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Abstract: The counties have experienced urban expansion and landscape pattern fragmentation. As
carriers of new urbanization, the balanced development between urban expansion and landscape
connectivity in the counties needs to be emphasized. The uncontrolled expansion of land should be
discouraged and planners need to clarify land use expansion patterns. Using Changsha County as
the study area, the characteristics of the landscape pattern between 2000 and 2020 were analyzed.
The morphological spatial pattern analysis and landscape connectivity method (CMSPACI), as well
as the minimum cumulative resistance (MCR) model, was used to construct the ecological network.
We also explored the most appropriate corridor width using the buffer zone to guide future land use
planning and ecological network planning. The results show that based on CMSPACI the total area
of ecological sources identified was 304.91 km?, encompassing a large area of forest parks. The total
length of the 25 ecological corridors identified by the MCR model was 431.97 km. Ecological sources
and corridors are missing in the central region; so, their pattern was optimized using landscape
connectivity and the absence of location as selection criteria. The optimized network indices showed
significant improvement. The width of the ecological corridors should be controlled in order to be in
the range of 30 m to 50 m to maximize the effect of the corridors on species dispersal and migration.
Our proposed research framework for the construction and optimization of EN in Changsha County
can provide ideas to balance the contradictions between urban expansion and landscape connectivity
in Changsha County.

Keywords: ecological network; CMSPACI; ecological corridor width; SPCA; county

1. Introduction

To alleviate the burden of urban development, the counties have been utilized as signif-
icant carriers for a new type of urbanization [1]. However, this has resulted in a significant
expansion of the counties and negatively impacted the landscape pattern [2—4]. The land-
scape connectivity of the counties has been reduced, seriously affecting ecological processes
such as material and energy flows [2]. Given the importance of sustainable development
for the counties, it is necessary to restrain the land changes brought about by uncontrolled
urban expansion and to achieve a balanced development of ecological urbanization.

Building an ecological network (EN) can enhance the landscape connectivity of the
region, protect the stability of ecosystem functions, and promote biodiversity [5,6]. Cur-
rently, ecological network research has been applied in many fields. Examples include
conservation and restoration of ecological security patterns [7,8], promoting biodiversity [9],
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green infrastructure planning [10,11], ecological risk assessment [12,13], ecological space
and land use planning [14,15], and restoration of ecosystem services [16]. To achieve the
balanced development of a county’s urban expansion and landscape connectivity, ecolog-
ical protection and land use guidance are necessary. Constructing an appropriate EN is
considered an important way to achieve a balanced development of urban expansion and
landscape connectivity. However, the current studies of ecological networks have mainly
focused on overall conservation measures, and spatial patterns of specific elements and
land use guidelines have been neglected [17]. Therefore, the method of the construction
should be optimized when conducting county ecological networks.

Based on landscape ecology theory, EN configures landscape elements into a coherent
system consisting of ecological sources and ecological corridors [18]. Specifically, EN
is formed by connecting ecological sources through corridors, thus strengthening the
connections between fragmented patches and enabling species habitat and migration [19].
As an alternative to biological habitats, ecological sources are patches of high ecological
value in the landscape; so, their connectivity is important for the efficiency of the entire
network. Some scholars directly identified nature reserves [20], urban green area spaces [21],
and forest parks [22] with better ecological functions as ecological sources. However, such
definitions ignored the landscape connectivity of the patches [23]. The morphological
spatial pattern analysis and landscape connectivity method (CMSPACI) classifies patch
types and structures based on raster data and calculates the connectivity of each patch [24].
The CMSPACI method is currently used by many scholars to conduct extension studies
and is widely applied in the fields of ecological networks, ecological security patterns, and
green infrastructure [25].

To connect ecological resources organically and maximize ecological connectivity,
many methods have been proposed for the creation of corridors between sources, such
as circuit theory [26] and the minimum cumulative resistance (MCR) model [27]. The
circuit theory is computed based on the dispersal properties of species. In contrast, the
MCR model is based on the “source-sink” theory, which takes into account the connection
between horizontal landscape units and has obvious advantages in constructing EN [28].
However, the ecological corridors extracted by the MCR model have directional but not
spatial scope, leading to a serious disconnect between EN planning and territorial spatial
planning [29]. Some scholars addressed this issue by delineating ecological security pattern
zones, but these approaches focused more on delineating protected areas and constructing
general conservation patterns [30]. The counties” land expansion is inevitable in the context
of urbanization [31], and land expansion is a major threat to ecological conservation [32].
Under the concept of sustainable development, it is therefore important to emphasize
both the importance of urban expansion resulting from economic development and the
landscape conservation. This means that it is insufficient to provide conservation strategies
for the existing landscape pattern. It is important to provide guidance on future land
use and to clarify the form of land change within the scope [33]. Therefore, the land use
characteristics at different corridor widths need to be determined. The optimization of EN
can be achieved by defining corridor width. Such an EN is more conducive to balancing
the contradiction between urban expansion and ecological connectivity.

As the county seat of Changsha City, Hunan Province, Changsha County is ranked
among the top 100 counties in China, ranking 10th in the country as a whole and 1st in
midwestern China. It bears the burden of balancing economic and ecological development.
Therefore, with Changsha County as the study subject, we used the CMSPACI and MCR
models to construct and optimize EN and further explore the width of ecological corridors.
The objectives of this study were: (1) to analyze the changes in the landscape pattern of
Changsha County from 2000 to 2020; (2) to improve the identification of ecological sources
through CMSPACT; (3) to assign the coefficient of resistance factors by the spatial principal
component analysis (SPCA) method; (4) to simulate and classify ecological corridors based
on the MCR model and gravity model; (5) to evaluate the optimized network by the
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network analysis method; and (6) to explore the ecological corridor widths. This study can
provide ideas on how to balance urban expansion and ecological protection in county areas.

2. Materials and Methods
2.1. Study Area

Changsha County covers an area of 175.6 km? and is located in the eastern part of
Hunan Province (112°56" E-113°36’ E and 27°54' N-28°38’ N) (see Figure 1). The topogra-
phy of Changsha County is high in the north and low in the central and southern regions.
According to the Kdppen classification, the climate in Changsha County is Dfa, with hot
summers and cold winters. There are also many rivers in the region with abundant flowing
water. As a major transport hub in Hunan Province, Changsha County’s transportation
development over the past decade has solidified the foundation for the opening up of the
county. In 2020, the total industrial output of Changsha County reached CNY 77.848 bil-
lion [26]. It has about one-third of Changsha City’s construction plants, and the industrial
level is the highest among all counties in Changsha City [34]. However, there is also the
fact that the ecological environment in Changsha County is deteriorating. From 2003 to
2018, 26.94% of the area of Changsha City was severely degraded in terms of ecological
environment quality, with Changsha County accounting for the largest share [34].
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Figure 1. Location of the study area.

2.2. Data Sources

The following data were used to conduct this study. The land cover data of Changsha
County in 2000, 2010, and 2020 were derived from GlobeLand30 (http:/ /www.globallandcover.
com/, accessed on 10 May 2022), with a resolution of 30 m x 30 m and a kappa coeffi-
cient of 0.82. Using Arc GIS 10.8, the data were classified as cultivated land, forestland,
grassland, wetland, waters, and construction land. Digital elevation data and Landsat8
OLI remote sensing images of 2020 with a resolution of 30 m x 30 m were provided by
Geospatial Data Cloud (https:/ /www.gscloud.cn/, accessed on 14 June 2022). The Land-
sat8 OLI remote sensing imagery was calibrated for radiance and banded in ENVI5.3 to
obtain NDBI data. The administrative vector boundary of Changsha County was selected
from the national geographical information catalog service, including the administrative
boundaries of each town (https://www.webmap.cn/, accessed on 21 June 2022). Road
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network data for Changsha County were obtained from the Open Street Map website
(https:/ /www.openstreetmap.org/, accessed on 5 May 2022). The national roads, provin-
cial roads, urban main roads, secondary roads, and branch roads of Changsha County were
obtained by cutting the boundary vector data of Changsha County in Arc GIS10.8.

2.3. Methods
2.3.1. Assessment of Changes in Landscape Pattern

We assessed the spatial variation resulting from urban expansion by quantifying
the relative changes in landscape patterns across the years [13]. We selected several
indices (including class level and landscape level) related to fragmentation, dominance,
and diversity for spatial analysis from previous studies. The indices we chose include
total class area (CA), number of patches (NP), edge density (ED), patch density (PD), large
patch index (LPI), contagion index (CONTAG), splitting index (SPLIT), Shannon’s diversity
index (SHDI), and Shannon’s evenness index (SHEI) [35,36]. The analysis of landscape
pattern indices using Fragstats 4.2.1 is currently one of the most important methods for
the quantitative analysis of landscape pattern change [37]. Based on the land cover raster
maps, we obtained the results of the landscape indices in Fragstats 4.2.1 for 2000, 2010, and
2020 to analyze the landscape pattern changes in Changsha County.

2.3.2. Identification of Ecological Sources Based on CMSPACI

Morphological spatial pattern analysis (MSPA) is an image classification method based
on mathematical morphological principles. Through a series of geometric operations such
as erosion, dilation, and anchor skeletonization, MSPA can be used to identify patches that
play an important role in connectivity. It can divide the binarized raster image into seven
non-interfering landscape types (including core, islet, perforation, edge, bridge, loop, and
branch) (see Figure 2), and the core area will serve as a candidate for ecological sources [38].
Considering the species requirements for biological habitats [6], in this study forestland,
grassland, and wetland were set as prospect data (assign 1) and other land cover types as
background data (assign 0). GuidosToolbox 2.8 was used to analyze the morphological
spatial pattern of the image. The edge width was set at 30 m to better preserve the landscape
information [39]. Core patches larger than 10 km? were then imported into Conefor 2.6 for
connectivity analysis.

The landscape connectivity index represents the value of the landscape patches for
species migration and is of great significance for biodiversity protection and ecosystem
stability [40]. Numerous indices, such as the possible connectivity index (PC), the integral
connectivity index (IIC), and the equivalent connectivity (EC), are now widely adopted in
the calculation of landscape connectivity [41]. The PC not only indicates the connectivity of
the landscape but can also be used to calculate the patch importance index (dPC). In this
paper, we focused on the connectivity of patches and therefore selected PC (Equation (1))
and dPC (Equation (2)) to screen the ecological sources of the study area [42].

(Z?:l 2}1:1 “i“jP:j)

PC =
AL

)

where 7 is the number of patches, 4; and a; denote the area of patches i and j, p:]» is the

probability of species dispersal between patches i and j, and A? represents the total area of
the landscape within the study area. Note that the PC ranges from [0, 1].

PC — Pcremove,k

dPCy, = e
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where PC,.p00e k is the connectivity probability index after removing patch k; the higher
the value of dPC, the greater the importance of the patch in the landscape.
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The distance threshold was set to 1000 m, and the connectivity probability was set to
0.5 [5]. In addition, we further selected core patches with dPC > 2 as ecological sources.
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Figure 2. Morphological spatial pattern analysis result.

2.3.3. Construction of Ecological Resistance Surface

Natural and artificial factors that are too extreme can have a hindering effect on the mi-
gration of species [43]. Based on this, we divided the factors potentially affecting the species
into three categories: landscape type, natural conditions, and human disturbance [44]. The
land cover indicates the landscape type. Elevation, slope, and vegetation cover (FVC) were
selected to represent the resistance factors of natural conditions. Roads and buildings are
typical areas of human activity. NDBI can reflect building density, which can further reflect
the degree of human aggregation [45]. Transport network density and accessibility have
been shown to be positively correlated with population density [46]. So, we used road
network density and the normalized difference built-up index (NDBI) to represent the
resistance factors of human disturbance. The estimation of road network density was im-
plemented based on the kernel density estimation tool in Arc GIS 10.8, with the bandwidth
assigned to 3500 m. Each resistance factor was classified into five levels according to the
natural interruption point grading method in Arc GIS 10.8: from 1 to 5, representing the
ecological resistance to be overcome by the organism from low to high (see Table 1 and
Figure 3).
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Table 1. Resistance factors scoring system.

Index Type Rate Level Rate Criteria

<68
68~114
114~194
194~316
316~636
<4.64
4.64~8.91
8.91~14.91
14.91~23.24
23.24~49.39
0.87~1
0.72~0.87
0.55~0.72
0.35~0.55
0~0.35

—_

Natural conditions DEM (m)

Slope (°)

FvC

Landscape Land cover
Type

Forestland or grassland
Wetland
Cultivated land
Waters
Construction land

0~0.60
0.60~1.65
1.65~3.23
3.23~5.11
5.11~8.10
—0.96~—-0.33
—0.33~—-0.23
-0.23~-0.13
—0.13~-0.04
—0.04~0.49

Human disturbance Density of road
network (km/km?)

NDBI

G WONN RO O |0k QO Ok WONNRFR O WNR Ok N

The SPCA method was used to determine the weights of the factors in this study. It
can eliminate the information redundancy caused by the possible correlation between the
factors and can comprehensively analyze the spatial characteristics of the data [47]. In this
paper, SPCA was performed in Arc GIS 10.8 on the raster data of each resistance factor, and
the cumulative contribution rate of each principal component and a table of each principal
component feature vector could be obtained (see Tables A1 and A2 in Appendix A). The
principal component loading matrix was further calculated; then, the weight of each factor
was expressed by the variance contribution rate of each principal component (see Table 2).
The ecological resistance surface was obtained by the weighted sum of the factors as the
cost data for the MCR model.

2.3.4. Identification and Classification of Ecological Corridors

The MCR model was used to extract the most favorable pathways between habitat
patches for species migration, which are referred to as ecological corridors. It is mathemati-
cally expressed as [48]:

MCR = f % min) (D * R;) 3)
where f is a function reflecting the proportional relationship between the MCR and

(Dij * Ri) ; Dijj is the distance that the target cell diffuses to from source j to unit i; R;
is the ecological resistance of spatial unit i to energy diffusion.
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Figure 3. Classification of resistance factor.

Table 2. Principal component loading matrix and weight assignment.

Components
Index
1 2 3 4 5 Weight
DEM —0.32192 0.180568 1.002822 —0.02205 —0.63292 0.05
Slope —0.35985 0.585116 1.952411 0.568037 0.74355 0.13
FvC 0.613611 —0.19265 0.290157 2.554306 —0.83085 0.19
Land cover 0.692215 1.45332 0.45511 —1.22291 —1.21825 0.18
Density of road network 1.571804 —1.5705 1.091486 —1.08946 0.590025 0.24
NDBI 0.39138 0.774361 —0.2774 0.296951 2.834063 0.20

Based on ecological sources and resistance surfaces, the minimum cumulative paths
in the study area were generated using the cost distance and cost path modules in Arc GIS
10.8. The gravity model was able to construct an interaction matrix between the sources
to indicate the importance of ecological corridors. In this paper, ecological corridors with
G;j greater than 0.1 were considered to be important corridors; then, an ecological safety
optimization scheme model was proposed. The specific equation is as follows [49]:

NN _ [%*lnsi] [plj*lnsj}

Ly *InSixinS;
v Dlz] Lij/Lmax N

(4)

where G;; is the interaction strength between ecological sources i and j; N; and N; are
the weights of ecological sources i and j; D;; is the normalized resistance of the ecological
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corridor between ecological sources i and j; p; and p; are the resistances of ecological sources
iand j; S; and S; are the areas of ecological sources i and j; L;; is the cumulative resistance
of the ecological corridor between ecological sources i and j; Ly,y is the largest of the
cumulative resistances of the ecological corridors between all the ecological source patches.

2.3.5. Optimization of Network

Ecological nodes are generally located in areas that play an important role in the
ecological processes of the landscape. They are the most vulnerable parts of ecological
functions in ecological corridors. Protecting ecological nodes is crucial to enhancing the
stability and connectivity of EN. In previous studies, ecological nodes were located at the
intersection of the minimum patch and the maximum patch or in the collection of the
minimum paths [50]. In this paper, we extracted the intersection of the least-cost paths as
ecological nodes that can provide multiple paths for species migration. Buffers of 15, 30, 50,
100, 150, 200, 300, 400, and 600 m of the current corridor were set in Arc GIS 10.8 to analyze
the area of each land cover type occupied by the corridor at different widths.

2.3.6. Assessment of Ecological Network Structure

The network analysis approach is designed to study a network of internal structural
properties and functions in combination with graph theoretical approaches. It has been
widely used to evaluate the connectivity and integrity of the network. Network closure
(o0) indicates the number of connected node cycles. The higher the value of the network
closure (o), the greater the smoothness. The line point rate ((3) characterizes the average
number of nodes in the network and is used to represent the complexity of the connected
system. The network forms a single loop when 3 = 1. Network connectivity (y) is the ratio
of the average number of connections between nodes to the maximum possible number
of connections in the network and reflects the degree of connectivity of the nodes. Cost
ratio (c) describes the connectivity of the EN; the smaller the value, the smaller the cost of
building the EN. The calculation formula is defined as follows [51]:

212—01’%51 ®)
=5 ©
R Ve %
Czl—% ®)

where L is the number of corridors, V is the number of ecological sources, and D denotes
the sum of the length of the ecological corridors.

3. Results
3.1. Landscape Pattern and Land Cover Characteristics

The CA, NP, and PD of the construction land continued to increase, while those for the
cultivated land, forestland, and grassland showed a decreasing trend over the 20 years (see
Table 3). Compared with other landscape patches, the LPI of the forestland was always at
the highest, indicating the highest concentration of forest patches and landscape dominance
among all the patch types. However, the LPI of the construction land increased, while the
LPI of the cultivated land and forestland showed a slight decrease. The above shows that
urban expansion in the central region has clearly led to an increase in the size and density
of construction land patches. This has led to the reinforcement of the dominant patch status
of the construction land, thus causing the fragmentation of other land types. The ED of
the cultivated land, forestland, and grassland decreased continuously from 2000 to 2020.
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However, the ED value remained high in 2020, with the largest ED for the forestland (value
of 88.0292). This indicates that the edges of these landscape patches are long and irregular.

Table 3. Class level indices in 2000, 2010, 2020.

Landscape Indices

Year Land Cover
CA NP PD LPI ED SPLIT
2000 Cultivated land 58,457.79 4870 2.77 15.90 95.35 36.34
Forestland 10,2351.4 18,498 10.53 17.93 108.06 21.48
Grassland 10,362.51 19,050 10.84 0.11 37.02 278,873.11
Waters 1673.64 374 0.21 0.06 2.57 571,426.94
Construction land 2902.14 81 0.05 0.67 1.40 21,263.28
2010 Cultivated land 56,585.43 4581 2.61 14.12 93.25 42.44
Forestland 102,913.2 18,813 10.70 17.96 109.31 21.36
Grassland 10,465.56 19,049 10.84 0.11 37.28 269,502.17
Waters 1368.81 394 0.22 0.08 2.63 538,401.68
Construction land 44145 158 0.09 141 3.60 4951.10
2020 Cultivated land 51,873.66 4521 2.57 7.08 76.66 128.65
Forestland 93,479.22 12,580 7.16 17.50 88.03 24.38
Grassland 8947.44 16,383 9.32 0.14 31.32 196,161.31
Wetlands 26.28 3 0.01 0.01 0.02 85,023,213.94
Waters 2528.46 330 0.19 0.15 2.94 105,310.19
Construction land 18,893.79 473 0.27 5.92 7.36 276.36

As shown in Table 4, the CONTAG fluctuates slightly, with a decreasing trend from
2000 to 2010 and a continuous increase from 2010 to 2020. The SHDI and SHEI grew at a
rate of 1.7% from 2000 to 2010, while the growth rate reached 5.7% and 17.7% from 2000
to 2010. This indicates an increase in landscape heterogeneity during the latter decade.
However, the SPLIT showed a continuous rise, indicating that landscape diversification
was accompanied by a certain degree of landscape fragmentation.

Table 4. Landscape level indices in 2000, 2010, 2020.

Landscape Metrics

Year

CONTAG SPLIT SHDI SHEI
2000 52.6247 13.4891 0.96 0.5965
2010 51.782 14.1687 0.9766 0.6068
2020 53.3995 19.0735 1.1496 0.6416

Figure 4 shows the changes in land cover over 20 years. Over the past two decades,
the construction land in central Changsha County has continued to expand eastward and
has tended to spread in all directions. In addition, the number of township settlements
increased substantially. This indicates a continuous expansion of construction land over
a 20-year period. The emergence of wetlands in 2020 contributed to the increase in SHDI
and SHEI However, the values of SHDI and SHEI were still small in 2020. So, in the future,
urban planners should create more wetlands and increase the protection of forestland,
grassland, and waters.

3.2. Current Ecological Network Pattern
3.2.1. Ecological Sources Pattern

The core is a large patch with ecological value. As can be seen from Table 5, the core
accounts for the largest proportion of the foreground data area (69.33%), followed by edges
(17.13%), branches (4.00%), islets (3.01%), bridges (2.70%), loops (2.07%), and perforations
(1.75%). Moreover, 99.76% of the 71,866 prospective patches were less than 0.5 km? in
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area, but their total area was only 37.28%. This reveals the fragmentation of the ecological
landscape in the study area.

N
0 4 8
el |
= . Legend
egen [ | Cultivated land
[ Cultivated land I Forcstland
- Forestland W.. | Grassland
Grassland %% B wetland
B Walers < B Waters
I Construction land B Construction land

Figure 4. 2000-2020 Land cover change.

Table 5. Statistics of landscape types based on MSPA.

Proportion of Area of Proportion of Area of
Landscape Type Areafkm?® Prospect Data (%) County (%)

Core 710.30 69.33% 40.42%

Islet 30.88 3.01% 1.76%
Perforation 17.96 1.75% 1.02%
Edge 175.53 17.13% 9.99%
Loop 21.20 2.07% 1.21%
Bridge 27.70 2.70% 1.58%
Branch 40.95 4.00% 2.33%
Total 1024.53 100.00% 58.30%

There were 10 core patches identified as ecological sources based on the CMSPACI
results, with a total area of 304.91 km? (see Table 6). As shown in Figure 5, the ecological
sources were unevenly distributed and were basically at the boundary of the study area.
The ecological sources were concentrated in the northeast, with a limited distribution in
the central and southern regions, especially in the central region. In terms of location,
these ecological sources encompassed many important forest parks in Changsha County.
Ecological source 5 was located in Beishan Forest Park in Beishan Town; the southern part
of ecological source 6 was located in Dashanchong Park in Junction Town; and ecological
source 2 was located in Yingzhu Mountain Forest Park in Fulin Town. In addition, the
area of ecological sources also varied significantly from town to town, with the largest area
being Jinjing town (59.68 km?) and the smallest being Qingshanpu town (1.28 km?).

Table 6. Ecological source area and landscape connectivity index.

Number Area/km? dPC

6 91.1943 37.19752
7 28.944 26.82195
1 39.636 15.56345
5 31.068 10.74489
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Table 6. Cont.

Number Area/km? dPC
8 14.8131 10.39394
3 15.9048 7.153005
2 13.1463 7.072748
4 10.0629 6.659909
10 39.6117 2.63524
9 20.5335 2.237005

Xianglong

Legend
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and number

Boundaries of study area

and each town
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28°20'N 28°30'N 28°40'N
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Figure 5. Distribution of ecological sources.

3.2.2. Extraction of Ecological Corridors

113°30'E

113°40'E

Figure 6 shows the distribution of the ecological resistance levels. The resistance
was highest in the central west and gradually decreased in the southern and northern
directions. The central region bridged the traffic arteries of Changsha City, resulting in
higher ecological resistance. However, the resistance gradually decreased closer to the
southern and northern borders of the region. As human interference gradually decreased,
the land type became predominantly forested. However, Table 7 shows that the high-
resistance area accounted for the smallest percentage (8%), and the proportion of mid-low
and low resistance was more than half, providing conditions for the creation of stable

ecological corridors.



Land 2023, 12, 1379 12 of 21
<
=

- =

N S

Lo}

0

(I s

o

b

o0

[}

Z

=

-1 &

e

[}

s

4=

%

: . [}

T Mid-high
I i
1 1 1 I 1
113°0'E 113°10'E 113°20'E 113°30°E 113°40'E
Figure 6. Comprehensive resistance surface grading.
Table 7. Percentage of area of each resistance.

Resistance Level High Mid-High Mid Mid-Low Low
Area (km?) 13.97 26.24 41.81 48.79 43.84
Proportion (%) 8.00 15.1 239 279 25.1

Network 7a, with 45 minimum cost paths of a total length of 1091.13 km, were
identified based on resistance (see Figure 7a). We removed the redundant corridors derived
from the Arc GIS 10.8 calculations and finally obtained network 7b in the study area (see
Figure 7b). It has 25 ecological corridors with a total length of 431.97 km. The corridors
were mainly concentrated in the north, with fewer in the center and south. The northern
corridors were shorter, while the corridors through the center were longer. Corridors 1-2,
2-5,5-10, 1-6, 6-8, and 8-9 formed the outer loop of the overall network, while the other
corridors branched outward, mainly with source 7 as the center. This combination of an
internal tree structure and an external simple ring structure can balance the energy flow in
the network with maximum efficiency [52].

We calculated the interaction forces between the ecological sources using the gravity
model and found significant differences in the values of the interaction forces (see Table 8).
It was determined that there were 11 important corridors with a total length of 168.48 km,
and the remaining 14 were general corridors with a total length of 263.49 km. As shown in
Figure 7, the important corridors were concentrated among the ecological sources in the
northeast, with a lateral link connecting the ecological sources in the east and west. These
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corridors are important connecting paths with strong interactions between the sources, and
therefore, they should be considered for priority protection and construction.

(a) Original corridors (b) Corridors after

removing redundancy

N

A

0 3.757.5 15 km
T |

Legend

- Ecological source
and number

A Ecological source node

Important ecological
corridor

—— General ecological corridor

| Boundary of study area

Figure 7. Ecological network map.

Table 8. Interaction intensity matrix between ecological sources according to gravity model.

Sources Number 1 2 3 4 5 6 7 8 9 10
1 0 0.406 0.567 0.042 0.029 0.397 0.042 0.070 0.009 0.011
2 0 1.462 0.072 0.044 0.296 0.070 0.097 0.009 0.011
3 0 0.071 0.044 1.045 0.075 0.162 0.012 0.014
4 0 0.764 0.054 1.271 0.107 0.010 0.013
5 0 0.035 0.266 0.058 0.008 0.010
6 0 0.058 0.145 0.013 0.015
7 0 0.165 0.012 0.015
8 0 0.022 0.028
9 0 0.087

10 0

3.3. Network Structure Optimization
3.3.1. Supplementary Ecological Sources and Corridors

It appears that the central western area has a serious network deficiency in the current
spatial structure of the EN (see Figure 7b). This means that it is difficult for this region to
establish communication with other regions in terms of energy flow. Based on this, we
identified 5.07 km? of new sources that were more favorable in terms of both area and dPC
and 11 new planned corridors with a total length of 226.82 km (see Figure 8). The two new
sources were located in the Songya Lake wetland and the green space near the construction
site in the center. Most of the new corridors were horizontal, enhancing the flow of energy
from the central region to the south and north.
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Figure 8. Optimized ecological network.

3.3.2. Identifying Ecological Nodes

The 28 current ecological nodes and 52 potential ecological nodes were identified in
this study in order to enhance EN stability. The northern part of Changsha County had
more current nodes with larger corridor density, while the central and southern parts had
few current nodes with sparse corridors. It is worth noting that central Xianglong, Xingsha,
Changlong, Qiantang, and Langli Street did not have distributed ecological nodes. Such
uneven distribution can seriously affect energy flow. Most of the potential ecological nodes
were located in the forestland, cultivated land, and grassland of the central and southern
region. Limiting the future construction of these potential nodes can increase the energy
flow between the central region and its surroundings.

3.3.3. Optimized Ecological Network

After the optimization, the ecological source area increased by 1.67%, and the corridor
length increased by 52.51%. As calculated by the network analysis method, indices «, f3,
and v in ecological network 8 were 1.32, 3.0, and 1.20, respectively, with an increase of
0.22 (20%), 0.5 (20%), and 0.16 (15.4%), based on network 7b. Although the optimized
indices «, 3, and 'y were not as good as the original network 7a, they improved on network
7b and maintained a cost ratio of 0.94. This indicates that the network structure connectivity
has improved and is more economical to build than network 7a (see Table 9).

Table 9. Network structure index comparison.

Network 7a Network 7b Network 8

24 1.1 1.32
45 25 3.0

W >
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Table 9. Cont.
Network 7a Network 7b Network 8
T 1.87 1.04 1.20
C 0.96 0.94 0.94

Area proportion of different land cover types (%)

100

80

60

40

0

3.4. Exploration of Ecological Corridor Width

Figure 9 shows the results for the area occupied by each landscape type at different
widths. As the width of the corridor increased, the area proportion of cultivated land and
forestland fluctuated greatly, while the proportion of grassland, waters, and construction
land fluctuated less. The area of forestland showed a decreasing trend; in contrast, the
area proportion of cultivated land, grassland, waters, and construction land increased
continuously. Despite the single fluctuation of the proportion, the decrease rate of the forest
area share was the sharpest (4.77%) when the corridor width increased from 50 m to 100 m.
For this reason, the width of the corridor should be limited to 50 m, taking into account
the construction cost. Previous studies indicate that the corridor can meet the basic habitat
requirements of small mammals, herbaceous plants, and most birds with a range of 30 m to
60 m [53]. In summary, the current construction of ecological corridors in Changsha County
should be controlled in order to be within the range of 30 m to 50 m. This range, with more
than 80% forestland, can play an important function in the spread and migration of species.

@ cultivated land = forest land ™ grassland
—e— waters =— construction land
25
o
M N = - 2
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Figure 9. Percentage of land type area occupied by ecological corridors at different widths.

4. Discussion
4.1. Ecological Sources Characteristics and Assignment of Resistance Factors

The internal homogeneity and external expansiveness of the ecological sources make
them suitable for species” habitats [54]. So, the conservation of ecological sources is of
great importance for biodiversity. The ecological sources in Changsha County are large
and concentrated, particularly in the forestland of the northeastern part of the region. The
marginal areas of the county have a smaller population distribution and forestland that has
not been reclaimed; so, the ecological sources are more continuous. In contrast, in most
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city-level studies, the ecological sources were small and evenly distributed [52,55]. Highly
urbanized areas have widely distributed populations and higher levels of fragmentation of
forestland caused by human disturbance [56], resulting in this discrepancy.

Ten ecological sources were identified based on the CMSPACI method, and several of
them coincided relatively well with the locations of the forest parks. However, the areas
of these forest parks differed from the areas of the sources in which they were located.
Notably, the Beishan Forest Park was not identified as an ecological source in its entirety.
This suggests that even for those landscape types that are more suitable as habitats for
species, CMSPACI can identify fragmented patches with little connectivity within them
and can remove them from the scope of the ecological sources. This approach identifies
ecological sources from the internal structure of the landscape, rather than exclusively from
the landscape type; so, the results are more objective than those of direct identification.

Regional resistance is calculated based on the raster data of the nature-landscape—
human activities, and the results focus more on the spatial characteristics of the practice area.
The weight assignment of a resistance factor is an important link with which to accurately
express the overall resistance of a region. Most of the previous studies on ecological
resistance assignments used the analytic hierarchy process (AHP) [57-59]. However, this
method is more subjective and does not consider the actual spatial situation of the region.
The SPCA method in this paper is implemented by combining Arc GIS 10.8 tools and
mathematical-statistical models to improve the weighting of the resistance factors. We
found that the density of the road network in Changsha County accounted for the largest
weight of the resistance surface. In contrast, the factor of the land cover type has had the
greatest weight in many city-level studies [60,61]. This is because Changsha County, as
the eastern gate of Changsha City, takes over several major highways that connect to the
city. Meanwhile, Huanghua Airport, one of China’s twelve mainline airports, is located
in Changsha County, resulting in a difference in traffic volume between urban areas and
rural areas. This difference enhances the spatial heterogeneity of the road network density
in Changsha County, making this spatial variable more volatile in terms of landscape
connectivity. On the other hand, counties generally only have large areas of construction
land where they are connected to urban areas. However, cities tend to have a polycentric
development pattern [62], especially in highly urbanized areas [63]. Thus, at the municipal
level, land cover is more disruptive to landscape connectivity. The study of ecological
resistance at different study area scales depends on the actual spatial characteristics, and
SPCA gives a feasible method for factor assignment.

4.2. Optimal Width of Ecological Corridors

Ecological corridors act as links to facilitate the flow of energy between ecological
sources to maximize their benefits [64]. The definition of width gives a clear guideline
range for the corridors and provides options for spatial planning. Guided by circuit theory,
some scholars calculated the appropriate corridor width by calculating species dispersal
distance [65,66]. However, balancing the contradiction between urban expansion and
ecological conservation is the focus of sustainable economic development in the county.
Therefore, land type, rather than specific species characteristics, should be considered when
delineating corridor width. The appropriate ecological corridor widths delineated in this
paper are 30 m to 50 m depending on the variation of land cover types occupied by the
different buffer zones. However, land use needs to be guided on a case-by-case basis when
conducting the spatial planning of ecological corridors.

The county is a place where towns and villages merge, and the focus of ecological
corridor planning varies according to different regional characteristics. The rural areas
in the northern part of the region have a large number of continuous ecological sources;
s0, the 30-50 m corridor range includes a large number of ecological spaces. As of 2022,
several great crested grebes, a collared scops owl, an owlet, a falcon, and a white pheasant
were rescued and released into the mountains in Chang-Zhu-Tan [67]. These birds are
more likely to be found in corridors in the range of 25-50 m [68]. The more continuous
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ecological space in rural areas provides conditions for the habitats and migrations of such
wild species. Therefore, in the northern part of the region, attention should be paid to the
conservation of land cover types within the width of the corridor to ensure the continuity
of species migration paths.

In the central part of the district, however, urbanization features are evident, with much
of the land already occupied by construction land. With scarce land resources and expensive
land prices, the construction of ecological corridors needs to be considered economical [69].
How to use the available resources to integrate the fragmented green spaces is the key
issue. In key development areas where construction sites have been established, corridor
construction can only be enhanced by restoring urban ecological spaces within the width.
This means that traffic arteries intersecting with the corridor should ensure the greening
rate of the road within the width. At the same time, road greening should be connected with
different forms of landscape to form ecological corridors, such as pocket parks and urban
wetlands. Cultivated land is the guarantee of crop cultivation in the region; so, it cannot be
blindly returned to the forest. Low-intensity cultivated land has a high biodiversity at the
edges and acts as an ecological space. Therefore, it is necessary to control the intensity of
cropland reclamation within the corridor width of 30 m to 50 m.

4.3. Limitations of the Present Study

There are limitations to the study. First, the resistance factors were systematically
selected from natural, landscape, and human aspects, avoiding the consideration of land
use alone, as in previous studies. However, the resistance factors affecting regional energy
flows can vary depending on regional characteristics, such as mining activity. A more
detailed selection based on the study area characteristics should be developed to accurately
determine the minimum resistance path in this region. Additionally, heterogeneity exists
in the same type of landscape, and we can further consider the correction of land cover
using nighttime lighting data or impervious surface data to make the resistance surface
results more accurate. Second, we set a threshold of 1000 m when computing the landscape
connectivity indices PC and dPC, but there is no unique statement about this threshold.
Some scholars chose 1100 m, 1000 m, or 1400 m as thresholds when constructing the EN
from 1990 to 2020 [70]. In the future studies, scholars should give further consideration to
thresholds based on the dispersal distances of specific species within the study area. Finally,
our study focuses on the construction and optimization of EN based on current land cover;
hence, it is lacking in the ability to predict the future. So, different land cover scenarios
should be simulated in the software to predict the future EN structure.

5. Conclusions

The construction of EN can improve landscape connectivity and enhance energy flow
between regions. In this paper, we improved the method of constructing and optimizing
EN in Changsha County. CMSPACI was used to identify ecological sources. Based on
the SPCA method, the weight of each factor in the resistance surface was specified. The
ecological corridors were determined with the MCR model and graded by the gravity
model. In addition, the appropriate width of the ecological corridors was explored. The
main conclusions are as follows:

1.  From 2000 to 2020, the CA, NP, PD, and LPI of the construction land showed an
increase, demonstrating the expansion of construction land. Forestland, cultivated
land and grassland suffered fragmentation due to urbanization. Wetland occurrence in
2020 increased SHEI and SHDI. Wetlands integrate natural and man-made landscapes
and can generate ecological value. In the future, it is important to focus on the
construction and protection of urban wetlands in the central part of the region.

2. The 10 ecological sources extracted according to CMSPACI show regional hetero-
geneity. The ecological sources in the north were numerous, large, and continuous.
Ecological source 6 had long edges, resulting in patches that were more vulnerable
to external disturbance. The creation of buffer zones should be prioritized to protect
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the stability of the patches. The relative absence of ecological sources in the south
and central regions reflects the lack of connectivity in these regions and the need for
source optimization.

3. The results of the weight distribution of the resistance factors analyzed by the SPCA
show that the density of the road network has the highest weight, demonstrating that
roads are the main impediment to ecological processes. In urban areas with a dense
road network, the focus should be on road greening to create green corridors.

4. Atotal of 25 existing corridors were extracted based on the MCR model, including
11 important corridors. The ecological corridors were mainly concentrated in the north
and were mostly horizontal, and there were fewer longitudinal corridors. The north—
south corridor runs through a high resistance area in the central region. As a result, the
north-south corridors are prone to disruption, affecting the overall connectivity of the
ecological network. In this paper, the EN was optimized with 2 new sources, 10 new
corridors, 28 current ecological nodes, and 52 potential nodes. After optimization, the
network connectivity was significantly improved.

5. The appropriate width of the ecological corridors in Changsha County is in the range
of 30-50 m. The most effective means of balancing the urban expansion and ecological
connectivity of Changsha County is to build an ecological network within this width.
The arbitrary conversion of ecological land within the width to construction land
should be prohibited, especially for the corridor running through the central part.

Author Contributions: Conceptualization, S.L. and Y.X.; methodology, S.L. and Y.X,; software, Y.X.
and YJ.; validation, Y.J. and J.Q.; formal analysis, Y.X.; investigation, S.L., Y.J., ].L. and J.Q.; resources,
S.L.; data curation, ].L., H.S. and Y.C.; writing—original draft preparation, S.L.; writing—review and
editing, S.L., Y.X. and W.L.; visualization, Y.J. and Y.Y.; supervision, S.L.; project administration, W.L.;
funding acquisition, W.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (NO.
52108049, NO. 42177072, and NO. 51909283), the Natural Science Foundation of Hunan Province,
China (NO. 2020JJ4711 and NO. 2023]]J30182), the Humanities and Social Science Fund of Ministry
of Education of China (NO. 20YJCZHO003), the Key Research and Development Program of Hu-
nan Province in China (NO. 2020WK2001), and the Fundamental Research Funds for the Central
Universities of Central South University (NO. 2022XQLH155).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Thanks to Central South University Human Settlements Research Center for the
theoretical and methodological support.

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

Appendix A

Table Al. Eigenvalues and cumulative contribution of principal components.

. o A lati ibuti
Components Eigenvalues Contribution Rates (%) ccumulative Contribution

Rate (%)
1 0.63021 51.8475 51.8475
2 0.17888 14.7163 66.5638
3 0.15681 12.9008 79.4646
4 0.10397 8.5539 88.0184
5 0.08795 7.2354 95.2538
6 0.05769 4.7462 100

1-6 indicate the number of spatial components extracted during the analysis. There are
as many components extracted during principal component analysis as there are variables
put into them. There were six resistance factor variables in this paper; so, six principal
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components were extracted. The principal component here did not represent the resistance
factor. If the cumulative variance contribution rate of the current n principal components
reaches a certain value (generally more than 80%), the first n principal components can be
retained. So, we kept the first five principal components.

Table A2. Relationship matrix of principal components and evaluation indicators.

Components
Evaluation Indicators
1 2 3 4 5
DEM —0.25556 0.07637 0.39711 —0.00711 —0.15202
Slope —0.28567 0.24747 0.77314 0.18316 0.22051
FVC 0.48712 —0.08148 0.1149 0.82362 —0.2464
Land cover 0.54952 0.61467 0.18022 —0.39432 —0.36129
Density of road network 0.46614 —0.66423 0.43222 —0.35129 0.17498
NDBI 0.3107 0.32751 —0.10985 0.09575 0.84048
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