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Abstract: Under the background of urban expansion, ecological protection cannot be delayed. The
construction of ecological networks is of considerable significance to ecosystem services. However,
in the process of constructing a corridor network, there is no uniform standard for the selection of
ecological sources and the determination of cost factors. The InVEST model is an effective complement
to ecosystem service assessment for sensitively measuring external threats and their threat intensity.
Therefore, taking Wuhan as an example, we combined InVEST and the least cost path model (LCP)
to construct a multi-target corridor network with comprehensive cost factors for birds and small
terrestrial mammals. The results showed that: (1) The InVEST model provided a reliable basis for
ecological source screening by demonstrating the distribution of habitat quality. (2) The corridor
with a length of 12–25 km presented a “U” shape, and the impact of urbanization on small terrestrial
mammals was more significant than that of birds. (3) The integrated network pattern proposed by
the “point-line-plane” principle would provide a reference for urban ecological construction and
sustainable development.

Keywords: biodiversity; landscape connectivity; habitat quality; integrated network pattern;
sustainable development; analytic hierarchy process

1. Introduction

With the acceleration of urbanization, human activities have changed land use and caused habitat
loss [1]. Fragmentation or loss of habitat has led to a continuous decline in the number of wildlife
species [2]. Biodiversity protection influenced by habitat change is currently attracting worldwide
attention in response to the appeals of the New Urban Agenda and the UN 2030 Agenda for Sustainable
Development. With the rapid development of China’s urban–rural integration, protecting biodiversity
has become an important task and ecological corridor construction has been continuously proven to
alleviate ecological fragmentation [3,4].

The urban ecological corridor is a concept in landscape ecology, referring to linear or banded
landscape elements, common examples include roads, rivers and green belt systems [5,6]. From
the perspective of spatial structure, it refers to the urban ecological network system constructed of
intersecting corridors and ecological patches [7]. These corridors make the spatial pattern of urban
ecosystems holistic and internal. The ecological corridor can prevent soil erosion, improve carbon
storage, and contribute to biodiversity conservation and ecosystem stability [8–10].

Since the 1990s, many scholars in landscape ecology have attempted to construct ecological
networks at different spatial scales. The least cost path model (LCP), namely the minimum cost
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model or the minimum path method, is a practical method used in landscape ecology to identify
the most effective movement path [11,12]. In the LCP model, the source patches and cost surface
(resistance surface) are the main factors used to determine the least cost path regarded as the
ecological corridor with a great possibility. Source patches are those with positive net reproduction
(i.e., births > deaths), which then are capable of exporting surplus individuals to nearby patches [13,14].
The cost surface reveals how cost factors facilitate or hinder movement when species migrate from one
source patch to another; it is obtained by evaluating, weighting, and overlying cost factors [15,16].

Previous scholars mainly considered the area threshold or landscape pattern index for source
selection, which was somewhat subjective [12]. Currently, a few scholars have used the quantitative
assessment of the value of ecological resources as the basis for their selection [17,18]. The Integrated
Valuation of Environmental Services and Tradeoffs (InVEST) model is widely used to quantify ecosystem
service functions [19]. The quality of the habitat can be represented graphically by measuring the
sensitivity and intensity of external threats [19,20]. Through the assessment of resources, the method
of selecting patches with high habitat quality can be used as a complement to source selection
for decision-makers.

Cost factor selection for quantifying cost surface has not yet achieved agreement in network
construction [6]. Except for land use types, several researchers have been searching for suitable
cost factors. Miao et al. suggested that road networks are an essential manifestation of human
interference [16,21,22]. Geological hazards associated with slope and elevation affect the biological
reproduction and selection of migration routes [23]. Therefore, exploring the selection of cost factors is
conducive to maximizing the function of network construction and minimizing economic costs [17,24].

In order to save the habitat in the existing matrix and explore the migration path of animals, the
InVEST and LCP models were applied in the context of Wuhan to propose a network optimization
strategy. We selected birds and small terrestrial mammals as the main research objects because of
their good speed of movement and environmental adaptability. The primary purposes of our research
are (1) to incorporate habitat quality into the source selection; (2) to explore what differences exist
between the corridors of birds and small terrestrial mammals, and why are there these differences;
(3) to propose an integrated network planning strategy for sustainable urban development.

2. Materials

2.1. Study Area

Wuhan is located in the middle reaches of the Yangtze River. As the provincial capital of Hubei
Province, it serves as an important hub. With a vast population and an 80.2% urbanization rate, Wuhan
covers 8569 km2 and has 13 administrative districts. According to different development orientations
and resource distribution, the city is divided into one central area and six suburban areas [25]. The
suburban areas include districts of Huangpi, Dongxihu, Caidian, Jiangxia, Hannan, and Xinzhou
(Figure 1). Wuhan is experiencing rapid urbanization due to the implementation of the “Rise of Central
China” strategy; this has put pressure on Wuhan’s ecological landscape.
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Figure 1. Location of the study area.

2.2. Data Processing

We divided land use into six categories of 12 types (Figure 2): water (4), built-up land (5), unused
land (6), grassland (11,12), forest land (21–24), and cropland (31–33). The water and cropland were the
main types of landscapes in Wuhan. The cropland was concentrated on the periphery of the central
area, of which the paddy cropland was 1.8 times the dry cropland [22]. The land use water was evenly
distributed and had a high density, accounting for 1/5 of the city. The Yangtze River runs through
north to south, and the Han River runs across east to west, forming a vertical axis. Unused land and
grassland only accounted for 1% of the city respectively. The small mountain was the remnant of the
Dabie Mountains, and the forest land was distributed in the northern part of Huangpi district and
Xinzhou district.

The land use data was provided by the Data Center for Resources and Environmental Sciences,
Chinese Academy of Sciences (RESDC) (http://www.resdc.cn). They used the same classification system
of land use types with 30 m spatial resolutions [26]. It was remotely sensed by Landsat8 from the
Geospatial Data Cloud (http://www.gscloud.cn/) in 2018 and preprocessed by ENVI (The Environment
for Visualizing Images) for radiometric calibration, atmospheric correction, and fusion. The maximum
likelihood method was used to supervise and classify land use types. Regions of interest of each type
were selected as evaluation samples by visual interpretation, and the overall accuracy was higher than
80%. The DEM (Digital Elevation Model) data and road data came from the Wuhan Planning and
Design Institute (WPDI http://www.wpdi.cn/project-1.htm). We converted all generated raster maps to
a common spatial reference (WGS1984, UTM Zone 50N) to reduce errors.

http://www.resdc.cn
http://www.gscloud.cn/
http://www.wpdi.cn/project-1.htm
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Figure 2. Wuhan land use cover.

3. Research Methods

3.1. Research Framework

We aimed to propose an integrated network planning strategy based on the existing landscape
characteristics of Wuhan. The models and main steps involved were as follows: (1) Use the InVEST
model to analyze the habitat quality and extract the critical source patches. (2) Use the Analytic
Hierarchy Process (AHP) to construct the cost surface of birds and small terrestrial mammals.
(3) Combining the cost surface results, use the LCP model of GIS to simulate the corridor and construct
an ecological network.

3.2. Analysis of Habitat Quality and Habitat Degradation

The InVEST model is designed to make natural resource management decisions effectively [27–29].
The results of the assessment contribute to the rational development of land resources and the
conservation of biodiversity to maintain a balance between social and natural interests. This
model can reflect habitat quality and habitat degradation due to human impacts. This is done
by accurately quantifying the intensity of external threats and the sensitivity of various habitats to
those threats [27]. Additionally, the model assumes that the higher the habitat quality, the higher the
level of biodiversity [19,27]. Conversely, strong habitat degradation indicates high impact of human
activities. The habitat quality index is calculated in Equation (1)

Qxj = H j

1−
 D2

xj

D2
xj + k2


 (1)

where Qxj is the habitat quality index of grid x in land use and land cover j; Dxj is the habitat stress
level of grid x in land use and land cover j; Hj is the habitat suitability of land use and land cover j; and
k is the half-saturation constant.
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The habitat degradation index is calculated in Equation (2):

Dxj =
R∑

r=1

Yr∑
y=1

 ωr∑R
r=1 ωr

ryirxyβxS jr (2)

where Dxj is the habitat degradation or total threat level of the land use and land cover (LULC) type j
in a grid cell x; R is the number of threat factors; r presents the threat layer; y indicates all grid cells
on a raster map of r; Yr indicates the set of grid cells on a raster map of r; ωr indicates the weight of
each threat factor (value from 0 to 1); ry indicates the effect of threat r that originates in grid cell y; irxy

indicates the distance between habitat and the threat source and the impact of the threat across space;
βx is the factor that may mitigate the impact of threats on habitat through various protection policies
(here, βx = 1); and Sjr indicates the sensitivity of LULC type j to threat factor r, where values closer to 1
indicate greater sensitivity, (if Sjr = 0, then Dxj is not a function of threat r).

Four basic data inputs are needed to perform this model. (1) Land use data: A GIS raster
dataset, with an integer LULC code for each cell. (2) Threats factors: water, cropland, urban, rural,
road, and expressway. (3) The sensitivity (Table 1) of land cover types to habitat threat factors.
(4) A half-saturation constant value of the parameter k in Equation (1). More detail can be seen in the
user’s guide of the InVEST Model [30].

Table 1. The sensitivity of land use type to habitat threat factors.

Land Use and
Land Cover Type Habitat

Suitability L_water L_cropland L_urban L_r–ural L_gs L_express

4 Water 0.8 0 0 0.3 0.1 0 0
5 Built-up land 0 0 0 0 0 0 0
6 Unused land 0.3 0 0 0.2 0.1 0.2 0.2
11 Paddy cropland 0.5 0.1 0.35 1 0.2 0.4 0.2
12 Dry cropland 0.5 0.1 0.35 0.5 0.2 0.5 0.3
21 Forest 1 0.3 0.6 1 0.3 1 0.5
22 Shrub forest 1 0.3 0.6 1 0.3 1 0.5
23 Open forest land 1 0.3 0.6 0.7 0.2 0.5 0.3
24 Other woodlands 1 0.3 0.6 1 0.2 0.5 0.5

31 High coverage
grassland 0.8 0.1 0.35 0.7 0.2 0.4 0.3

32 Medium coverage
grassland 0.8 0.1 0.35 0.5 0.1 0.2 0.1

33 Low coverage grassland 0.8 0.1 0.35 0.5 0.1 0.2 0.1

L_gs: National and Provincial roads; L_express: Urban Expressway and Expressway.

This ranking showed that the forest land had a generally higher score than the grassland and
cropland across all threat factors. Furthermore, we chose the linear or exponential decay model
corresponding to threat factors with the maximum influence distance and weight.

3.3. Analytic Hierarchy Process (AHP) for Cost Surface

AHP is a mature method to determine the weight of influence factors, especially for a multilevel
and multifactor index system [31,32]. In this study, we invited 10 experts with more than 12 years
of research experience in the fields of forestry, ecology, and landscape planning. We established a
scoring table, where the cost surface was the target layer, while habitat, geophysical landscape, and
human disturbance were the criterion layers. Experts scored the relative importance between the
two indicators and obtained the judgment matrix of the indicators through AHP. Furthermore, the
inconsistency ratio was calculated to examine the consistency and reliability of each matrix to enhance
the AHP model conduction.

Consistency Ratio =
CI
RI
≤ 0.1 (3)

CI =
λmax− n

n− 1
(4)



ISPRS Int. J. Geo-Inf. 2020, 9, 33 6 of 16

where CI is the consistency index, and RI is the consistency index of a randomly generated matrix,
whose values depend on the size of the pairwise comparison matrix. λmax is the biggest eigenvalue
of the framework and can be effectively decided from the specified matrix and n is the number of
vulnerability assessment factors.

3.4. Spatial Autocorrelation Based on Getis–Ord Gi∗ Statistics (Gi*, for Short)

The Gi* is a technique for cluster analysis which discusses the location-related inclination in the
attributes of spatial data. As a tool integrated with GIS, this approach takes each raster pixel within the
context of neighboring features into the calculation and outputs a new feature class with a z-score,
p-value, and confidence level [33]. In this study, the Gi* is used to identify hotspots (features with high
z-score and small p-value) and coldspots (features with low negative z-score and small p-value) of cost
surface. The magnitude of the absolute value of the z-score explains the intensity of the clustering
(location-related inclination). The output hotspots and coldspots can present a better continuous
surface, which is an expression of landscape connectivity. The Gi* test can be described in Equation (5):

G∗i =

∑n
j=1 wi, jx j −X

∑n
j=1 wi, j

s

√ [
n
∑n

j=1 w2
i, j−

(∑n
j=1 wi, j

)2
]

n−1

(5)

where the Gi* is a z-score of patch i. xj is the attribute value for patch j; wij is the spatial weight between
patch i and patch j, if the distance from a neighbor j to the feature i is within the distance, wij = 1;
otherwise wij = 0; n is the total number of grid cells; and

X =

∑n
j=1 x j

n
, s =

√∑n
j=1 x2

j

n
−

(
X
)2

. (6)

3.5. The Least Cost Path Analysis (LCP) Based on GIS

The LCP model is the least cost path for calculating the source to the target and is considered to
be one of the most effective methods [34,35].

First, the locations of the critical patches are filtered, that is, the sources and target patches
are determined.

Second, the cost surface is calculated by the cost value and weight of each cell. The cost surface
is used to determine the minimum cumulative cost path, revealing how the cost factor promotes or
hinders animal movement. The cost surface is treated as a relative value rather than an absolute value.
Based on land use types, we integrated cost factors from biological habitats, human disturbances, and
geographical landscape.

Third, the optimal least cost path between the source and the target is explored to determine the
potential movement of target species [6]. The results represent the closest cell source for the visual
link control protocol from the selected location. This method may provide a basis for the protection of
ecological corridors [27].

4. Results and Discussion

4.1. Habitat Assessment and Source Identification Based on InVEST Model

4.1.1. The Assessments of Habitat Quality and Habitat Degradation

In terms of the quality measure (Figure 3), the water habitat scored higher than the cropland,
while the forest area in the north scored highest and the construction land scored lowest. Habitat
degradation in water and built-up land was almost 0. Cropland degradation was the highest, with 65%
of cropland degrading >0.12. Cropland degradation at the junction with the construction land was
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most pronounced, while degradation near water and vegetation was low. The most severely degraded
areas in the central urban area were Hongshan and Hanyang districts.
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Figure 3. Maps of habitat quality and habitat degradation.

The same as in previous studies, the degradation of cropland and forest caused by urban expansion
was more severe [36]. The forest landscape in the alpine mountains and tropical regions of China is of
high quality and positively correlated with the forest area [32]. The degree of habitat degradation of
the Taihu Lake Basin has increased significantly over the past 30 years, especially in the construction of
farmland for landscape heterogeneity [1].

4.1.2. Patch Selection Based on the InVEST Model

If all the ecological resources are counted, the construction and management costs required will
be multiplied, this leads to redundant corridor statistics and unrealistic results [27]. Therefore, we
combined the study area and used land distribution and habitat quality as screening indicators for
basic habitats (Table 2). We selected 126 patches for birds with a total area of 510 km2, accounting for
59.6% of the greenspace. Meanwhile, 61 patches were picked for small terrestrial mammals with a total
area of 481 km2.

Table 2. Extraction indicators of source patches.

Target Species Types Habitat Quality Forest Area

Birds
Cyanopica cyana, Parus major,

Pycnonotus sinensis, Passer montanus,
Phylloscopus magnirostris

>0.8 >100 ha

Small terrestrial
mammals

Tamias, Pteromyini, Erinaceinae,
Lepus, sinensis >0.9 >200 ha

4.2. AHP-Based Cost Surface Analysis for Birds and Small Mammals

Based on expert assessments and literature reviews, we developed three factors (Tables 3 and 4)
that influenced the cost surface. These factors are habitat elements, geophysical landscape, and
human disturbance [32,34]. According to the relative importance, we rounded each weight to four
decimal places [32,37]. With the average inconsistency value of 0.06, the matrix analysis confirmed the
consistency and reliability of the expert judgment [34].
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Table 3. Evaluation indicators for bird cost surface.

Criterion Layer Comprehensive
Weight Index Layer Weight Class Cost

Habitat 0.5936 Habitat quality 0.4947 0 10
0–0.5 7

0.5–0.8 4
0.8–0.9 1
0.9–1 0

Habitat degradation 0.0989 0 0
0–0.012 1

0.013–0.029 4
0.030–0.067 7
0.068–0.147 10

Geophysical landscape 0.1571 Altitude 0.0392 0–160 m 1
160–300 m 4
300–60 m 7

600–1000 m 10
Slope 0.0247 0–2◦ 0

2–6◦ 1
6–15◦ 4
15-25◦ 7
>25◦ 10

Slope change rate 0.0932 0–1% 1
2–3% 4
4–8% 7

9–27% 10
Human disturbance 0.2493 Water buffer 0.0292 0 10

0–200 m 0
200–600 m 1

600–1200 m 4
>1200 m 7

Road buffer 0.0669 0 10
0–500 m 7

500–1200 m 4
1200–3000 m 1

>3000 m 0
Urban buffer 0.1532 0 10

0–400 m 7
400–1000 m 4
1000–2000 m 1

>2000 m 0
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Table 4. Evaluation indicators for small mammal cost surface.

Criterion Layer Comprehensive
Weight Index Layer Weight Class Cost

Habitat 0.4000 Habitat quality 0.3333 0 10
0–0.4 7

0.4–0.6 4
0.6–0.8 1
0.8–1 0

Habitat degradation 0.0667 0 0
0–0.012 1

0.013–0.029 4
0.030–0.067 7
0.068–0.147 10

Geophysical landscape 0.2000 Altitude 0.0499 0–40 m 1
41–160 m 4
161–300 m 7

301–1000 m 10
Slope 0.0314 0–2◦ 0

2–6◦ 1
6–15◦ 4
15–25◦ 7
>25◦ 10

Slope change rate 0.1187 0–1% 1
2–3% 4
4–8% 7

9–27% 10
Human disturbance 0.4000 Water buffer 0.1375 0 10

0–200 m 0
200–600 m 1

600–1200 m 4
>1200 m 7

Road buffer 0.1128 0 10
0–500 m 7

500–1200 m 4
1200–3000 m 1

>3000 m 0
Urban buffer 0.1497 0 10

0–400 m 7
400–1000 m 4
1000–2000 m 1

>2000 m 0

The cost surfaces and hotspots analysis with different confidence levels are shown in Figure 4.
The high–low clustering report of the cost surface showed that the p-value was 0.000, and the z-score of
the birds and the small mammals were 89.9 and 96.7, respectively. The cost surfaces all passed the 90%
Getis-Ord Gi* confidence level and exhibited a precise high-value clustering distribution (Figure 4b).
The Getis-Ord Gi* statistic expressed landscape connectivity and displayed hotspot results by showing
all adjacent features of the continuous surface.

Apart from towns and settlements, 99% of the hotspots of birds appeared in flat areas concentrated
in between cropland and urban land, mainly due to the substantial interference of human activities [1,38].
However, mammalian hotspots concentrated in a range of 5.4 km of radiation in waters and central
areas. Notably, the coldspots of birds and small mammals were all concentrated in the mountains,
especially in forests with healthy vegetation (Figure 4a). Moreover, the spatial distribution of hotspots
could guide targeted priority policy-making for biodiversity reservation [33].



ISPRS Int. J. Geo-Inf. 2020, 9, 33 10 of 16

ISPRS Int. J. Geo-Inf. 2020, 9, 33 10 of 16 

 

    
>2000 m 0 

The cost surfaces and hotspots analysis with different confidence levels are shown in Figure 4. 

The high–low clustering report of the cost surface showed that the p-value was 0.000, and the z-score 

of the birds and the small mammals were 89.9 and 96.7, respectively. The cost surfaces all passed the 

90% Getis-Ord Gi* confidence level and exhibited a precise high-value clustering distribution (Figure 

4b). The Getis-Ord Gi* statistic expressed landscape connectivity and displayed hotspot results by 

showing all adjacent features of the continuous surface. 

Apart from towns and settlements, 99% of the hotspots of birds appeared in flat areas 

concentrated in between cropland and urban land, mainly due to the substantial interference of 

human activities [1,38]. However, mammalian hotspots concentrated in a range of 5.4 km of radiation 

in waters and central areas. Notably, the coldspots of birds and small mammals were all concentrated 

in the mountains, especially in forests with healthy vegetation (Figure 4a). Moreover, the spatial 

distribution of hotspots could guide targeted priority policy-making for biodiversity reservation [33]. 

 

Figure 4. Cost surface analysis. (a) Cost surface distribution, (b) Hotspot analysis. 

4.3. Corridor Analysis and Network Construction Strategies Based on LCP 

4.3.1. Corridor Comparison for Birds and Small Mammals 

Different topological distances affect the choice of path; the Euclidean distance (Figure 5a) was 

a measure of the linear distance between two adjacent patches, but ignored the plaque's landscape 

permeability and spatial heterogeneity [35].  

The LCP has advantages over the “as the crow flies” Euclidean distance in comprehensive 

consideration of cost factors [39]. After removing the duplicate lines, we obtained 14,769 bird 

corridors and 3684 small mammal corridors through the LCP (Figure 5b,c). The results showed that 

Figure 4. Cost surface analysis. (a) Cost surface distribution, (b) Hotspot analysis.

4.3. Corridor Analysis and Network Construction Strategies Based on LCP

4.3.1. Corridor Comparison for Birds and Small Mammals

Different topological distances affect the choice of path; the Euclidean distance (Figure 5a) was
a measure of the linear distance between two adjacent patches, but ignored the plaque’s landscape
permeability and spatial heterogeneity [35].
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The LCP has advantages over the “as the crow flies” Euclidean distance in comprehensive
consideration of cost factors [39]. After removing the duplicate lines, we obtained 14,769 bird corridors
and 3684 small mammal corridors through the LCP (Figure 5b,c). The results showed that the spatial
distribution of the length of 12–25 km in the entire study area presented a “U” shape, namely the central
urban area was well connected to the north and southwest. However, relatively independent patches
between the northeast and west would be detrimental to biological and material cycling, especially in
the Xinzhou and Dongxihu districts.

The mean corridor length of birds was 4.32 km longer than that of the small mammals. The
corridors in Jianghan and Jiang’an districts were scarce. Mammal corridors were mainly located along
the edge of the water body and the area with a low slope change rate, especially in the northern
Huangpi and Xinzhou districts. Birds had more frequent corridors over the water, especially along the
Yangtze River waterfront, this is probably due to their ability to simply fly over obstacles. Due to the
length and width of the Yangtze River, small mammals may need more stepping stone configurations
to connect the isolated patches in Hongshan district [40].

4.3.2. Corridor Network Priority Protection

The basic corridor network is complicated, and stratification would simplify the ecological
conservation of relevant departments. We obtained six core patches and identified priority protection
levels through nuclear density analysis tools and aggregation tools in GIS. The 15 core corridors
greatly reduced the network complexity with a total length of 1506 km for birds and 2184 km for small
mammals (Figure 6). The distribution of the core corridors in the suburban districts was generally
similar, but was quite different in the central area.ISPRS Int. J. Geo-Inf. 2020, 9, 33 12 of 16 
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In the suburban districts, the hedges and shrubs planted in the cropland were completely marginal
habitats [40]. The marginal landscape was drier and brighter than its internal environment and was
more suitable for wildlife activities, thus increasing the number of species. While in the fragmented
artificial landscape of the central area, the ideal patches only appeared in the East Lake Scenic Area
in Hongshan district, and hardly appeared in the districts of Jianghan, Jiang’an, and Qiaokou. Thus,
methods of improving the marginal landscape quality and increasing the number of patches in these
locations are needed. Our findings confirmed the results of Teng’s study that waterfront corridors
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could be set up around the Yangtze River, Han River, and large lakes, which could not only purify
water but also provide habitat for terrestrial and aquatic animals [15,34].

4.3.3. Integrated Priority Network Optimization Strategy

The phenomenon of high-quality cropland and natural waters swallowed by urbanization is
increasing. To alleviate this symptom, we integrated the core corridors of birds and small mammals
and proposed an integrated network planning strategy based on the principle of “point-line-plane”
(Figure 7).
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Figure 7. Integrated priority network planning.

1. Network density strengthening: The density distribution of the network in the north and south
corridors was uneven, and the network density in the east–west direction had the worst results. The
strict control of ecological red lines and corridor classification (core corridor in green) could constrain
urban sprawl and reduce the impact of human activities on biological migration. The effective use
of unused land and low coverage grassland was likely to reduce the exploitation of green space for
ecological protection and intensive development [16,41].

2. Increasing corridor connection: The addition of seven important corridors could not only
strengthen the connectivity of the Dongxihu district and the northern Xinzhou district, but also
strengthen the connectivity of the southern Zhuankou and Caidian districts. During long-distance
migration, species would settle or even multiply in natural habitat patches, and the function of the
corridor as habitat and channels could be simultaneously exerted to achieve higher benefits and
efficiency. The Yangtze River, Han River, and large water areas blocked the migration of small
mammals. Adding green belts along with the remaining isolated plaques, rivers, or highways would
help reduce the budget for network construction.

3. Patch protection and addition: Important patches need to be restored to avoid habitat
degradation in the south, especially in cropland with lower habitat quality and higher degradation.
A large number of unevenly isolated patches were scattered in the central area due to the effects of
human activities. Although there were some patches in Luojiashan street and the East Lake scenic area,
the patches in the Hankou and Hanyang districts (patch lacking zone 3) were very scarce, especially in
the streets of Xinhua, Changqing, Sixin, and Minzu. Therefore, increasing the density of patches by
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adding stepping stones could be focused on these areas (patch lacking zone 3) as well as on Xinzhou
and Hunagpi districts (patch lacking zone 1 and 2).

4. Plant configuration optimization: Despite the wide variety of plants in Wuhan, the original
plants were severely damaged due to early reclamation. Although there were amounts of artificially
cultivated cedar forests in the Jiangxia district, the average habitat quality was less than 0.6 due to the
lack of dominant shrubs [42]. In order to meet the needs of humans and animals by improving habitat
quality, we proposed a configuration reference based on the protection of existing plant communities
(Table 5).

Table 5. Corridor landscape type and plant community configuration reference.

Region Landscape Type The Evergreen and
Deciduous Tree Shrub Herb or Ground Cover

Central urban area Road Cinnamomum camphora (L.)
Presl.Ginkgo biloba L.

Lagerstroemia indica L., Buxus
megistophylla Levl.

Salvia splendens Ker Gawler,
Viola tricolor L.

Park Elaeocarpus decipiens Hemsl.,
apindus mukorossi Gaertn.

Eriobotrya japonica (Thunb.)
Lindl., Pittosporum tobira

Oxalis corymbosa DC.,
Verbena hybrida Voss

Waterfront/Wetland Pinus thunbergii Parl. Salix
babylonica

Cercis chinensis Bunge.,
Forsythia suspensa

Iris tectorum Maxim.,
Nymphaea L.

Suburban area Road Cinnamomum camphora (L.)
Presl., Magnolia grandiflora L.

Malus hupehensis (Pamp.)
Rehder, Lonicera japonica

Thunb.

Kniphofia uvaria (L.) Oken.,
Ophiopogon bodinieri Levl.

Forest Magnolia grandiflora L., Toona
sinensis

Ilex cornuta Lindl. et Paxt.,
Nandina domestica

Dianthus chinensis L., Oxalis
corymbosa DC.

Cropland Ligustrum lucidum Ait.,
Morus alba L.

Eriobotrya japonica (Thunb.)
Lindl., Vitis vinifera L.

Hydrocotyle chinensis (Dunn)
Craib, Parthenocissus

quinquefolia (L.) Planch.

5. Conclusions and Prospects

Wuhan has many natural resources such as mountains, forests, cropland, rivers, and lakes which
form part of an ecological community. Therefore, it is important to follow the laws of nature in the
process of ecological restoration and assess the natural resources uniformly and holistically. The
construction of the corridor network as outlined in this research takes on this uniform and holistic
approach to considerably improve the living environment. With the combination of the InVEST model
and the LCP model, the strategy of ecological source screening, and cost distribution we showed
that the ecological network optimization could be improved. The results of our study are presented
as follows:

1. In combination with the characteristics of threat factors, the InVEST model demonstrated the
distribution of habitat quality and degradation. It provided a reliable basis for ecological source
screening by selecting quality values higher than 0.8.

2. The cost surface had a significant high-value clustering distribution. Large waters and human
activities had greater impacts on small mammals than on birds.

3. The integrated corridor network plan that adhered to the “point-line-plane” principle was
conducive to improving migration efficiency, reducing construction costs, and promoting
sustainable development in Wuhan.

Wuhan has a multi-center structure and the road network, and building density in the central area
is complex [43]. The construction investment in the central and suburban areas of Wuhan is determined
by regional urbanization. An integrated corridor network plan could help local professionals reduce
the economic costs of biodiversity conservation, especially under limited budgets [16].

In this study, considering the mobility and variability of animal movements, we quantitatively
assessed the spatial cost rather than the time cost or economic cost to explore migration paths between
source patches, through factors of habitat elements, geophysical landscapes, and human disturbance.

Socio-economic data such as population density, local fiscal revenue, and education level of
residents can be effectively used to assess the economic cost of a particular region. If specific
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development goals are combined with a corresponding economic cost, our proposed method can easily
be applied to research in other regions at home and abroad.

Since these data are not easy to obtain, we conducted our research on existing data only. Our
research results have proven to be in line with local needs and with the promotion of sustainable
development in Wuhan. We will conduct a comparative study of Wuhan urban agglomerations.
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