of cultivated land based on the perspective of the life community.

This study aimed to quantitatively analyze the quality of cultivated land, clarify the
relationship between cultivated land quality and other natural elements, and provide
a spatial layout optimization for cultivated land protection from the perspective of the
life community. The indicators impacting cultivated land were quantitatively analyzed
using a comprehensive ecological niche suitability model and Geographical Information
Science (GIS) methods. The path analysis was used to determine the contribution rate of
various ecological factors to cultivated land from 2000 to 2020, and the land conversion
rules for the ecological optimization scenario were developed accordingly. Additionally,
GeoSOS-FLUS model was used to simulate land use in 2040 under two scenarios: natural
and ecological optimization.

2. Study Area and Data Sources

Qixia is located in the eastern Shandong Province, China (120◦33′–121◦15′ E, 37◦05′–37◦32′ N)
with a total area of 2016.7 km2 (Figure 1). The climate in the study area is warm and semi-
humid, the average annual temperature is 11.6 ◦C, the average annual precipitation is
743.1 mm, and the total annual sunshine hours is 2631 h. The territory is 41.9–797.3 m
above sea level, with undulating mountains, continuous hills, and complex terrain. It
is a typical mountainous and hilly area in China, with more than 2500 peaks. The rich
and diverse types of land resources, the multi-level basin system formed by the vertical
differentiation of mountains, and the slope land-use pattern provide a typical study case.
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Figure 1. Location of the study area.

In this study, 1:100,000 land-use type maps obtained from Landsat 5 TM (2000)
and Landsat 8 OLI (2020) remote sensing images (http:/www.gscloud.cn/ (accessed on
10 July 2021)) were used. The land-use types are classified into six categories by using the
SVM method based on LUCC classification criteria and the land-use status in the study
area: cultivated land, forest land, orchard land, construction land, water, and grassland.
Ten 400 × 400 pixel verification zones were randomly selected on the 2000 and 2020 images,
respectively, and the manual interpretation results of the verification zones were employed
as ground truth references to measure the accuracies of the SVM classification. The overall
classification accuracy, including user’s and producer’s accuracies and the kappa coeffi-
cients, were computed. The classification accuracies were all higher than 0.85, and the
kappa coefficients were both more than 0.80.

National Basic Geographic Information Center provided the GDEM elevation map
(30 m resolution). A total of 1399 points was established based on the principle of covering
the study area’s topography, cover, and soil types in 2008. Field observation, sampling,
and laboratory analysis were used to discern the soil layer thickness, soil texture, and
soil nutrients of sampling points as well as perform Kriging interpolation on the data. To
create a rainfall spatial distribution map, we converted the multi-year average rainfall of
meteorological stations into point data and performed a Kriging interpolation on them.
WGS 1984 UTM zone 51N is the projection coordinate system used in this study.

3. Methods

The workflow of this study is shown in Figure 2. The main steps included (1) devel-
oping an index system for evaluating ecological niche suitability of cultivated land based
on ecological niche suitability theory, quantitatively evaluating ecological niche suitability
of cultivated land and grading in the study area; (2) using the path analysis method to
obtain the contribution rate of various natural elements to the cultivated land from 2000 to
2020 based on the proposed method; and (3) using the GeoSOS-FLUS model to develop
land-conversion rules under the ecological optimization scenario based on path analysis
results, simulating land use in 2040 under the natural scenario and ecological optimization
scenario, and conducting a comprehensive analysis the proportion of different suitability
grades of the study area’s cultivated land in 2000, 2020, and 2040.

http:/www.gscloud.cn/
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3.1. Evaluating Ecological Niche Suitability of Cultivated Land
3.1.1. Ecological Niche Theory

The ecological niche is a total collection of living conditions of a biological unit (indi-
vidual, population, or species). If each measurable living condition is given as a coordinate
in an N-dimensional space, then the ecological niche of a biological unit can be defined as
an area in the N-dimensional space [23,24]. The matching and compatibility of resources
requirements and conditions are emphasized in the ecological niche theory [25]. The term
ecological niche suitability is used to describe the degree of matching between the region’s
multi-dimensional spatial resource conditions and the resource demand requirements of
each land-use type. Areas with high ecological niche suitability should be protected, while
areas with low ecological niche suitability should have other land-use types introduced to
strengthen or enrich the idle ecological niche, improve resource utilization, and improve
the ecosystem’s function and structure. This study used this theory to analyze the degree
of matching between the multi-dimensional spatial resource conditions provided by the
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region and the resource demand conditions of the cultivated land and reveal the suitability
of the regional conditions to the cultivated land.

3.1.2. Construction of Index System for Evaluating Ecological Niche Suitability of
Cultivated Land

An index system for evaluating the ecological niche suitability of cultivated land was
established based on the three dimensions of soil-quality conditions, ecological conditions,
and environmental conditions. According to the actual situation of the study area, referring
to the existing cultivated land-quality evaluation research [26], we selected nine relevant
evaluation indicators, i.e., soil thickness; soil texture; soil erodibility; soil organic matter;
topographic index; irrigation conditions; the influence of farmers’ center; road accessibility;
and tillage radius (Table 1).

Table 1. Evaluation index system for ecological niche suitability of cultivated land.

Target Layer Index System for Evaluating Ecological Niche Suitability of Cultivated Land

Criterion Layer Soil Quality Conditions Ecological Conditions Environmental Conditions

Index Layer
Soil

Thick-
ness/cm

Soil
Texture

Soil
Erodibility

Soil
Organic
Matter
(g/kg)

Topographic
Index

Irrigation
Water Con-

ditions

Influence
of Farmers’

Center
Road Ac-

cessibility
Tillage
Radius

Value
of

suitability

100 >60 Light loam;
loam <0.20 >20.0 <0.2 Very

sufficient 1 grade 1 grade 1 grade

90 40–60 Loamy clay;
clay loam 15.0–20.0 More than

sufficient
80 0.20–0.24 0.2–0.4 Sufficient 2 grade 2 grade 2 grade

70
Sandy loam;

silty clay
loam

12.0–15.0 Basically
sufficient

60 20–40 0.24–0.26 0.4–0.6 Slightly
lacking 3 grade 3 grade 3 grade

50 Sand 10.0–12.0 Lacking

40 0.26–0.28 0.6–0.8 Greatly
lacking 4 grade 4 grade

30 <20
Gravel soil;
horse tooth

sand
8.0–10.0

20 >0.28 <8.0 5 grade
10 0.8–1.0

Index Weight 0.13 0.07 0.1 0.03 0.12 0.05 0.2 0.12 0.18

Soil Erodibility

In this study, the estimation of soil erodibility factor K values developed by Williams
in the EPIC (Erosion-Productivity Impact Calculation) model was used [27]. The specific
calculation formula is as follows:

K = {0.2 + 0.3exp[−0.0256ms(1−msilt/100)]} × [msilt/(mc + msilt)]
0.3

×{1− 0.25orgC/[orgC + exp(3.72− 2.95orgC)]}
×{1− 0.7(1−ms/100)/{(1−ms/100) + exp[−5.51 + 22.9(1−ms/100)]}}

(1)

where K is the soil erodibility factor, which represents the amount of soil loss per unit
area formed by the erosivity of rainfall per unit; mc, msilt, ms, and orgC are clay particles
(<0.002 mm) and powder particles (0.002–0.05 mm), sand (0.05–2 mm), and the percentage
of organic carbon (%), respectively. Soil texture data, the spatial distribution map of soil
type data, and the GIS spatial analysis method were used to obtain the spatial distribution
of K value with soil genus as the basic unit.

Topographic Index

The topographic index model (Formula (2)) synthesizes the elevation and slope, which
can comprehensively reflect the terrain conditions.

T = log
[(

E
E
+ 1

)
×

(
S
S
+ 1

)]
(2)
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where T is the topographic index; E and E represent the elevation value of the spatial
grid and the average elevation value of the study area; S and S represent the slope value
of the spatial grid and the average slope value of the study area. The topographic index
model is used to express the vertical characteristics and influence of the regional land-use
pattern [28]. The larger the topographic index, the greater the elevation and slope, and the
less suitable for farming.

Humidity Index

The humidity index [29] and the river distribution are superimposed and analyzed
to express irrigation water conditions. The basic index for evaluating extreme dry and
humid climatic conditions is the humidity index, and the calculation method is the ratio of
precipitation to potential evapotranspiration:

H = P/ET0 (3)

where H is the annual humidity index; P is the annual precipitation; ET0 is the annual
potential evapotranspiration. In this study, the modified Hargreaves method was used to
estimate the potential evapotranspiration, which is calculated as follows.

ET0 = 0.0013× 0.408× RA×
(
Taverage + 17

)
× (TD− 0.0123P)0.76 (4)

where ET0 is the potential evapotranspiration; Taverage is the average temperature; TD is
the difference between the maximum and minimum temperatures; RA is the astronomical
radiation; P is the precipitation.

In this study, the weights of the participating indicators were determined by the en-
tropy value method [30], and the ecological niche suitability values of each indicator were
quantitatively determined by assigning values (Table 1), thus realizing the construction
evaluation index system for the ecological niche suitability of cultivated land. The quanti-
tative analysis of each evaluated indicator and the spatial distribution map of ecological
niche suitability were completed on this basis.

3.1.3. Comprehensive Evaluation of Ecological Niches Suitability of Cultivated Land

The comprehensive ecological niche suitability evaluation model (Formula (5)) was
used to obtain the Comprehensive Ecological Niche Suitability of Cultivated Land
(CENSCL).

Xj =
n

∑
i=1

Xij ×Wi (5)

where Xj is the CENSCL of grid j; Xij is ecological niche suitability of the ith evaluated
indicator of grid j; Wi is the weight of the ith evaluated indicator; n is the number of
evaluated indicators.

CENSCL was statistically analyzed by frequency histogram, and the frequency muta-
tion points were used as the main basis for the rank classification (Table 2).

Table 2. Ecological niche suitability grade of cultivated land.

Ecological Niche Suitability Grade Comprehensive Ecological Niche Suitability

Unsuitable grade <60
Low-suitability grade (60–70)

Moderate-suitability grade (70–75)
High-suitability grade (75–85)

Extreme-suitability grade >85



Sustainability 2022, 14, 3821 7 of 15

3.2. Path Analysis

Path analysis is a multivariate statistical method that can express the correlation
coefficient between the variable and the dependent variable as the direct and indirect
effects between the variables [31,32].

RX
2 = 2PXrXY − PX

2 (6)

where RX
2 represents the determination coefficient of the independent variable X on the

dependent variable Y. When RX
2 > 0, it represents that the independent variable has a

positive effect on the dependent variable, and the effect is synergy. The independent
variable, on the other hand, has a negative effect on the dependent variable, and the effect is
restricted. PX is the direct path coefficient of the independent variable X on the dependent
variable Y; rXY is the correlation coefficient between independent variable X and dependent
variable Y. Using the method of path analysis, we analyzed the contribution rate of various
elements to the change of cultivated land quality and discussed the relationship between the
change in cultivated land quality and changes in other natural elements. The contribution
rate results are used as one of the foundations for setting the conversion rules of natural
elements in the layout-optimization model.

3.3. GeoSOS-FLUS Model

The GeoSOS-FLUS model is an effective tool based on the principles of the FLUS
model for geospatial simulation, participation in spatial optimization, and decision-making
assistance [33,34]. The model first trains and estimates the likelihood of various forms
of land use using an artificial neural network algorithm (ANN), then couples top-down
system dynamics (SD) model with a bottom-up cellular automatons (CA) model to simulate
land-use change. On a national/regional scale, the SD model is used to anticipate demand
for land-use scenarios under diverse socio-economic and natural environmental variables.
When several land-use types undergo mutual modification under the combined effect of
natural and human activities, the CA model introduces an inertial adaptive competition
mechanism to deal with the complexity and unpredictability. The close coupling of the SD
and CA models can improve the model’s applicability and make it more dependable when
simulating long-term land-use change.

Land use in 2000 was used to calculate the chance of each land-use type occurring in
the study area, using diverse driving factors, such as human activity and natural influences.
The base map for simulation was the land-use spatial distribution in 2000. Probability of
occurrence, simulation parameters, conversion procedures, and driving data were among
the other inputs. After running the GeoSOS-FLUS model, a simulated land-use map for
2020 was created, which was then verified by comparing it to the expert-classified land-
use map for 2020. The simulation’s accuracy was measured using the kappa and FOM
coefficients. When the kappa value is larger than 0.7, the simulation result is credible.

Based on the land-use situation in 2020, the GeoSOS-FLUS model was used to simulate
the spatial layout of the study area’s cultivated land in 2040 by setting two models: a natural
scenario and an ecological optimization scenario.

4. Results
4.1. Ecological Niche Suitability of Cultivated Land

A grid of 30 m × 30 m was utilized as the assessment unit to quantify the ecological
niche suitability of the cultivated land in the study area. Figure 3 depicts each evaluated
indicator’s ecological niche suitability spatial distribution map. Except for a few isolated
spots in the western portion of the study area, the soil layer thickness is not adequate for
cultivation, and in other parts, the soil layer thickness is greater than 40 cm, allowing for
the use of cultivated land (Figure 3a). The ecological niche appropriateness of soil texture
(Figure 3b) and soil erodibility (Figure 3c) are very comparable, with higher regions in the
western, southern, and northern sections of the research area and lower areas in the middle
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and eastern parts. Most of the city’s soil organic matter content is medium, with only
the southern section and scattered parts having low levels (Figure 3d). The topographic
index (Figure 3e) reflects the mountain element in the life community. In the southern and
northern parts of the study area, the topography is generally moderate; however, in the
center and eastern parts of the study area, the topography is steeper. Figure 3e shows that
the northern and southwestern areas of the study area are better for farming (similar to soil
erodibility and texture (Figure 3b,c)). The irrigation conditions indicator’s ecological niche
suitability is higher in the southeastern part of the study area and lower in the northwestern
section (Figure 3f). The ecological niche suitability of the farmers’ center and or tillage
radius is higher the closer they are to the center of major towns or rural residential areas
(Figure 3g,i). Only the higher altitude locations in the east have poor road accessibility
(Figure 3h), indicating that the study area has improved overall traffic conditions.
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Figure 4 depicts the grade geographical distribution map based on CENSCL. Unsuit-
able grades are mostly found at high altitudes in the northwest and east of the study area;
low-suitability grades are mostly found in the middle and upper part of the mountains in
the east and northwest; moderate-suitability grades are mostly found in the middle and
lower part of the low hills and the outer edge of the river floodplains; and High-suitability
grades are mainly in the northeast, southwest, and other areas with a gentle topography;
extreme-suitability grades are distributed in the pre-hill plains and inter-river depressions
of the northeast, southwest, and southeast, where the topography is mild, the soil layer is
deep, and the organic matter content is high.
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4.2. Comprehensive Analysis of the Different Suitability Grades of Cultivated Land in 2000 and 2020

The grade spatial distribution map based on CENSCL in the study area was spatially
overlaid with the 2000 cultivated land map and the 2020 cultivated land map, respectively,
using the spatial analysis function. Reduction in cultivated land area in the extreme-
suitability and high-suitability zone occurred by about 3883.26 hm2 and 4066.86 hm2,
respectively, over the past 20 years, owing primarily to the increase of orchard; and the area
of cultivated land in the moderate-suitability zone decreased by about 4213.04 hm2, with
most of the reduced cultivated land being converted into orchard land and construction
land; the area of cultivated land in the low-suitability zone decreased by about 3902.51 hm2;
and the area of cultivated land in the unsuitability zone decreased by about 1487.31 hm2,
mainly due to the return of cultivated land to forestland (Table 3).

Table 3. Comprehensive analysis of the area and proportion of different suitability grades of test
area’s cultivated land in 2000 and 2020.

Ecological Niche
Suitable Zone

Ecological
Niche Suitability Proportion/% Cultivated Land Area

in 2000/hm2
Cultivated Land Area

in 2020/hm2

Unsuitable zone (47–60) 11.56 3736.16 2248.85
Low-suitability zone (61–70) 20.17 13604.3 9701.79

Moderate-suitability zone (70–75) 26.57 20,209.09 15,996.05
High-suitability zone (75–85) 23.86 19,235.12 15,168.26

Extreme-suitability zone (85–96) 17.85 11,987.45 8104.19
Total (47–96) 100.00 68,772.12 51,219.14

4.3. Spatial Distribution Evolution

Using ArcGIS hydrological analysis capabilities, the study area was separated into
sub-basins as study units based on DEM data. The sub-basin scale has a gradient for
mountain, water, forestland, cultivated land, construction land, and grassland, and each
sub-basin covers 2–4 grades based on CENSCL. The change in the sum of CENSCL of each
sub-basin’s cultivated land and the change in each element of the life community of each
sub-basin were statistically analyzed between 2000 and 2020, and then, the contribution of
each land-use change to the quality of cultivated land was explored using path analysis.

The results of the path analysis (Table 4) demonstrated that the cultivated land had
the highest direct path coefficients and the greatest correlation. Following the direct path
coefficient of forest land of 0.0266, which ranks second and has a positive direct effect on
the quality of cultivated land, a negative indirect effect through construction land, and a
positive indirect effect through other natural elements; combined with the spatial analysis
of ecological niche suitability areas, cultivated land in unsuitable areas was converted
to forest land based on returning cultivated land to forest, resulting in the reduction of
cultivated land to forest land. With a direct path coefficient of −0.0088, the water creates a
direct negative influence, a negative indirect effect through cultivated land, and a positive
indirect effect through other natural elements. Construction land has an indirect negative
influence through forest land, with a direct path coefficient of −0.0579, and the association
between construction land and cultivated land quality is relatively large. Grassland has
a −0.0610 direct path coefficient, which has a positive indirect effect on other natural
elements. Orchard land has the least direct path coefficient, −0.0623, and the highest
negative direct effect, which is in line with the actual growth of the local orchard planting
industry and generates positive indirect effects through other natural elements.
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Table 4. Contribution rate of natural elements to quality of cultivated land.

Independent
Variable

Simple
Correlation
Coefficient

with Y

Direct path
Coefficient

Indirect Path Coefficient

X1 X2 X3 X4 X5 X6
Indirect Path
Coefficient Decision

Coefficient
Total

X1 −0.0195 −0.0579 0.0203 −0.0073 0.0211 0.0017 0.0027 0.0384 −0.0011
X2 0.8581 0.9568 −0.0335 −0.0588 0.0151 −0.0306 0.0092 −0.0987 0.7266
X3 0.0066 0.0266 −0.0034 0.0164 0.0042 0.013 0.0031 −0.0533 0.0031
X4 −0.0264 −0.061 0.0222 −0.0096 0.0096 0.0084 0.0041 0.0346 −0.0005
X5 −0.0009 −0.0623 0.0018 0.0199 0.0305 0.0085 0.0006 0.0614 −0.0038
X6 −0.0076 −0.0088 0.0004 −0.0008 0.001 0.0006 0.0001 0.0013 0.0001

X1, construction land; X2, cultivated land; X3, forestland; X4, grassland; X5, orchard land; X6, water; Y, change in
the sum of CENSCL of cultivated land.

The decision coefficient is the most important metric in path analysis since it ranks
the combined effect of independent variables on dependent variables. Cultivated land,
orchard land, forestland, construction land, grassland, and water is the integrated ranking
of the influence of changes in each natural element on the area and quality of cultivated
land. When the decision coefficients were combined with the spatial pattern analysis, it
can be found that orchard land in the extreme- and high-suitability zones as well as forest
land in the unsuitable zone contributed the most to the change in cultivated land area
and quality, followed by orchard land and construction land in the moderate-suitability
zones, while grassland and water contributed the least. The contribution rate results are
used as one of the foundations for setting the conversion rules of natural elements in the
layout-optimization model. (See Table 4).

4.4. Optimization Results of Cultivated Land Layout

The nature scenario follows the inertial evolution of land-use structure from 2000 to
2020. The conversion rules of the ecological optimization scenario were set based on the
concept of life community and the principle of ecological niches. The conversion rules are:

(1) Restrict the conversion of cultivated land in extreme-suitability areas, and convert
orchard land in extreme-suitability areas to cultivated land.

(2) To resolve the contradiction between agricultural and ecological space, all cultivated
land in unsuitable zones and ecological red-line protection areas should be converted
to forest land.

(3) Part of the cultivated land in low- and moderate-suitability areas is allowed to be
transferred to construction land to reserve space for urban development.

(4) Within the 50 m buffer zone of the basin, grassland and forest land are maintained as
they are, and their transfer is restricted to fulfill their ecological function of purifying
and protecting the water element.

(5) Land other than construction land should be converted to grassland at crucial sites,
such as the outlet of a small basin, to minimize the spread of surface source pollution
from agricultural land.

(6) The simulation rules for the rest of the space follow the inertia pattern of the previous
20 years.

The natural scenario simulation shows that construction land and orchard land con-
tinue to expand, with an increase of 2372.26 hm2 and 1456.30 hm2, respectively, and the
water area increases by 352.76 hm2; the scale of forest land and grassland decreases, and
the cultivated land area decreases by 2895.13 hm2 (Table 5).
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Table 5. Land use in different scenarios hm2.

Natural
Elements

Land Use Natural Scenario Ecological Optimization Scenario

in 2020
Area Change

Area
Proportion
Change (%) Area

Change Proportion
Change (%)Area Area

Forest land 64,681.83 63,429.48 −1252.35 −1.94 74,122.11 9440.28 14.59
Orchard land 66,260.52 67,716.82 1456.3 2.2 50,359.68 −15,900.84 −24
Construction 15,691.41 18,063.67 2372.26 15.12 17,806.38 2114.97 13.48

Water 2347.24 2700 352.76 15.03 2747.43 400.19 17.05
Cultivated

land 51,219.14 48,324.01 −2895.13 −5.65 55,009.56 3790.42 7.4

Grass land 1528.38 1494.54 −33.84 −2.21 1683.36 154.98 10.14

The ecological optimization scenario’s simulation showed that cultivated land area
increased by 3790.42 hm2; construction and forest land increased by about 2114.97 hm2 and
9440.28 hm2, respectively; the water area increased by about 400.19 hm2; and orchard land
declined by 159,00.84 hm2 (Table 5).

The simulation of ecological optimization scenario was compared with that of the
natural scenario, and the changes of cultivated land area in each suitability zone were
as follows (Table 6): the proportion of cultivated land in the extreme-suitability zone
increased from 14.59% to 19.43%, the proportion of cultivated land in the high-suitability
zone increased from 27.62% to 30.64%, the proportion of cultivated land in the moderate-
suitability zone increased from 31.64% to 33.63%, and the cultivated land area in all above
three zones increased compared with 2020. The proportion of cultivated land area in the
low-suitability zone decreased from 21.36% to 16.30%, and the proportion of cultivated land
in the unsuitable zone was 0. In the study area, the overall ecological niche suitability of
cultivated land improved. Cultivated land distributed in unsuitable areas will be converted
to forest land to accomplish its ecological function of soil and water conservation; some
orchard land in extreme-suitability areas will be converted to cultivated land, increasing
the concentration of flat cultivated land; the expansion of construction land will primarily
occur in moderate- and low-suitability areas, protecting high-quality cultivated land. The
ecological niche suitability tends to be optimized when the coordination between cultivated
land and all other elements of the biological community improves.

Table 6. The area and proportion of cultivated land in different ecological niche suitability regions in
different scenarios.

Ecological
Cultivated Land in 2020 Cultivated Land in Nature

Scenario

Cultivated Land in

Suitability Ecological Optimization
Scenario

Grade Area Proportion Area Proportion Area Proportion

/hm2 /% /hm2 /% /hm2 /%

Unsuitable zone 2248.85 4.39 2312.51 4.79 0 0
Low-suitability zone 9701.79 18.94 10,322.15 21.36 8966.11 16.3

Moderate-suitability zone 15,996.05 31.23 15,291.88 31.64 18,500.87 33.63
High-suitability zone 15,168.26 29.61 13,346.04 27.62 16,852.85 30.64

Extreme-suitability zone 8104.19 15.82 7051.43 14.59 10,689.73 19.43
Total 51,219.14 100 48,324.01 100 55,009.56 100

5. Discussions

This study examined spatial layout-optimization methods for cultivated land protec-
tion based on the life community theory. The comprehensive ecological niche suitability
evaluation model, path analysis method, GeoSOS-FLUS model, and GIS analytic method-
ologies were used to quantitatively analyze the Comprehensive Ecological Niche Suitability
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of Cultivated Land (CENSCL), clarify the relationship between cultivated land quality and
other elements of the life community, and simulate land use in 2040 under natural and
ecological optimization scenarios. The results found that the study area demonstrated
varied patterns and can be classified into five grades based on the CENSCL. The evolution
of orchard land in the extreme- and high-suitability zones and forestland in the unsuitability
zone contributed the most to the change of cultivated land from 2000 to 2020. The simula-
tion results of the ecological optimization scenario in 2040 increased the area of cultivated
land and improved the ecological niche suitability and the coordination between cultivated
land and other natural elements compared with the results of the natural scenario.

Compared to existing cultivated land-protection studies, this study employed the life
community and ecological niche theory and constructed a new index system to evaluate
the ecological niche suitability of cultivated land. Based on the current actuality, two
scenarios were used to find the optimization ways of cultivated land layout. To resolve
the contradiction between agricultural and ecological space, the following management
measures are recommended: restrict the conversion of cultivated land in extreme-suitability
areas; orchard land in extreme-suitability areas should be converted to cultivated land; all
cultivated land in unsuitability zones and ecological red-line protection areas should be
converted to forestland; part of the cultivated land in low- and moderate-suitability areas
are allowed to be transferred to construction land to reserve space for urban development.
The results found that the simulated and optimized layout meets local demand for culti-
vated land; helps to improve the coupling of land system elements; deepens the exploration
and research on the elements, structure, function, and pattern of life community; and
strengthens the overall ecological function. This methodology can reflect the planning
concept in the spatial layout of simulation prediction, examine the planning concept’s
viability, and enrich the application of system theory and ecological niche principle in
various fields. Ecological optimization scenario can help to construct ecological security
patterns and reduce ecological risk in key areas of each basin.

This study selected a typical mountainous and hilly area in China to conduct the
experiment. Mountainous and hilly areas are complex ecological systems dominated by
topography and landforms with concentrated environmental gradients and high hetero-
geneity [35]. The spatial contradictions of cultivated land and other natural elements in the
mountainous and hilly areas of China are tense, and the conflict between cultivated land
and other natural elements is more manifested in mountainous and hilly areas [36,37]. The
method used in this study sought a balance between ecology and interests to maximize the
total value of cultivated land layout, which is beneficial to strengthen the synergy between
cultivated land and other natural elements. The findings of the study have both theoretical
and practical implications. As more than two-thirds of the areas in China are mountainous
and hilly regions, the findings in this study are representative and can be used as a reference
for further studies.

Though the living community theory and multi-models were applicable in the explo-
ration of cultivated land optimization, this study has limitations. Ecosystem services, such
as soil conservation and water conservation, were not taken into account in the indicators
system for the evolution of the ecological niche suitability of cultivated land. More reliable
data are expected to be obtained to further monitor the ecological niche suitability of
cultivated land. In addition, the GeoSOS-FLUS model’s layout conversion rules did not
consider the change of policy and planning. How to better realize the optimization of the
spatial layout of natural elements, including cultivated land from the systematic view of
the community of life, is the direction of future research.

6. Conclusions

Based on the concept of life community and the principle of ecological niche, this
study quantitatively explored the relationship between the spatial evolution of cultivated
land and other natural elements based on the accurate evaluation of the niche suitability
of cultivated land in a mountainous and hilly area. The results found that the study
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area demonstrated varied patterns and can be classified into five grades based on the
computation results of ecological niche suitability. The evolution of orchard land in the
extreme- and high-suitability zone and forestland in the unsuitability zone contributed
the most to the change of cultivated land from 2000 to 2020. The ecological optimization
scenario in 2040 can increase the area of cultivated land and improve the ecological niche
suitability and the coordination between cultivated land and other natural elements, which
is applicable in the study area.
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