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Abstract: Construction and protection of ecological networks (ENs) is considered to be an effective
means to curb habitat fragmentation and strengthen landscape connectivity. In this study, a complete
evaluation framework of ENs based on “quality–function–structure” was proposed to support the
formulation of protection strategies for ENs. First, we built the ENs of Wuhan urban agglomeration
(WUA) from 2000 to 2020 based on the advantages of circuit theory and remote sensing data of
land use monitoring. The results showed that land development activities are an important driving
force for the temporal and spatial evolution of global ENs. Forest fragmentation, transitional urban
expansion, and agricultural reclamation were important inducements for the shrinkage of ecological
sources. They may also increase the resistance of species migration, which will lead to qualitative
change and even fracture of ecological corridors. Second, circuit theory, centrality index, and
complex network theory were applied to evaluate the quality defects, functional connectivity, and
topology characteristics of ENs in WUA, respectively, from 2000 to 2020. The results showed that the
antagonism between ecological corridors and land development activities led to ecological quality
defects (ecological barriers and pinchpoints). Different land development models had differential
effects on centrality indexes. Moreover, the main trunk in the northern Dabie Mountains and the
southern Mufu mountains was developed, while the secondary trunks were abundant in the middle
of WUA. Finally, we proposed protection strategies for ENs based on the coupling of the “quality–
function–structure” of WUA in 2020. It is suggested that all ecological sources must be included in
nature reserves to prevent natural or manmade erosion. The key areas to be repaired were determined
through the quality evaluation of ecological corridors. The priority of construction and protection of
ecological corridors was determined by coupling two topological structures and functions. We argue
that specific protection strategies and directions can be determined according to the construction
objectives of local ENs.

Keywords: ecological network; quality; structure; function; Wuhan urban agglomeration

1. Introduction

In the past decades, rapid urbanization and agricultural expansion have changed
the structure and function of ecosystems more dramatically than ever [1]. High-intensity
human activities lead to habitat erosion and fragmentation, which is considered to be the
main driving force of biodiversity loss and ecosystem degradation [2,3]. According to
the theory of island biogeography, habitat fragmentation is a process in which large-scale
species groups are divided into multiple ecological isolated islands [4], which may hinder
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material circulation, energy flow, and information transmission. Habitat fragmentation
restricts the continuity and integrity of ecosystems, which in turn poses great threats to
ecosystem services and human well-being. The construction of ecological networks (ENs)
is a process of connecting broken habitats with ecological corridors and closely connecting
them into a network system [5,6]. Therefore, the protection for ENs is considered to be an
effective means to curb habitat fragmentation and protect biodiversity.

In early studies, ENs were defined as a group of ecosystems with similar types, which
are connected into a spatially coherent system through a biological flow [7]. ENs derived
from biodiversity conservation have been gradually recognized as an implementation
tool for nature conservation planning [7,8]. In the 1990s, urban greenways similar to
ENs were defined as linear open spaces connecting nature reserves, recreational parks,
and cultural landscapes [9–11]. Currently, the greenway is still widely used in ecological
planning and construction as an entity EN that takes into account the functions of nature
protection, aesthetics, recreation, and culture. For decades, the research and practice of ENs
have gradually expanded from the initial biodiversity protection and urban greenway to
green infrastructure [12,13], ecological security pattern [14,15], and so on. In recent years,
with the introduction of landscape ecology theory, the concept and method of ecological
security pattern have gradually become the mainstream of ENs research. Moreover, the
basic research paradigm of “identification of ecological source-construction of ecological
resistance surface-extraction of ecological corridor” has been formed [16,17]. Although
the connotation of ENs in relevant studies in different periods had different emphases,
most of them emphasized the natural process and characteristics and paid attention to the
protection of landscape connectivity and ecological services.

Currently, EN research can be roughly divided into construction and evaluation.
In the construction of ENs, the above-mentioned basic paradigm is widely used in the
extraction of ENs. According to this research paradigm, the basic elements of ENs are
composed of ecological sources and ecological corridors [5], namely, ecological nodes and
edges. Ecological sources are habitat patches of great significance for maintaining the
integrity, connectivity, and stability of ecosystems [18]. Generally, ecological sources can
be determined according to the spatial distribution of focus species [19,20]. However, the
distribution data of focus species are often difficult to obtain, and the screening of ecological
sources based on land cover types has become an acceptable alternative method [21,22].
In recent years, morphological spatial pattern analysis (MSPA) has also been widely used
because it can determine the ecological sources that play an important role in landscape
connection from the grid scale [23,24]. Ecological resistance surface is considered as the cost
of species migration between ecological sources, reflecting the potential trend of species
movement [16,17]. In some previous studies, ecological resistance surface is determined
according to the subjective assignment of habitat types, which has strong subjectivity and
poor accuracy. Some scholars also introduced the habitat quality corrected by NDVI and
night light index as the ecological resistance surface [25]. An ecological corridor is a narrow
and long strip channel for species migration between ecological sources [16]. The minimum
cumulative resistance model (MCR) is a recognition method of minimum-cost corridor
considering landscape heterogeneity and connectivity, which has high operability [26].
Although the MCR model can identify the optimal path and direction of species migration,
it ignores the characteristics of random walk of species and cannot determine the spatial
scope of ecological corridors [25]. The application of circuit theory derived from physics
effectively makes up for these defects and is gradually used in the identification of ecological
corridors. According to the circuit theory, the direction of ecological corridors is determined
by simulating the random walk of biological flow, and the range of ecological corridors is
determined by the cumulative resistance threshold of current [27,28].

The research of EN evaluation mainly involves quality, function, and structure. The
quality evaluation of ENs focuses on the ecological attributes of ecological sources and
corridors, such as ecological sensitivity [29], ecological abundance [30], landscape pattern
index [31], landscape components [32], etc. Moreover, with the introduction of circuit
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theory, barriers and pinchpoints that hinder ecological flow can also be identified and
used to detect the quality defects of ENs [33,34]. The core function of ENs is to connect
long-distance habitat patches. Therefore, landscape connectivity indexes such as circularity
(α), node corridor ratio (β), and connectivity (γ) [6,35] are widely used in the functional
evaluation of ENs. However, the above indexes are mainly global indexes, which cannot
evaluate the importance of local ENs to the overall connectivity. Currently, the structural
evaluation of ENs includes self-structure and external structure according to the evaluation
object. In terms of the self-structure of ENs, some scholars believe that extremely long
corridors are vulnerable to external erosion, and suggest appropriately increasing ecological
sources as stepping stones for species migration [36,37]. In terms of the external structure of
ENs, the blind areas with sparse distribution of ENs have gradually attracted the attention
of some scholars [38,39]. Essentially, these structural evaluation methods are still the
maintenance and strengthening of EN connectivity, but they often ignore the topological
features that are extremely important to the stability of ENs. With the development of graph
theory, minimum spanning tree [40,41] and community detection [42,43] are gradually
applied to explore the structural characteristics of complex network systems. Referring to
the structural analysis of complex networks, it will make the structural exploration and
hierarchical protection of ENs possible.

In summary, the research on the construction of ENs has been relatively abundant, but
there are still the following defects in the evaluation. First, existing studies of ENs often
focus on the evaluation from a single perspective [29,31,32], which lacks a comprehensive
evaluation framework. Second, the evaluation of functional connectivity for ENs is usually
limited to global indicators [6,35] and pays less attention to targeted local indicators. Mean-
while, the existing structural evaluation of ENs often ignores the topological characteristics.
Finally, there has always been a large knowledge gap between the evaluation and protection
strategies of ENs. Therefore, the general objective of our study is to achieve the evaluation
and protection of ENs. The specific objectives are to solve the following scientific issues.
(1) How to effectively and comprehensively evaluate the evolution characteristics of ENs?
(2) How to combine ecological attributes and topology for the characteristic evaluation of
ENs? (3) How to formulate corresponding protection strategies according to the evaluation
of ENs?

To achieve the above objectives, the following contributions have been made in this
study, which are also innovations of this study. (1) First, a complete evaluation framework
of ENs based on “quality–function–structure” was proposed to analyze the evolution
characteristics of ENs in WUA. (2) Circuit theory [27,28], centrality index [44], and complex
network theory [45] were, respectively, applied to identify the quality defects, evaluate
the local functional connectivity, and explore the topology of ENs. (3) The evaluation
framework was committed to supporting the formulation of protection strategies for ENs.

2. Materials and Methods
2.1. Study Area and Data Sources

Wuhan urban agglomeration (WUA) is located in the middle reaches of the Yangtze
River, which is an urban consortium composed of Wuhan, Huangshi, Ezhou, Xiaogan,
Huanggang, Xianning, Xiantao, Tianmen, and Qianjiang (Figure 1). WUA is not only the
core area of economic development in Hubei Province but also an important strategic
fulcrum for the rise of central China. WUA covers approximately 57,909 square kilometers,
of which ecological land (forest, grassland, water, wetland, etc.) [46] accounts for 43%. The
vast virgin forests in the northern Dabie Mountains and the southern Mufu mountains
provide large-scale habitats and potential corridors for species migration. However, the
rapid advancement of urbanization and industrialization has led to the erosion of species
habitats by the sprawl of construction lands, and the phenomenon of ecological islets
has gradually emerged. Therefore, it is necessary to explore the structural and functional
evolution of ENs in WUA, which aims to guide the protection of biodiversity and ecological
integrity [47,48].
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Figure 1. Administrative divisions, spatial distribution data of land use types for Wuhan Metropolis
(WUA) in 2020.

The multi-source spatial data applied in this study mainly include (1) spatial distri-
bution data of land use types monitored by remote sensing (LUTRS) in 2000, 2010, and
2020, obtained from Resources and Environment Science and Data Center (https://www.
resdc.cn/Datalist1.aspx?FieldTyepID=1,3, accessed on 2 March 2022). The dataset was
generated through man–machine interactive interpretation based on Landsat TM and
Landsat OLI images of the United States, with an initial spatial resolution of 30 m. Ac-
cording to the attributes of land resources, land use types are categorized into farm-
land, forest, grassland, water, construction land, and unused land; (2) Landsat8 OLI
images obtained on February 18 and 29 April 2020, with row and column numbers of
122/39, 123/39, respectively (https://www.gscloud.cn/search, accessed on 5 April 2022);
(3) administrative division data of WUA extracted from the land survey project of Natu-
ral Resources Department of Hubei Province; (4) digital elevation model (DEM) data
obtained from Geospatial Data Cloud (https://www.gscloud.cn/search, accessed on
2 March 2022); (5) normalized difference vegetation index (NDVI) dataset of WUA in
2000, 2010, and 2020 extracted from MODIS/Terra Vegetation Indices 16-Day L3 Global
250 m SIN Grid (MOD13Q1), which was downloaded from LAADS DAAC of NASA
(https://ladsweb.modaps.eosdis.nasa.gov/search/order/1/MOD13Q1--6, accessed on
2 March 2022). It should be noted that all raster data were resampled to 100 m × 100 m res-
olution and all data were consistently projected to CGCS2000_3_Degree_GK_Zone_38. This
coordinate system takes GCS China Geodetic Coordinate System 2000 as the geographic
coordinate system and Gauss Kruger of zone 38 in 3-degree zoning as the projection
coordinate system.

2.2. Methodology

A research framework for the evolution of ENs was developed in this study, including
the following two parts. On the one hand, we built the ENs of WUA from 2000 to 2020
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based on the advantages of circuit theory and remote sensing data of land use monitoring.
On the other hand, circuit theory [27,28], centrality index [44], and complex network
theory [45] were introduced to build a complete evaluation framework of ENs based on
“quality–function–structure”. The application of this framework realized the evolution
analysis of ENs in WUA from 2000 to 2020. This evaluation framework was committed to
supporting the formulation of protection strategies for ENs.

2.2.1. Construction of ENs

Landscape ecology studies the spatial pattern and ecological process of the ecosystem,
which emphasizes maintaining landscape connectivity through ecological management [49,50].
Constructing ENs is considered to be a classical method to strengthen landscape con-
nectivity [51]. ENs are potential paths for species to cross heterogeneous landscapes,
including ecological nodes, ecological edges, and the connection between them. Ecolog-
ical sources are abstracted as ecological nodes, and ecological corridors are abstracted
as ecological edges [52]. Therefore, the basic paradigm of “identification of ecological
sources-construction of ecological resistance surface-extraction of ecological corridors” was
applied to identify ENs in this study [16,17] (Figure 2).
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(1) Identification of ecological sources

According to the theory of island biogeography, large-scale species habitats act as
“species pools” of surrounding habitats [53]. Therefore, we regarded the large-scale habitats
that play an important role in landscape connection as ecological sources. The extraction
of ecological lands, the measurement of ecosystem services, and morphological spatial
pattern analysis (MSPA) are common methods for identifying ecological sources [21–24].
Compared with the first two methods, MSPA focuses on identifying the connectivity of
landscape components, which is widely used in the extraction of ecological sources [23,24].
The Guidos Toolbox based on MSPA is a method of mining image structure and connectivity
based on the mathematical morphology algorithm [54]. In this study, Guidos Toolbox [54]
was applied to conduct the MSPA analysis of spatial distribution data of land use types
monitored by remote sensing in WUA from 2000 to 2020. First, forests, grasslands, and
grasslands were regarded as foreground elements because they are more suitable as habitats
for terrestrial species. Other land types were regarded as background elements. Second,
eight neighborhood method of Guidos Toolbox was applied to extract the landscape
components of core, islet, performance, edge, bridge, loop, and branch [55] based on the
input of foreground and background elements. The core is the large-scale habitat patch
in the landscape elements, which is of great significance to the habitat and migration of
species [55]. Finally, core patches higher than the optimal area threshold (4 km2) were
regarded as ecological sources (see more details in Appendix A for identification of optimal
area threshold for ecological sources).
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(2) Construction of ecological resistance surface

Ecological resistance surface represents the resistance cost of heterogeneous land-
scapes to species migration between ecological sources [16]. In some previous studies,
ecological resistance surface was determined according to the subjective assignment of
habitat types [56,57], which has strong subjectivity and poor accuracy. The habitat quality
generated based on the InVEST model considers the suitability of different habitat types
and the extent of habitat degradation [58], which is suitable for the construction of ecologi-
cal resistance surfaces. In this study, the initial resistance value was set according to the
habitat quality of the terrestrial ecosystem assessed by spatial distribution data of land use
types monitored by remote sensing (see more details in Appendix B for calculation process
of habitat quality for the terrestrial ecosystem). Considering the impact of topography and
vegetation on species migration, topographic index and NDVI index were used to correct
the initial resistance surface. The specific formula is as follows:

Rcorrect =

(
Tii
Tim

+
1− NDVIi

NDVIm

)
× Rinitial

2
(1)

Rinitial = 1− HM (2)

Tii = ln
[(

Ei
Em

+ 1
)
×
(

Si
Sm

+ 1
)]

(3)

where Rcorrect and Rinitial represent the corrected resistance surface and initial resistance
surface, respectively; Tii and NDVIi represent the topographic index and normalized
vegetation index, respectively; Tim and NDVIm are the mean value of the topographic
index and normalized vegetation index for land type m, respectively; Ei and Si represent
the elevation and slope, respectively; Em and Sm are the mean elevation and slope of land
type m, respectively.

(3) Extraction of ecological corridors

Ecological corridors are not only banded channels connecting ecological sources [16]
but also important carriers of material circulation, energy flow, and information trans-
mission in the ecosystem. The traditional MCR model can identify the optimal path and
direction of species migration, but it cannot determine the spatial scope of the ecological
corridor [25]. Referring to frontier studies [27,28], the circuit theory derived from physics
was applied to identify the direction and spatial range of ecological corridors in this study.
According to circuit theory [27,28], ENs are regarded as circuit structures. Ecological sources
and ecological resistance surfaces are regarded as circuit nodes and resistance surfaces,
respectively, while biological flows are regarded as random walk processes of electrons. The
direction of ecological corridors is determined by simulating the random walk of biological
flow, and the range of ecological corridors is determined by the cumulative resistance
threshold of the current [25]. In this study, the Linkage Pathways Tool of the Linkage
Mapper [28], based on circuit theory, was used to output ecological corridors between
ecological sources based on the input of ecological sources and ecological resistance surface.

2.2.2. Evaluation of “Quality–Function–Structure” for ENs

Existing evaluation of ENs often focuses on a single perspective [29,31,32], which
lacks a comprehensive evaluation framework that can be directly applied to the planning
of ENs. In this study, circuit theory, centrality index, and complex network theory were
introduced to build a complete evaluation framework of ENs (Figure 3). Ecological barriers
and pinchpoints were regarded as quality defects of ENs. Between centrality, closeness
centrality, and straightness centrality were used to evaluate the connectivity function of ENs.
The topology of complex networks was applied to evaluate the structural characteristics of
ENs, including community and backbone structure.
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(1) Quality Evaluation of ENs

With the prevalence of urban sprawl and agricultural expansion, ENs are often eroded
by impervious surfaces and farmlands, which leads to inherent quality defects. Previous
studies on quality evaluation focused on the ecological attributes of ENs [29–32] and
could not detect the quality defects of ENs that hinder biological flow. Therefore, the
quality evaluation of ENs focused on identifying the quality defects that hinder ecological
connectivity, which were regarded as the key restoration and protection areas of ENs,
including ecological barriers and pinchpoints.

Ecological barriers refer to the non-habitats that hinder the ecological flow, which leads
to the detour or meander of ecological corridors. Removing barriers will reduce the cost
of ecological connectivity in these regions and increase the possibility of biological flows.
According to circuit theory, the recovery value of cumulative current reflects the benefit after
removing barriers. According to the circuit theory, areas with the highest recovery value of
accumulated current in ecological corridors are called barriers [34], which make corridors
circuitous or redundant. The Barrier Mapper module [34] of Linkage Mapper software was
used to identify ecological barriers based on the input of ecological sources and ecological
resistance surface. Ecological pinchpoints refer to the narrow parts of ecological corridors,
which are the bottleneck and irreplaceable areas of species migration. According to circuit
theory, the current density reflects the net migration of random walkers [33]. The narrow
areas with the highest current density in ecological corridors are called pinchpoints, which
are bottlenecks of species migration. The Pinchpoint Mapper module [33] of Linkage
Mapper software was used to identify pinchpoints based on the input of ecological sources
and ecological resistance surface.

(2) Functional Evaluation of ENs

The core function of ENs is to connect spatially distant habitat patches. Compared with
the global connectivity index such as circularity (α), node corridor ratio (β), and connectivity
(γ) [6,35], the centrality index can reflect the importance of local network elements to the
connectivity of the whole network [59]. In this study, Urban Network Analysis tool
(UNA) [44] was applied to measure the betweenness, closeness, and straightness centrality
of ENs based on the input of ecological nodes (ecological sources) and edges (ecological
corridors), which aims to evaluate the connectivity function of ENs. Between centrality and
closeness centrality measure the transit function and relative accessibility of nodes in the
network, respectively. Straightness centrality reflects the access efficiency between nodes
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and other nodes [60–62]. It should be noted that the measurement result is the centrality of
ecological nodes. The mean value of node centrality at both ends of the edge was taken as
the edge centrality. The calculation formula for three centrality indexes is as follows:

Be(i)a
norm =

∑j,m∈G−{i},d(i,j)≤a

[ njm(i)
njm
× j
]

∑j∈G−{i},d(i,j)≤a(j− 1)∑j∈G−{i},d(i,j)≤a×j
(4)

Cl(i)a
norm =

∑j∈G−{i},d(i,j)≤a j

∑j∈G−{i},d(i,j)≤a d(i, j)× j
(5)

Str(i)a
norm =

∑j∈G−{i},d(i,j)≤a

[
dEucl(i,j)

d(i,j) × j
]

∑j∈G−{i},d(i,j)≤a×j
(6)

where Be(i)a
norm, Cl(i)a

norm, and Str(i)a
norm represent the normalized betweenness centrality,

closeness centrality, and straightness centrality of node i, respectively, when the search
radius is r; G− {i} is the subset of node-set G with node i removed; d(i, j) is the minimum
cost-weighted distance between node i and j; njm(i) is the number of paths with the
minimum cost-weighted distance from node j to m through node i; njm is the number of
paths with the minimum cost-weighted distance between node j and m; dEucl(i, j) is the
Euclidean distance between node i and j.

(3) Structural Evaluation of ENs

Network phenomena are complex systems that generally exist in nature and human
society [45]. Complex network theory applies the method of abstracting the real world to
describe the connection behavior of complex systems in nature and human society. ENs
are spatially connected complex systems similar to other complex networks, which are
significant to reduce landscape fragmentation and curb biodiversity loss [48]. With the
development of complex network modeling, it is possible to express the characteristics
of ENs by complex network analysis [63]. Topology is an important research content of
complex networks which typically includes community and tree structure. Analyzing
the topological characteristics of ENs is conducive to exploring the key and redundant
components of ENs, which is still rare in existing studies. The loss of key structures may
have a worse impact on ENs than redundant components [41]. Therefore, complex network
theory [45] was applied to explore community structure and tree structure in this study,
which aims to provide scientific recommendations for protection strategies of ENs.

1© Community structure of ENs

Complex networks are usually composed of several communities. Nodes in the
same community are closely connected, but the communities are loosely connected [64].
Community detection reveals the internal interaction characteristics of complex network
systems, which is an important basis for explaining and studying the formation principle
of network structure and agglomeration behavior [45]. The community detection algorithm
was applied to explore the general connections within ENs, which may be conducive to
revealing the hidden community structure of ENs.

In this study, the classical Infomap algorithm was used to identify the community
structure of ENs. Infomap is a network clustering algorithm based on the map equation,
which identifies communities in the network by combining random walk and information
compression [42,65]. The basic principle of the Infomap algorithm is to use double-layer
Huffman coding to describe the sequence of node codes for network information flow, and
then search the path with the shortest coding length by random walks (see reference [43] for
specific schematic diagram). The first layer of double-layer Huffman coding is community
coding, and the second layer is node coding in the community [42,43]. This method has two
characteristics. One is that the coding of nodes in different communities is reusable, which
can greatly compress the length of information description. The other is that the access
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probability of the node is inversely correlated with the code length of the node. Nodes in
the network community are closely connected, which means that the access probability of
nodes is high, and the total coding length of random walks in the community is relatively
short. In this study, we implemented two-level community detection of ecological nodes in
Infomap Online (https://www.mapequation.org/infomap/, accessed on 20 March 2022).
Furthermore, Thiessen polygons were applied to determine the boundaries of all two-level
communities to explore the community structure of ENs.

2© Backbone structure of ENs

A connected graph without cycles is called a tree, which is the most concise and
important structure in complex networks [66]. The minimum spanning tree is the support
tree with the minimum weighted sum in the network, which makes the simple backbone
structure of a complex network established. MST has the following properties [67]. 1© All
nodes are connected. 2© There is no circular structure. 3© The connection cost is the
lowest. 4© The number of edges is one less than the number of nodes. Therefore, MST is
considered the backbone component of a complex network, which can be realized by the
Prim algorithm. MST algorithm was applied to explore the general connections within
ENs, which may be conducive to revealing the hidden backbone structure of ENs.

According to the above principles, the reciprocal of comprehensive centrality was
taken as the connection cost (numbers above the edges in Figure 4). Comprehensive cen-
trality was the mean value of between, closeness, and straightness centrality in Functional
Evaluation of ENs. Furthermore, the classic Prim algorithm [68] was applied to identify
the MST of ENs based on Python3.7. The MST of global ENs was taken as the primary
backbone network (blue thick line in Figure 4), and the MST of remaining ENs except the
primary backbone network was taken as the secondary backbone network (pink dotted
line in Figure 4).
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3. Results
3.1. Spatial–Temporal Evolution of ENs

Ecological sources of WUA were mainly distributed in the northern and northeastern
Dabie Mountains and Southern Mufu mountains (Figure 5), which was consistent with
the spatial distribution reported in paper [48]. There was no great change in the spatial
distribution pattern of ecological sources from 2000 to 2020. However, the total area of
ecological sources decreased from 14,922.64 km2 to 14,843.44 km2 and then to 14,659.47 km2.
Forests accounted for an extremely high proportion of inflow ecological sources from
2000–2020 (Table 1). Meanwhile, forests accounted for a relatively high proportion of
outflow ecological sources (Table 1). This phenomenon is due to the fragmentation of local
forests, which makes it difficult to accumulate into large-scale ecological sources. It also can
be found that about 36.34% and 52.75% of outflow ecological sources turned to farmlands
or construction lands, respectively, from 2000 to 2010 and from 2010 to 2020 by overlaying
the data of ecological sources in different years (Table 1). High-value areas of ecological
resistance of WUA were mainly distributed in the main urban areas of Wuhan and the
central urban areas of all counties (Figure 5). With the rapid expansion of urban areas, the
high-value range of ecological resistance gradually spread to the periphery from 2000 to
2020. In the past two decades, the ecological resistance value also increased significantly,
and the mean resistance increased from 32.66 to 35.32.

Table 1. Outflow and inflow of ecological sources from 2000 to 2020.

Outflow of
Ecological Sources

2000–2010 2010–2020

Area (km2) Percentage Area (km2) Percentage

Farmland 53.53 15.69% 159.86 36.39%
Forest 192.25 56.34% 190.00 43.25%

Grassland 12.48 3.66% 9.66 2.20%
Water 12.32 3.61% 7.33 1.67%

Construction land 70.48 20.65% 71.85 16.36%
Unused land 0.18 0.05% 0.60 0.14%

Total 341.25 100.00% 439.30 100.00%

Inflow of
Ecological Sources

2000–2010 2010–2020

Area (km2) Percentage Area (km2) Percentage

Forest 256.01 97.69% 240.80 94.31%
Grassland 6.05 2.31% 14.53 5.69%

Total 262.05 100.00% 255.33 100.00%

The spatial scope of ecological corridors was determined according to the ecological
sources and ecological resistance surface (Figure 5). In terms of scale, the total area of
ecological corridors was 3170.44 km2, 3617.08 km2, and 3487.99 km2, respectively (Table 2)
in 2000, 2010, and 2020. In terms of composition, the proportion of forest in ecological
corridors increased from 71.60% to 75.34%, and the proportion of farmland decreased
from 25.43% to 21.84%, from 2000 to 2020 (Table 2). This phenomenon showed that the
proportion of pure natural habitat in ecological corridors has increased significantly, which
benefits from the implementation of ecological protection policies. In terms of distribution,
ecological corridors of WUA were widely distributed, which effectively connect the im-
portant ecological sources of the Mufu mountains and Dabie Mountains. The distribution
of ecological corridors extracted in this study was generally consistent with that reported
in papers [14,48]. However, there were great differences in the density of local corridors,
which was mainly due to the difference in the screening threshold of ecological sources.
The shape of ecological corridors in the central region of WUA tended to be straight from
2000 to 2010 (purple circles in Figure 5a,b), which benefits from the significant increase
of vegetation coverage and the reduction of cumulative resistance in these areas. The
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number of corridors in the yellow circles of Figure 5b,c increased significantly from 2010
to 2020, which provided multiple alternative channels for species migration. However,
two important corridors were lost between the large-scale sources in the northern Dabie
Mountains (red circles in Figure 5b,c).
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3.2. Quality Evaluation of ENs

Ecological barriers refer to the non-habitats that hinder the ecological flow in the
ecological corridors, which leads to the detour or meander of ecological corridors [34]
(see more details in Appendix C for verification of quality defects for ENs). Ecological
barriers of WUA were identified according to the cumulative current recovery value. In
terms of scale, the scale of ecological barriers showed a trend of increasing first and then
decreasing from 2000 to 2020 (Table 3). In terms of composition, ecological barriers were
mainly composed of farmlands and construction lands, accounting for about 90% of the
total area of barriers. The proportion of farmlands among ecological barriers decreased
from 83.25% to 74.25% and the proportion of construction lands increased from 10.09% to
17.33% from 2000 to 2020 (Table 3). In terms of distribution, ecological barriers of WUA
were mainly distributed in the east of Wuhan, the north of Xiaogan, and the junction of
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Ezhou and Huanggang (Figure 6). Impervious surfaces or farmlands in these areas were
densely distributed, resulting in broken and rugged ecological corridors passing through
ecological obstacles. The distribution of ecological barriers in the east of WUA became
more and more intensive from 2000 to 2010 (red circles in Figure 6a,b), which indicates that
the ecological corridors in this area were greatly threatened by urban expansion. The scope
of ecological barriers in purple ellipses of Figure 6b,c has shrunk significantly from 2010 to
2020, indicating that the implementation of ecological protection policies has effectively
blocked the diversion of ecological corridors caused by non-habitat erosion.
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Ecological pinchpoints refer to the narrow parts of ecological corridors, which are the
bottleneck and irreplaceable areas of species migration [33] (see more details in Appendix C
for verification of quality defects for ENs). Pinchpoints in the ENs of WUA were identified
according to the current density. Figure 7 shows that pinchpoints are usually located in
ecological corridors around the built-up area. When ecological corridors crossed built-
up areas, they were often squeezed into narrow and irreplaceable channels by dense
impervious surfaces. Pinchpoints are vulnerable to erosion, which will lead to the fracture
of ecological corridors and the stagnation of biological flow. The total area of ecological
pinchpoints is about 222 km2 without significant fluctuation from 2000 to 2020. Ecological
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pinchpoints are the self-attributes of ecological corridors, and the change of their spatial
distribution is also synchronized with ecological corridors.
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3.3. Functional Evaluation of ENs

Between centrality and closeness centrality measure the transit function and relative
accessibility of nodes in the network, respectively. Straightness centrality reflects the access
efficiency between nodes and other nodes [60–62].

ENs with three high centrality indexes were mainly distributed in the southern Mufu
mountains (Figures 8–10). Large-scale virgin forests in these areas provided abundant
habitats and accessible corridors for species migration, and the ecological components
(nodes and edges) had strong accessibility, accessibility efficiency, and connection functions.
The three types of centrality in the central and western regions were extremely low. The
central region is the core area of urban development for WUA, while the western region
mainly undertakes the function of agricultural production. Large-scale construction and
agricultural activities were bound to hinder biological flow, which led to sparse and low-
quality ENs. Between centrality and closeness centrality in the north of WUA was relatively
high, which means that many habitats and ecological corridors in the northern Dabie
Mountains wove dense ENs. Meanwhile, large-scale drylands and forests in the Dabie
Mountains were intertwined, and the cumulative resistance of ecological corridors passing
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through them was also relatively high, resulting in relatively low straightness centrality.
Moreover, it can be observed that the three centrality indexes show a very uncoordinated
distribution pattern in the east of WUA. The distribution of small-scale habitats in these
areas was dense and compact, resulting in high closeness centrality. However, habitats in
these areas were surrounded by farmlands, and the biological flow resistance was relatively
high, resulting in relatively low between centrality and straightness centrality.

Table 2. Composition of land use types for ecological corridors in 2000, 2010, and 2020.

Land Use Types
2000 2010 2020

Area (km2) Percentage Area (km2) Percentage Area (km2) Percentage

Farmland 806.16 25.43% 829.11 22.92% 761.83 21.84%
Forest 2270.18 71.60% 2686.63 74.28% 2627.84 75.34%

Grassland 59.13 1.87% 61.33 1.70% 57.66 1.65%
Water 26.81 0.85% 27.92 0.77% 27.23 0.78%

Construction land 7.98 0.25% 11.88 0.33% 13.33 0.38%
Unused land 0.18 0.01% 0.21 0.01% 0.10 0.00%

Total 3170.44 100% 3617.08 100% 3487.99 100%
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Table 3. Composition of land use types for ecological barriers in 2000, 2010, and 2020.

Land Use Types
2000 2010 2020

Area (km2) Percentage Area (km2) Percentage Area (km2) Percentage

Farmland 421.77 83.25% 414.17 78.36% 330.00 74.25%
Forest 19.25 3.80% 21.99 4.16% 18.83 4.24%

Grassland 4.58 0.90% 5.63 1.07% 8.53 1.92%
Water 9.22 1.82% 9.38 1.77% 9.54 2.15%

Construction land 51.10 10.09% 76.96 14.56% 77.02 17.33%
Unused land 0.71 0.14% 0.41 0.08% 0.53 0.12%

Total 506.63 100.00% 528.54 100.00% 444.45 100.00%

The overall distribution of three centrality indexes for ENs was relatively stable from
2000 to 2020, and there are some performance changes in local areas. Due to the erosion of
ecological sources and the reduction of vegetation coverage, two ecological corridors with
high closeness centrality have been lost in the northern Dabie Mountains (Figure 9). In
addition, between centrality and straightness centrality of the two corridors in the central
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region have been significantly improved (Figure 8b,c and Figure 10b,c). These areas were
located in the urban–rural fringe, and the composition of land types was relatively complex.
However, with the increase of vegetation coverage, the biological flow resistance decreased
significantly, which greatly improved the transfer function and access efficiency of ENs.
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3.4. Structural Evaluation of ENs

According to the recognition result of ENs, two-level ecological communities of WUA
were constructed by using the Infomap algorithm and Thiessen polygon. In Figure 11,
ecological sources and corridors in the communities of ENs are expressed by ecological
nodes and edges. In this study, three primary ecological communities were divided,
and 22, 23, and 24 secondary communities were subdivided in 2000, 2010, and 2020,
respectively (Figure 11). Primary ecological communities included the ecological sub-region
of agroforestry in the north of WUA(EANs), the ecological sub-region of agroforestry in the
northeast of WUA(EANEs), and the ecological sub-regions of Mufu mountains in the south
of WUA(EMSs). EANs and EANEs covered part of the Dabie Mountains, respectively,
indicating that there are weak areas of ecological connectivity in the Dabie Mountains.
EANs and EANEs also covered high-quality farmlands in the northeast and central parts
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of WUA, respectively, which indicates that the forest and farmland ecosystem in these
areas were strongly connected. EMSs covered large-scale virgin forests and connecting
corridors in the south of WUA. The scope of EANs changed slightly from 2000 to 2020.
EANEs showed a trend of shrinking to the north, while EMSs showed a trend of expanding
to the north, which means that the ecological connectivity between the farmland ecosystem
in the central part of WUA and the Dabie Mountains was weakened, and the connectivity
with Mufu mountains was gradually strengthened.
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According to the recognition result of ENs, the backbone structure of ENs for WUA
was identified by using the Prim algorithm. In Figure 12, the backbone structure of ENs is
expressed by ecological nodes and edges (abstract ecological sources and corridors). The
blue and purple thick lines represent the main trunk with high comprehensive centrality
and the secondary trunk with high comprehensive centrality, respectively (Figure 12). The
main trunk of WUA was a fully connected network, which was widely distributed in
various regions and played an important role in effectively connecting the habitat patches
in the whole region. In 2000, 2010, and 2020, the edge number of the main trunk was 155,
160, and 159, respectively. Since the remaining ENs, except the main trunk, were not fully
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connected networks, the identified secondary trunks of WUA were the minimum spanning
tree of each sub-network. In 2000, 2010, and 2020, the number of secondary trunks was 16,
16, and 15, respectively, and the edge number of secondary trunks was 114, 118, and 115,
respectively. Secondary trunks were the supplement of the main trunk, which were mainly
distributed in the middle of WUA. This indicates that the accessibility of ENs in the middle
was relatively high, that is, there were abundant alternative routes for species migration.
The main trunk in the northern Dabie Mountains and the southern Mufu mountains was
developed, while the secondary trunk was sparse, which means that ENs in these areas
were dense and important, but there was a lack of alternative ecological paths.
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4. Discussion
4.1. Enlightenment from the Evolution of “Quality–Function–Structure” for ENs
4.1.1. Spatial–Temporal Response of Global ENs to Land Development

Global ENs had significant spatial and temporal responses to land development
activities, which was mainly reflected in the spatial distribution and evolution of ENs.
Affected by the distribution of natural habitats and land development, the distribution
pattern of ENs was often extremely uneven (Figure 5) [35,69]. In this study, we found
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that ENs of WUA were mainly large-scale virgin forests distributed in the northern Dabie
Mountains, the southern Mufu mountains, and between them, which was consistent with
previous studies [46,48]. Moreover, it was observed that there were large-scale ecological
blind zones in the west of WUA and Wuhan. The west of WUA is dominated by agricultural
production, and the distribution of farmland is extremely intensive. Wuhan is the core city
of Hubei Province and even the Yangtze River economic belt, where urban construction
activities are extremely active. Intensive land development activities led to the lack of
large-scale ecological sources, resulting in ecological blind zones. However, we argue
that ecological blind zones have an obvious scale effect. Scale effect refers to the fact that
research results will be different when the spatial unit used for analysis changes [70,71].
In this study, 100 m × 100 m raster was the suitable scale for the study of ecological blind
zones in WUA. However, small and medium-sized agroforestry ENs and urban green
infrastructure can be identified on a finer spatial scale, which can play a transmission role
as the capillary of ENs.

Furthermore, we found that land development activities were an important driving
force for the evolution of ENs. It can be found that forests accounted for a relatively high
proportion of outflow ecological sources and about 36.34% and 52.75% of outflow ecological
sources turned to farmlands or construction lands, respectively, from 2000 to 2010 and
from 2010 to 2020 (Table 1). This means that forest fragmentation, agricultural expansion,
and urban sprawl were important inducements leading to the shrinkage of ecological
sources. Although farmland is not suitable for large-scale species habitats, the proportion
of farmland in the composition of ecological corridors exceeded 20% from 2000 to 2020
(Table 2). This indicates that the farmland ecosystem has a certain function of carrying
species migration in ENs. Moreover, we also observed that there were two main reasons
for the loss of ecological corridors in the past two decades. On the one hand, transitional
urban expansion and agricultural reclamation increased the resistance to species migration,
which led to qualitative changes and even fractures of ecological corridors. On the other
hand, the loss of ecological sources made the existence of ecological corridors meaningless
(red circles in Figure 5b,c). This means that the loss of ecological sources was relatively
destructive, and the loss of ecological corridors was more likely.

4.1.2. Spatial–Temporal Response of Local ENs to Land Development

Local ENs had significant spatial and temporal responses to land development activ-
ities, which was mainly reflected in the evolution of the quality, function, and structure
of ENs.

First, we argue that quality defects of ENs often stem from the antagonism between
ecological corridors and land development. This view was proved by the fact that eco-
logical barriers and pinchpoints were mainly distributed in the middle of WUA, with
relatively developed urbanization, and the north, with relatively developed agriculture
(Figures 6 and 7). Ecological barriers were often expressed as planar (farmlands, resi-
dences, etc.) or linear features (roads, railways, etc.). The proportion of low-quality
farmlands in the composition of ecological barriers all exceeded 74% from 2000 to 2020
(Table 3). Meanwhile, the proportion of construction lands in the composition of ecological
barriers increased from 10.09% to 17.33% (Table 3), indicating that ecological corridors were
increasingly threatened by urban sprawl. Ecological pinchpoints were narrow sections of
ecological corridors squeezed by construction lands or low-quality farmlands [33]. The
situation of ecological pinchpoints had not improved significantly from 2000 to 2020. As
the bottleneck of ecological corridors, ecological pinchpoints are likely to cause the rupture
of ecological corridors and eventually lead to ecological barriers. Therefore, we draw an
extended conclusion that the difference between ecological pinchpoints and barriers lies in
the threat of land development to ecological corridors, and ecological pinchpoints are the
precondition for the occurrence of ecological barriers.

Second, it also can be observed that different land development models had different
effects on centrality indexes. Simple urban construction or agricultural reclamation had a
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negative impact on the centrality of ENs, which was demonstrated by the low centrality
of all three categories in the middle and west of WUA (Figures 8–10). Northern Dabie
Mountains were crisscrossed by forests and farmlands, which led to higher cumulative
ecological resistance and lower straightness centrality (Figure 10). A large number of
ecological sources in the east were surrounded by farmlands, which led to rugged ecological
corridors and low between and straightness centrality (Figures 8 and 10). In the past two
decades, with the gradual increase of vegetation coverage and the reduction of ecological
flow resistance in the middle of WUA, between and straightness centrality of two key
corridors have significantly improved.

Finally, it can be found that there was a strong connection between the agricultural
and forest ecosystems of WUA. EANs and EANEs were composed of local Dabie Moun-
tains and high-quality farmlands, which shows that these regions have broad prospects
for building agroforestry ENs. We argue that the relationship between agricultural and
forest ecosystems is dynamic, which was manifested in the antagonism between adjacent
ecological communities under the background of land use change. Ecological connectivity
between the farmland ecosystem in the middle of WUA and the Dabie Mountains was
weakened, and the connectivity with the Mufu mountains was gradually strengthened
from 2000 to 2020, which directly led to the occupation of the south of EANEs by EMSs
(Figure 11b,c). According to the identification results of backbone structure for ENs, it can
be found that the main and secondary trunk of ENs had differential utility. ENs in southern
Mufu mountains and northern Dabie Mountains were mostly identified as the main trunk,
which means that ENs in these areas were dense and irreplaceable. Land development
activities in the middle and east of WUA were relatively active, resulting in the sparse main
trunk of ENs. However, dense small-scale ecological sources in these areas contributed to
the relatively developed secondary trunks, which provided abundant alternative paths for
species migration.

4.2. Protection Strategies of ENs Based on the Coupling of “Quality–Function–Structure”

How to formulate corresponding protection strategies according to the evaluation of
ENs? This has become an important issue for planners and policymakers. They expect to
guide the orderly connection of ecological sources through proactive planning to ensure
the stability of material circulation, energy flow, and information transmission.

Protection strategies of ENs need to include the protection of ecological nodes (ecolog-
ical sources) and ecological edges (ecological corridors) (Figure 13). We propose that all
ecological sources should be gradually and orderly included in the sequence of habitat pro-
tection to prevent natural or manmade erosion. Then the level of ecological protection will
be further determined according to the detailed field survey (scale, species, structure, etc.)
of ecological sources. The quality, function, and structure characteristics should be fully con-
sidered in the protection of ecological corridors. In this study, we proposed two protection
strategies for ecological corridors based on the coupling of the “quality–function–structure”
of WUA in 2020 (Figure 14). The key areas to be repaired were determined through the
quality evaluation of ecological corridors. The priority of construction and protection of
ecological corridors was determined by coupling two topological structures and functions.
Two protection strategies are described as follows.

Strategy 1 is a protection mode that comprehensively considers the quality defects,
community structure, and centrality function of ecological corridors (Figure 14a). This
model gives priority to repairing the barriers and pinchpoints (Table 4) of ecological corri-
dors and protecting the ecological corridors connecting adjacent ecological communities.
Ecological corridors with priority protection are key components of maintaining the con-
nectivity between ecological communities. Once these corridors are eroded, the connection
between ecological communities will be directly cut off, which is the main inducement
for the gradual formation of ecological isolated islands. Ecological corridors between pri-
mary ecological communities and secondary ecological communities were given primary
and secondary protection priority, respectively, that is, the thick blue and purple lines
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in Figure 14a. The remaining ecological corridors were given tertiary protection priority.
Moreover, priority should be given to the construction and protection of components with
high comprehensive centrality within the ecological corridors at the same level.
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Table 4. Quality defects and restoration strategies of ecological corridors in WUA.

Types Characteristics Strategies

Ecological barriers Non-habitat patches hindering ecological flows.

X Returning farmlands to forests orderly.
X Building three-dimensional wildlife passages

across planar construction land.
X Reserving wildlife passages beside linear

construction lands such as roads and bridges.

Ecological pinchpoints Narrow and irreplaceable corridors.

X Incorporated into nature reserves to prevent
natural or manmade erosion.

X Improving the vegetation coverage around
ecological pinchpoints.

Strategy 2 is a protection mode that comprehensively considers the quality defects,
backbone structure, and centrality function of ecological corridors (Figure 13b). Except
for the quality restoration of ecological corridors (Table 4), this model gives priority to the
protection of ecological corridors that connect as many ecological sources as possible at
the lowest cost. Ecological corridors with priority protection are conducive to maintaining
both the backbone structure and strong transmission components of ENs. Once these
corridors are eroded, it will greatly increase the resistance cost of biological flow and reduce
the landscape connectivity. The main trunk and secondary trunk of ecological corridors
were given primary and secondary protection priority, respectively, that is, the thick blue
and purple lines in Figure 13b. The remaining ecological corridors were given tertiary
protection priority. Moreover, priority should be given to the construction and protection
of components with high comprehensive centrality within the main trunk, secondary trunk,
and remaining ecological corridors.

4.3. Advances, Limitations, and Directions for Future Work

In this study, a complete evaluation framework of ENs was proposed to support
the formulation of protection strategies for ENs. The specific advantages include the
following: first, the evaluation framework makes up for the singleness of the previous
evaluation perspective of ENs [29,31,32]. Second, circuit theory [27,28], centrality index [44],
and complex network theory [45] were applied to realize the above framework, which
provides a new perspective for understanding the characteristics of ENs. Finally, protection
strategies for ENs based on the evaluation framework bridge the knowledge gap between
ENs evaluation and planning, which may be conducive to the management of ENs.

However, this study has some limitations. First, the evaluation and protection of ENs
in this study only involved terrestrial ecosystems and have not been applied to aquatic
ecosystems. This will be our further research direction in the future. Another issue is
the effectiveness of protection strategies for ENs. Subsequent studies should continue
to measure the protection effectiveness of ENs against external attacks under different
strategies, which will provide reliability verification for ecological planning.

5. Conclusions

The multi-scale research on the construction of ENs has been relatively abundant [23,57,63].
However, the evaluation of ENs not only has the defect of a single perspective [29,31,32]
but also lacks attention to the topology, which often leads to the lack of effective guidance
for the protection of ENs. In this study, we attempted to make up for the above defects,
and the specific contributions are as follows. (1) A complete evaluation framework of ENs
was proposed to analyze the evolution characteristics of ENs in WUA. The integrity of this
framework will be conducive to providing scientific suggestions for ecological planning.
(2) We attempted to integrate circuit theory [27,28], centrality index [44], and complex
network theory [45] into our study, which is a great supplement to previous studies on ENs
evaluation. (3) The evaluation framework was committed to supporting the formulation of
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protection strategies for ENs, which bridges the knowledge gap between protection and
evaluation for ENs. According to the implementation of the research framework, we have
summarized many meaningful enlightenments and implications, as follows.

(1) Regulating land development activities will be conducive to maintaining the global
stability of ENs. Forest fragmentation, transitional urban expansion, and agricultural
reclamation were important inducements for the shrinkage of ecological sources. They
may also increase the resistance of species migration, which will lead to qualitative
change and even fracture of ecological corridors.

(2) Regulating land development activities will be conducive to strengthening the local
connectivity of ENs. On the one hand, the antagonism between ecological corridors
and land development activities led to ecological quality defects. On the other hand,
the topology analysis of complex networks can be used to extract the key components
of ENs to avoid being occupied by land development activities. Therefore, it is crucial
for ecological connectivity to repair the weak sections of ENs and protect the key ENs.

(3) The coupling “quality–function–structure” provides the possibility for the differential
protection of ENs. The key areas to be repaired can be determined through the quality
evaluation of ENs, and the priority of construction and protection for ENs may be
determined through the coupling of topology and function.

(4) The proposed research framework has strong applicability and potential. Goal 15 (Life
on Land) of the Sustainable Development Goals (SDGs) aims to protect, restore,
and promote the sustainable use of terrestrial ecosystems [72]. However, in the
inevitable high-intensity construction rhythm of the “Anthropocene”, the gradu-
ally isolated ecosystems may lead to the loss of human well-being or biological
homogenization [73,74]. ENs are effective means to curb the islanding of the ecosys-
tem by maintaining ecological connectivity [6]. The research framework in this study
comprehensively considers the quality defects, main functions, and topology of ENs,
which can be applied to the research and planning of multi-scale ENs. In the future,
the research framework will be further extended to the study of aquatic ecosystems
and the effectiveness of protection strategies for ENs. Therefore, we believe that this
research framework has strong applicability and potential in the realization of Goal 15
of the SDGs [72].
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Appendix A. Identification of Optimal Area Threshold for Ecological Sources

Breakpoints are abrupt mutation points in a set of data, which may represent transi-
tions between different states [75]. Breakpoint detection in ecological data will contribute to
exploring the change threshold of ecosystems. In this study, the optimal area threshold for
the screening of ecological sources in WUA was identified through the breakpoint detection
between the area threshold and scale (number and area) of core patches [76].

First, the number and total area of core patches higher than each area threshold were
counted at the step size of 1 km2. We used the Segmented package [77] in R to conduct
piecewise linear regression to identify breakpoints as the initial area threshold. From the
perspective of the relationship between the area threshold and the number of core patches,
when the area threshold is lower than the breakpoint value, many broken and fine patches
may be included in ecological sources. Therefore, Figures A1a, A2a and A3a show that the
optimal area threshold in 2000, 2010, and 2020 should be greater than 3.346 km2, 3.338 km2,
and 3.296 km2, respectively. From the perspective of the relationship between the area
threshold and the total area of core patches, when the area threshold is higher than the
breakpoint value, some important large-scale ecological patches will be lost. Therefore,
Figures A1b, A2b and A3b show that the optimal area threshold in 2000, 2010, and 2020
should be less than 5.691 km2, 5.487 km2, and 6.313 km2, respectively. To maintain the
consistency of our study in different years, we argue that the optimal area threshold should
be between 3.346 km2 and 5.487 km2. Furthermore, we adjusted the initial area threshold
according to the distribution map of the ecological red line (only referring to the habitats
of terrestrial ecosystems) issued by Hubei provincial government (http://hbj.wuhan.gov.
cn/fbjd_19/xxgkml/zwgk/zrst/202001/t20200107_575869.html, accessed on 5 April 2022).
We found that when the area threshold was adjusted to 4 km2, the identified ecological
sources included as many terrestrial habitats as possible in the ecological red line. Finally,
4 km2 was determined as the optimal area threshold for the screening of ecological sources
in WUA.
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where HMxj represents the habitat quality of pixel x with a specific habitat type j; Hxj
and Dxj are the habitat suitability of terrestrial ecosystem (Table A1) and extent of habitat
degradation, respectively; k and z are the half-saturation constant and proportional constant,
respectively; ωr is the weight of the threat factor (Table A2); ry is the threat factor value
(0 or 1); irxy is the impact of threat factor r of pixel x on the habitat of pixel y, which is
described by linear or exponential decay functions in space [71]; βx is the accessibility; Sjr
is the relative sensitivity of habitat type j to threat factor r (Table A1); dxy is the distance
between pixel x and y; drmax is the maximum influence distance of threat factor r (Table A2).

Table A1. Habitat suitability of terrestrial ecosystem and relative sensitivity to threats.

Habitats Suitability (Hxj)
Relative Sensitivity to Threats (Sjr)

Town Rural Others

Paddy field 0.7 0.5 0.4 0.3
Dryland 0.6 0.5 0.4 0.3

Woodland 1 1 0.9 0.8
Shrub wood 0.9 0.8 0.7 0.6

Sparse woodland 0.8 0.7 0.6 0.5
Other woodland 0.8 0.6 0.5 0.5

High coverage grassland 0.7 0.7 0.6 0.5
Medium coverage grassland 0.7 0.6 0.5 0.5

Low coverage grassland 0.7 0.6 0.5 0.3
Water 0 0.9 0.8 0.6

Unused land 0.1 0.5 0.4 0.3
Town 0 0 0 0
Rural 0 0 0 0

Other construction land 0 0 0 0
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Table A2. Relative weight, maximum influence distance, and decay function of threats.

Threat Weight (ωr) Maximum Influence Distance (drmax) Decay Function

Town 1 10 exponential
Rural 0.6 5 exponential

Other construction land 0.5 3 linear

Appendix C. Verification of Quality Defects for ENs

We combined Landsat 8 OLI images and land use data of WUA to verify the quality
defects of ENs, namely, ecological barriers and pinchpoints.

Ecological barriers refer to the non-habitats that hinder the ecological flow in the
ecological corridors, which leads to the detour or meander of ecological corridors [34].
Figure A4 shows two typical ecological barriers of WUA in 2020. The upper left and
lower left of Figure A4, respectively, show the background of remote sensing and land
use distribution for ecological barrier 1©. It can be found that the ecological barrier 1© was
located at the junction of urban and rural areas, which hindered the biological flow between
ecological sources. If the three-dimensional green passage crossing the ecological barrier
1© can be built, a new ecological corridor will be dredged (red dotted line in Figure A4).

The upper right and lower right of Figure A4, respectively, show the background of remote
sensing and land use distribution for ecological barrier 2©. It can be found that ecological
barrier 2©was a piece of construction land close to an ecological source, which led to the
extrusion and distortion of the adjacent ecological corridor. If the vegetation coverage of
ecological barrier 2© can be properly increased, the fracture of narrow and rugged ecological
corridors can be prevented.
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It can be found that ecological pinchpoints 1© and 2© were narrow ecological corridors
squeezed by dense impervious surfaces and farmlands, respectively. Therefore, ecological
pinchpoints are vulnerable to erosion, which will lead to the fracture of ecological corridors
and the stagnation of biological flow. We argue that the ecological pinchpoint is the fortress
of biological flow and should be strictly protected to prevent natural or manmade erosion.
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