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Abstract

Ecological networks have been considered to be an effective strategy to counter habitat fragmentation,
which is occurring in the urbanization context. Researchers and planners have begun to integrate ecological
networks in both thematic planning and urban or regional planning for biodiversity conservation and
sustainable development. In this paper, we integrated the least-cost path model, network structure analysis,
and gravity model to construct a regional ecological network of Poyang Lake Eco-economic Region, China.
The least-cost model was improved by integrating three resistance factors, including land cover, slope,
and human-induced pressure into it, presenting the landscape characteristics comprehensively in corridor
simulation. The network structure analysis was employed to assess the proposed ecological network and the
gravity model was used to identify the relative significance of network elements. Results indicated that the
proposed hierarchical ecological network has good circuitry, complexity, and connectivity. Spatial analysis
of prioritized network elements and breaking points revealed the regional connectivity condition, presenting
significant reference to decision making in both land-use management and network implementation. Our
study demonstrated that the integrated methodology is effective in regional ecological network planning and
shows feasibility to be applied to other regions.

Keywords: ecological network, biodiversity conservation, least-cost path model, network structure anal-
ysis, gravity model

Introduction

Evidence shows that the earth’s sixth massive species
extinction has already arrived and the extinction rates of
birds and mammals may be 100 to 1,000 times that found
in undisturbed nature, greater than any time in the past few
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centuries [1-2]. Habitat fragmentation, loss, and isolation
occurring in the urbanization context are commonly
considered the main causes of the species extinction crisis
[3-5]. Ecologists and biologists recommend strengthening
the connectivity between fragmented habitats to create
a coherent large-scale ecosystem as a solution to enable
threatened species to survive [6-7]. Habitat connectivity
plays an important role in population viability because
it ensures gene flow and facilitates migration, dispersal,
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and re-colonization [8]. Thus, ecological networks, with
the function of strengthening connectivity among habitat
patches, are increasingly being used to meet the needs of
biodiversity conservation [9-11].

The concept of ecological networks was developed
by landscape planners in Europe and North America
in the 20th century to solve the conflicts between the
urban sprawl and biodiversity conservation [12-14].
An ecological network is constituted by ecological
components, including core areas, corridors and buffer
zones, which provide the physical conditions necessary for
ecosystems and species populations to survive in a human-
dominated landscape [15]. Currently, ecological networks
have been developed not only in thematic planning, e.g.,
forest, urban green space, and wetland planning, but
also in comprehensive urban, regional, and landscape-
scale planning [16-21]. Ecological networks are mainly
constructed or evaluated by three kinds of methods: (a)
suitability analyses, (b) structural indices methods, and
(c) ecological process-based methods [19]. As suitability
analyses and structural indices methods don’t consider
the complex ecological processes, ecological process-
based methods are increasingly used in ecological
networks planning [19, 22-23]. The least-cost path
model, an ecological process-based method, is a prime
choice to develop ecological networks. However, some
scholars often choose land cover as the only resistance
factor of least-cost path model as it is complex to include
more precise landscape characteristics [17, 19, 24-25].
Nonetheless, more scholars regard environmental factors,
e.g., height and slope, and human disturbance should
also be considered in developing ecological networks as
they can significantly affect the dispersal movements of
animals [26-28].

Poyang Lake Eco-Economic Region, located in
northern Jiangxi Province, possesses a wide biodiversity
for its abundant habitat resources. It is an experimental
region of China’s national strategies aimed at the win-win
of economic growth and ecological protection. Like many
other regions in China, numerous ecological lands in
Poyang Lake Eco-Economic Region have been converted
to built-up areas for supporting the rapid industrialization
and urbanization process. According to statistics, the
number of increased built-up areas from 2005 to 2010 was
454.4 km?, at an annual increase rate of 8.92%. As a result,
increased habitat loss and fragmentation in the region
have become great threats to biodiversity maintenance.
In this region, increasing natural areas to conserve
biodiversity may no longer be realistic as it relies more on
financial and resource advantages rather than ecological
function. Instead, developing an ecological network is a
suitable strategy since no ecological networks have been
designed for this region so far. From the perspective of
landscape ecology, a regional-scale ecological network’s
significance lies in the fact that it can increase the
connectivity of fragmented habitat patches to the widest
extent, making fragmented patches return to the landscape
matrix and thus forming a functionally coherent large-
scale ecosystem.

In this paper, we selected Poyang Lake Eco-economic
Region as the study area to construct a regional ecological
network. The specific objectives of this study were: 1) to
establish a “point-line-plane” ecological network of the
Poyang Lake Eco-Economic Region and 2) to prioritize
the elements of the proposed ecological network and
identify the breaking points for improving biodiversity
conservation. Mammals were used as focal species for the
design of the ecological network because: 1) the areas and
corridors that they require can also be used by multiple
other species and 2) they are particularly sensitive to the
barrier effect caused by roads [29-30]. Three resistance
factors, including land cover, slope, and human-induced
pressure, were incorporated into the least-cost path model
to simulate the corridors. The network structure analysis
was applied to assess the proposed ecological network
and the gravity model was used to identify the relative
significance of the network elements.

Materials and Methods
Study Area

The Poyang Lake  Eco-Economic  Region
(28°30°N-30°06°N, 114°29’E-117°25’E), one of the most
rapidly growing economic areas in southern China, is
located on the south bank of the Yangtze River’s middle-
and-lower reaches in northern Jiangxi Province. It includes
38 administrative counties and covers approximately
51,200 km?. It is surrounded by mountains and five rivers
(Gan, Fu, Xin, Rao, and Xiu), which flow into Poyang
Lake and then converge into the Yangtze (Fig. 1). The
region belongs to the subtropical humid climate zone;
its average annual temperature ranges from 16 to 18°C,
and annual precipitation is about 1,600 mm. Poyang Lake
Eco-economic Region is a significant region for ecological
protection since Poyang Lake is one of the six wetlands
with the richest biodiversity in the world [31]. In order
to protect the environment and biodiversity, a land-use
policy named “returning arable land to natural habitat” has
been practiced since 1999 [32]. In addition, 11 national or
provincial nature reserves had been established by the end
of 2011.

Date Sources

We obtained the land use data in 2012 with a scale
of 1:10,000 from the Department of Land Resources of
Jiangxi Province. Data were reclassified into 10 land cover
types: forest, wetland, farmland, garden, grassland, water
body, urban land, village, traffic land, and other. The built-
up areas were extracted from the land use data to evaluate
human-induced pressure. A digital elevation model (DEM)
with a spatial resolution of 30 m was obtained from the
International Scientific Data Service Platform (http://
datamirror.csdb.cn/), and the slope data were generated
with the DEM. Three factors — land cover, slope and
human-induced pressure — were used as resistance factors
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in cost surface of the least-cost path model. The nature
reserves distribution data for 2012 were used in source
selection, which were collected from the Department of
Forestry of Jiangxi Province. The traffic data for 2012
were used to identify breaking points of the proposed
ecological network, and were obtained from the Traffic
Department of Jiangxi Province. All data were converted
to a geo-database and processed using ArcGIS 9.3 with
the Beijing54 coordinate system.

Simulation of Potential Corridors Based on
Improved Least-cost Path Model

Originating from graph theory, the least-cost path model
is based on effective distance, which is a straightforward
way to include the detailed geographical information on
the landscape as well as behavioral aspects of organisms
into models [29, 33-34]. The least-cost path model needs
two inputs: a cost surface layer and a source layer. Then
the eight-neighboring-cell algorithm computes the route
with minimum cost that connects pairs of habitat patches.

Sources inputs are the origins of the dispersal and
maintenance of species, which are internal, homogeneous,
and have the characteristic of expanding around or
being the “sources” for themselves [33]. The sources are
representative areas of high ecological value, and can fully
reflect the habitat requirements of the protected species
[35]. When choosing sources, the following factors
were considered: 1) the patch area, 2) the importance
of biodiversity conservation, and 3) spatial distribution.
Cost indicates the resistance value, geographic position,
and orientation of all relevant landscape elements [30].
In general, the least-cost path model considers only one
factor [25]. In this paper, we combined land cover, slope,
and human-induced pressure as a comprehensive cost
surface to improve the least-cost path model. Weights for

land cover factor, slope, and human-induced pressure were
assigned 0.4, 0.3, and 0.3, respectively, according to expert
knowledge. The resistance values of three cost surfaces for
the focal species were assigned through bibliographical
review [16-17, 19, 29] and expert consultation. The
resistance values range from 1 to 1,000, with higher values
indicating higher resistance. Weighted-accumulative cost
surfaces and corresponding backlink direction surfaces for
each source were generated using batch commands of cost
distance tools. Then the least-cost paths between pairs of
sources were generated.

Analysis of Ecological Network

Network circuitry index o is expressed as follows:
network structure analysis introduces a process for
aggregating results of patch and corridor analysis, then
incorporates indicators that describe interrelationships
between landscape elements [36]. Based on graph theory,
it simplifies a landscape into a set of nodes (habitat
areas), whose functionally is connected to some degree
by corridors that join pairs of nodes [30]. The number,
length, and density of corridors were used to describe
their structural characteristics [37]. Indices of a, £, and
y represent network circuitry, node-to-corridor ratio, and
network connectivity, respectively. These three indices are
used to evaluate the significance and complexity of the
ecological network [36].

Network circuitry index o is expressed as follows:

[—v+1
o0=—-
2v—5 (1)
...where [ is the number of linkages and v is the number

of nodes. This a index represents the ratio of the network
formed by loops and ranges from 0 to 1. The higher the

research boundary

lake and rivers
:I county boundary

Fig. 1. Location of Poyang Lake Eco-Economic Region.
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value of a, the more diffusion paths can be chosen by
creatures when going across the network [36]. If a is 0,
then there is no loop in the network. If a is 1, the number
of loops in the network is maximized [37].
Node-to-corridor ratio f represents the number of
linkages divided by the number of nodes, and is expressed

as follows:
iy
p A (2)

...where / is the number of linkages and v is the number of
nodes, as above. When £ is smaller than 1, the ecological
network is a dendrogram; when f is 1, the ecological
network is a single loop; and when £ is bigger than 1, the
ecological network reaches a complex level [38].

Network connectivity y represents the ratio of the
actual number and maximum possible number of linkages
in a network:

/ [

[ 3(wv-2) 5

...where the y index varies between O and 1 and / _is the
maximum possible number of linkages. When y is 0, all
the nodes are independent and linked to no others; when y
is 1, all the nodes are linked to others [38].

Prioritization of Network Elements Based
on Gravity Model

The least-cost path model can be employed to identify
the route that has the least resistance value between two
sources, but it provides little information about the relative
ecological importance of corridors when the connections
are developed from one source to many others [17, 38]. The
problem can be solved with the gravity model [38], which
is the most common method for assessing the interaction
between pairs of nodes [17]. In general, the greater the
interaction, the more effective the corridor [17].

Connectivity using the gravity model is determined as
follows:

Gub = N";Nb

D w (4)

.. where G, is the interaction between nodes a and b,
N, and N, are their corresponding weights, and D , is the
normalized cumulative resistance value of the corridor
between nodes a and b. In general, the interactions between
areas are greater when they are larger and closer [38]. The
node weights are defined by the weighted resistance value
[17]:

Ni=—LxIn(s))

...where N is the weight, P, the resistance value of patch i,
and S, the normalized patch size of node i.
D is defined as:

Dar = L“%max ©

...where L , is the cumulative resistance value of corridor

L between nodes a and b, and L _ is the maximum

cumulative resistance value of all the potential corridors.
Then formula (4) can be expressed as follows:

o NN» [;xln(Sa)}[;bxln(Sb)] )

D ab Lab
L max
_ L2 max 1n(SaSb)
LzabPan (7)

...where S and S represent the normalized sizes of
patches a and b, and P and P, represent the corresponding
resistance value.

Results

Construction and Analysis of the Ecological
Network

Resistance values of the considered three cost
surfaces were assigned as Tables 1, 2, and 3. The
comprehensive cost surface was obtained by overlaying
the three weighted cost surfaces (Fig. 2). We identified 13
core habitat patches as sources (Fig. 3). The sources cover

Table 1. The resistance values of different land cover types.

Resistance factor Type Value
Forest 3
Wetland 5
Farmland 100
Garden 30
Grassland 30
Water body 600
Land Cover
Urban land 1,000
Village 800
Airport: 600
Traffic land highway, railway: 500
other roads: 200
Others 700
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Table 2. The resistance values of different slopes.

Resistance Slope range
factor Type (in ©) Value
Flat slope <5 5
Gentle slope 6-15 20
Slope
Steep slope 16-45 70
Dangerous slope >45 100

Table 3. The resistance values of human-induced pressure.

Resistance Tvpe Distance from built-up Value
factor P area (inm )

1 0-1,000 100
2 1,000-3,000 70

Human-induced 3 3,000-5,000 50

pressure

4 5,000-7,000 30
5 >7,000 5

an area of 5,776.02 km? (11.28% of the study area). Based
on the identified sources and cost surfaces, 78 corridors
between each pair of sources were determined with the

0 20 4o 80 km
[ T —e—"

least-cost path model and 44 intersections of corridors
were identified as nodes (Fig. 3). In this way, a “point-
line-plane” ecological network of Poyang Lake Eco-
Economic Region was established (Fig. 3). As Table 4
shows, the total length of the corridors is 2,232.99 km and
the corridor density of the proposed network is 0.044 km/
km?. The « index is 0.422, reflecting that there are enough
available loops in the region for wildlife movement.
The p index is 1.773, indicating that the ecological
network is complicated. The y index is 0.619, meaning
that the ecological network has a relatively high level of
connectivity, which is as important as the sizes or numbers
of nodes to maintain regional biodiversity.

Priority Identification of Ecological Sources,
Corridors, and Nodes

In urban environments, there is usually one mother
patch that has a significant influence on the surrounding
area, which also applies to regional environments [39].
In this paper, two types of sources were recognized
according to the G values: mother sources and satellite
sources. Mother source was defined as an ecological patch
that has a greater influence over satellite sources than
satellite sources have on it. The G values between the 13
sources vary from 2 to 1,091 (Table 5). The maximum G
value is between source 5 (Poyang Lake) and source 2

Joo

o 20 40 80 km
[

0 20 4o 80 km
S T S T |

Fig. 2. a) land cover cost surface, b) slope cost surface, ¢) human-induced pressure cost surface, d) comprehensive cost surface.
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Fig. 3. The proposed “point-line-plane” ecological network.

(Lushan), suggesting that the corresponding corridor has
the minimum accumulated resistance value and the highest
frequency of organism movement, since the accumulated
resistance is expected to be inversely proportional to the
frequency of an organism’s movement. The G values
between source 5 (Poyang Lake) and its surrounding
sources — e.g., source 1 (Yishan), source 2 (Lushan), and
source 3 (Taohongling Spotted Deer) — are also higher
than that between others, so that source 5 (Poyang Lake)
was identified as the mother source and others as satellite

sources. The G value between sources 3 (Taohongling
Spotted Deer) and source 9 (Xinyu Green-core) is the
minimum, due to the long distance and the accumulated
costs. The G values between source 6 (Meiling National
Forest Park) and the southern ones (sources 8-13) are
small, because Nanchang, the capital of Jiangxi Province,
in the southwest of source 6 (Meiling National Forest
Park), has greatly blocked species dispersal. While in the
southwest, the interaction among sources (sources 7, 9,
and 10), are also rather weak due to the farmland-donated
land use pattern.

Ecological corridors are the main components of
an ecological network, but their importance varies.
We prioritized the corridors into three levels: corridors
with G>100 as level-one, 15<G<100 as level-two,
and G<15 as level-three corridors (Fig. 4). There are
10 level-one corridors with a total length of 685.05 km,
16 level-two corridors with a total length of 912.66
km, and 42 level-three corridors with a total length of
635.28 km.

Ecological nodes in network were defined as the
intersections between corridors. In this study, the
ecological nodes were also divided into three levels
according to the corresponding level of ecological
corridors (Table 6). We identified 12 level-one ecological
nodes, mainly distributed in the northern study area, 23
level-two ecological nodes distributed rather evenly
in the study area, and nine level-three ecological nodes
concentrated in the southwest (Fig. 4).

Table 4. The corridor structure metrics for the ecological network planning.

Corridor Number Corridor Length(in km) Corridor Density(in km/km) o Index B Index v Index
78 2232.99 0.044 0.422 1.773 0.619
Table 5. Source interaction matrix (G) based on the gravity model.

No. of sources 1 2 3 4 5 6 7 8 9 10 11 12 13
1 0 281 18 11 338 63 11 5 5 4 3 3 3
2 0 63 29 1092 45 10 9 4 4 4 2 4
3 0 111 620 10 5 14 2 3 9 3 8
4 0 244 8 3 28 3 4 10 4 9
5 0 288 38 45 14 14 24 10 20
6 0 59 4 10 10 5 6 4
7 0 4 11 9 6 5 3
8 0 7 14 115 14 88
9 0 125 9 10 6
10 0 18 23 11
11 0 55 385
12 0 22
13 0
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Fig. 4. The proposed hierarchical ecological network.

Identification of Breaking Points

In this paper, 63 critical breaking points were
identified through overlaying the linear infrastructure
network (main railways, highways, and stated roads)
over the corridors (Fig. 5). The gained results indicated
that they are distributed mainly on the railways of Beijing
Kowloon, Shanghai Kun, and Wan Gan, and highways of
Fu Yin, Ji Guang, Hang Rui, and Shanghai Kun. Due to
the high density, the breaking points caused by state roads
are much more relevant than those caused by railways and
highways.

Discussion

Constructing an ecological network connecting large
patches on a regional scale is conceived as an appealing
strategy to conserve biodiversity and keep sustainable
development in the urbanization context. In this study,
we combined the least-cost path model, network structure
analysis, and gravity model to construct a hierarchical
ecological network for the Poyang Lake Eco-Economic
Region in China. Accordingly, we demonstrated how

Table 6. Classification criteria of ecological nodes.

Node Type Classification Criteria
Intersections of level-one ecological
Level-one corridors; intersections of level-one

ecological nodes ecological corridors and level-two

ecological corridors

Intersections of corridors except the

Level-two ones defined as level-one or level-three
ecological nodes | ecological nodes; important turning-point
of level-two ecological corridors

Intersections of level-three ecological
corridors; important turning-point of
level-three ecological corridors

Level-three
ecological nodes

railvay

= highway

state road
== ecological corridor

I cological source

research boundary

[ county boundary

0 20 40 80 km
ST S T |

Fig. 5. Distribution map of breaking points.

the least-cost model can be improved to integrate more
resistance factors in corridor simulation. Three resistance
factors were taken into account, including land cover,
slope, and human-induced pressure to comprehensively
present the landscape characteristics, making sure the
corridors were identified realistically. The @, f, and y
indices indicated that the proposed network has an adequate
circuitry, complexity, and connectivity, and is favorable to
matter cycle and energy flux [37]. More factors, such as the
distribution of species, behavior features, and construction
costs can also be incorporated into the least-cost model
in ecological network development according to different
design objectives.

Our results reveal how prioritization of the network
elements can be quantitatively performed. Prioritization
of the network elements is rather important, since most
of the initiatives to develop ecological networks in the
world just keep at the planning stage and have not been
completely implemented because challenges often make
implementation difficult [19, 29]. The most common
challenge is funding, which may force policymakers to
implement only a few routes or sites [19, 40]. We used the
gravity model to prioritize the proposed network elements
and we illustrated the priority results using a hierarchical
ecological network. The hierarchical ecological network
is composed of ecological sources at two priority levels,
and ecological corridors and nodes at three priority levels.
The elements with higher priority levels should receive
more protection in future land-use. Besides, elements with
higher priorities should be chosen to develop first when
constructing a network with limited funds.

The prioritization results also indicated that the spatial
distribution of the ecological nodes and corridors is rather
uneven across the landscape. The nodes and corridors
of higher priority always concentrate in the north of the
study area, while most of the nodes and corridors of
lower priority are located in the southern area. It could be
speculated that the connection between south and north
is rather weak. The three cost surfaces were added to the
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network to analyze the cause. Results showed that most
of the northern area is composed of forested mountains,
whereas most of the south — especially the southwest — are
flat farmlands. On the one hand we found that land in the
south is more likely to be converted to built-up areas than
that in the north due to a lower cost. On the other hand, we
demonstrated that the network developed in this way could
reflect the real landscape characteristics comprehensively.
In this sense, we suggested to management that more
efforts should be made to restrict the uncontrolled urban
expansion in the south and strengthen the relationship
between the southern and northern areas.

The breaking points identified in the study illustrated
how the linear transport infrastructures can fragment the
landscape. Most of the breaking points concentrate in
the southwest, corresponding to the terrain and land use
pattern. These identified breaking points could be viewed
as possible construction locations of underpasses, tunnels,
and platform bridges [23, 41]. Suitable choice varies from
case to case. Analysis at finer-scales should be made to get
more accurate information (position, slope, environment,
and others) for decision- making. In the future, a suggested
more feasible way is to emphasize ecological connectivity
during infrastructure planning [42].

There are still several limitations to this study. First,
the resistance values and weights of the cost surfaces
were assigned through bibliographical review and expert
consultation, and no dispersal behavior features of focal
species were considered because of the lack of precise
data. The values should be further tested and validated
to help planners find more different corridors and
decrease uncertainties [6, 22, 28]. Secondly, the proposed
ecological network focuses on core areas and ecological
corridors as the basic network elements. Buffer areas are
not considered in this study due to difficulties with the
identification of buffer zones, as they are site-dependent.
Lastly, the proposed ecological network was designed
on a regional level, which should be complemented with
superregional, sub-regional and local scale ones, forming
multiple-scale ecological networks. The reason is that
landscape connectivity manifests itself in a multi-scale
format depending on what species or functional groups are
sensitive to the fragmentation of the selected habitats [29].
The development of ecological networks in a multi-scale
format will be one of the aims of future research.

Conclusions

It is highly recommended to address the urgent need for
new methods to establish sustainable and effective ways to
protect biodiversity in China. Constructing an ecological
network connecting large patches on a regional scale is
defined as an appealing strategy, which can effectively
alleviate the problem of habitat fragmentation, but it has
been hardly ever discussed in China until the past decade.
In this study, we demonstrated the effectiveness of an
integrated methodology for regional ecological network
planning by applying it to Poyang Lake Eco-Economic

Region in China. The integrated methodology is a
combination of improved least-cost path model, network
structure analysis, and gravity model. A hierarchical
ecological network possesses an adequate circuitry and
complexity, and then connectivity was proposed. The
results of our study can present significant references
to decision-making in both land-use management and
network implementation. The proposed methodology is
applicable to other regions.
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