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Simple Summary

This study examined changes in ecological network resilience in the Poyang Lake Eco-
economic Zone (Jiangxi Province) from 1990 to 2020. The results showed that ecological
source areas continued to shrink and become more fragmented, while the network grad-
ually shifted from overall connectivity to local clustering. Although the network was
relatively tolerant to random disturbance, it was highly sensitive to the loss of key nodes
and corridors. Therefore, ecological restoration should prioritize large habitat patches,
critical corridors, and stepping-stone habitats to improve regional ecological network re-
silience. This work provides a scientific basis for land-use planning and helps ensure the
long-term ecological stability of this vital region in the face of rapid urbanization and
environmental change.

Abstract

Ecological network resilience is an important indicator for evaluating whether regional
ecosystems can maintain structural connectivity and functional stability under external
disturbance. However, long-term changes in ecological network structure and robustness
in the Poyang Lake Eco-economic Zone remain insufficiently understood. Based on land-
use data from 1990, 2000, 2010, and 2020, this study integrated Morphological Spatial
Pattern Analysis (MSPA), landscape connectivity assessment, the MCR model, complex
network analysis, and robustness simulations to evaluate the spatio-temporal evolution
of ecological network resilience in the Poyang Lake Eco-economic Zone. The results
showed that the area of selected ecological sources in the study area decreased from
39.97% in 1990 to 33.14% in 2020, indicating continuous source-area shrinkage and habitat
fragmentation. The ecological resistance surface showed increasing spatial heterogeneity,
with relatively low resistance in mountain and lakeside wetland areas and high resistance in
the central plain areas affected by agricultural and construction-land expansion. Topological
analysis showed that network density increased from 0.10 to 0.15, average path length
decreased from 3.04 to 2.53, and network efficiency increased from 0.34 to 0.45, suggesting
enhanced local connectivity and transmission efficiency. However, the largest connected
component decreased from 37 to 26, indicating a decline in regional-scale connectivity
and an increasing risk of network fragmentation. Robustness simulations further showed
that the network was relatively tolerant to random disturbance but highly sensitive to the
priority failure of key nodes and corridors. Overall, the ecological network evolved from
relatively continuous connectivity toward local clustering and residual trunk corridors.
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These findings suggest that ecological restoration in the Poyang Lake Eco-economic Zone
should prioritize major ecological sources, cross-regional corridors, stepping-stone habitats,
and critical linkage areas to improve network-level resilience.

Keywords: ecological network; Poyang Lake Eco-economic Zone; ecological resilience;
morphological spatial pattern analysis

1. Introduction
Ecological security is strictly defined as the capacity of ecosystems to maintain their

structural integrity and systemic resilience under disturbances, thereby ensuring the con-
tinuous provision of essential ecosystem services [1]. Accelerated industrialization and
urbanization, characterized by high-intensity land development, have led to landscape
fragmentation and a decline in ecosystem services, intensifying the conflict between eco-
nomic growth and environmental protection [2–4]. As a key intersection for national
strategies including the Yangtze River Economic Belt and ecological civilization construc-
tion, the ecological health of the Poyang Lake Eco-economic Zone is directly linked to
regional ecological security and national food security. Current national mandates empha-
size optimizing the “Lake-River-Mountain” integrated ecological shield and constructing
an interconnected eco-spatial network [5]. Consequently, identifying ecological sources
and constructing security patterns is of urgent practical significance for mastering spatial
configuration modes and enhancing ecosystem connectivity and resilience [6,7].

Identifying regional ecological networks based on existing natural habitats is an ef-
fective approach to balance the supply and demand of ecosystem services and optimize
landscape patterns [8–10]. The core logic of this planning framework lies in identifying and
protecting critical existing ecological sources, and improving the spatial connectivity among
these sources through targeted ecological restoration, instead of relying on the artificial
reconstruction of complex ecosystems. The concept originated from landscape planning in
the 1860s [11] and has since become a focal point in landscape ecology and geography [12].
International research matured early, focusing on model construction, biological popula-
tion networks, and greenway engineering [13–16]. While research in China started later,
significant progress has been made in studying the structure and function of ecological
networks across various spatial scales from an ecological security perspective [17–20]. The
stability of these networks depends on both internal organization and external environ-
mental influences [21]. Current scholarship primarily explores network construction and
evaluation [22], characteristic analysis and optimization [23], resilience assessment [24],
and the optimization of security patterns based on functional evaluations [25].

Research on regional ecological networks typically follows the paradigm of “source
identification-resistance surface construction-corridor extraction-network analysis” [8],
emphasizing network continuity based on ecological processes [7]. Common identifica-
tion methods include land-use overlays, MSPA, and ecosystem service function grading.
Resistance surfaces are generally constructed through multi-factor comprehensive assess-
ments, while corridors are extracted using the Minimum Cumulative Resistance (MCR)
model [26] or Circuit Theory [27]. The MCR model has high computational efficiency and
produces clear and intuitive outputs. It requires only two types of input data, namely eco-
logical sources and a resistance surface, and can effectively extract the main low-resistance
species-migration pathways between ecological sources. The model has a relatively simple
operational procedure, and its ecological logic is easy to interpret. Moreover, the generated
least-cost corridors have clear spatial boundaries, which facilitates their practical applica-

https://doi.org/10.3390/biology15141136

https://doi.org/10.3390/biology15141136


Biology 2026, 15, 1136 3 of 21

tion in ecological conservation planning. Therefore, this study selected the MCR model for
analysis and used the Linkage Mapper tool to extract ecological corridors for multi-period
datasets in batches.

Regarding resilience, ecosystem resilience refers to the capacity of a system to absorb
disturbances and reorganize while maintaining its original functions [28,29]. Ecological
network resilience serves as a critical indicator for evaluating this capacity [30]. Currently,
many studies utilize complex network theory and robustness models to analyze network
resilience under “random” and “targeted” attack scenarios, such as calculating connectivity
and recovery robustness to parse resilience changes [31] or using structural robustness
indices to compare optimization effects [32]. This study focuses on a complex region
characterized by the coexistence of large lake-wetland systems and rapid urbanization. By
integrating ecological network identification with topological resilience assessment, this
study moves beyond the conventional single framework of “ecological source–ecological
corridor identification.” Specifically, this study combines MSPA, landscape connectivity
assessment, and the MCR model, while further introducing complex network indicators to
conduct resilience simulations. This analytical framework can help determine whether the
evolution of an ecological network represents a substantive improvement in overall regional
connectivity, or merely the formation of locally connected clusters that may increase the
risk of landscape fragmentation at the regional scale.

Using the Poyang Lake Eco-economic Zone as an empirical case, this study established
two simulated scenarios, namely random attack and targeted attack, to identify the key
ecological nodes and corridors that maintain network resilience. It further reveals the
spatio-temporal evolution mechanisms of regional ecological network resilience from 1990
to 2020, and provides a transferable methodological framework for ecological restoration
and landscape planning in similar lake-wetland and urbanizing regions.

2. Materials and Methods
2.1. Study Area

The Poyang Lake Eco-economic Zone is located in northern Jiangxi Province, China,
between 27◦32′–29◦45′ N and 115◦01′–117◦34′ E, covering approximately 92,295.31 km2

(Figure 1). In this study, the term “Eco-economic Zone” refers to a regional planning unit
centered on Poyang Lake, where ecological conservation, wetland protection, agricultural
production, and socioeconomic development are jointly considered. The region contains
lakeside plains, hills, mountains, dense river networks, and the Poyang Lake wetland
ecosystem, which is important for maintaining the aquatic ecological security of the middle
and lower reaches of the Yangtze River and protecting migratory bird habitats. However,
rapid urbanization, construction-land expansion, and habitat fragmentation have increased
pressure on regional ecological connectivity.

2.2. Data Sources and Preprocessing

The basic data used in this study included Landsat 4–5 TM (USGS EROS Center, Sioux
Falls, SD, USA) remote sensing images for 1990, 2000, and 2010, and Landsat 8 OLI_TIRS
images for 2020. The original spatial resolution of all images was 30 m. Image mosaicking,
radiometric calibration, and atmospheric correction were conducted using ENVI 5.3. (Exelis
Visual Information Solutions, Boulder, CO, USA) Land use was classified into six categories:
farmland, woodland, grassland, water bodies, construction land, and other land. The
classification accuracy of land use was verified through sample-based validation using
Google Images and land-use patch survey data provided by natural resources authorities.

The digital elevation model (DEM), slope, normalized difference vegetation index
(NDVI), and meteorological data were obtained from official public data platforms. All
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spatial data were uniformly projected to the WGS_1984_UTM Zone 50N coordinate system.
To ensure spatial consistency among different analytical steps, all raster datasets were
converted to the same coordinate system and resampled to a unified spatial resolution
of 250 m × 250 m before analysis. Therefore, MSPA, resistance-surface mapping, ecolog-
ical corridor extraction, and network topological analysis were all conducted based on
250 m × 250 m raster data.

Figure 1. Overview of the Study Area.

2.3. Land-Use Classification Accuracy Assessment

To improve the reliability of the long-term land-use classification results, classification
accuracy assessment was conducted separately for each study year. For the four image peri-
ods of 1990, 2000, 2010, and 2020, 600 validation samples were selected for each year using a
stratified random sampling strategy based on the six land-use categories, namely farmland,
woodland, built-up land, grassland, water bodies, and other land. The reference land-use
labels of each validation sample were interpreted using Google Earth high-resolution im-
agery and existing land-use survey data. Producer accuracy, user accuracy, overall accuracy,
and the Kappa coefficient were calculated for each year.

Specifically, we assessed land-use classification accuracy independently for each time
point, including 1990, 2000, 2010, and 2020. For each year, 600 validation samples were
selected using a stratified random sampling strategy based on the six land-use categories.
We calculated producer’s accuracy, user’s accuracy, overall accuracy, and the Kappa co-
efficient for each year. The revised manuscript now reports class-specific PA/UA values
for farmland, woodland, built-up land, grassland, water bodies, and other land, as well as
the overall accuracy and Kappa coefficient for each time point. As shown in Table 1, the
overall land-use classification accuracies for 1990, 2000, 2010, and 2020 were 76.17%, 85.33%,
83.50%, and 86.50%, respectively, which generally meet the requirements of this study.
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Table 1. Accuracy of land use classification results.

Year Correct/Total
Samples

Farmland
PA/UA (%)

Woodland
PA/UA (%)

Built-Up Land
PA/UA (%)

Grassland
PA/UA (%)

Water Bodies
PA/UA (%)

Other Land
PA/UA (%)

Overall
Accuracy (%)

Kappa
Coefficient

1990 457/600 82.12/79.43 91.12/88.56 85.12/89.23 84.67/74.56 85.21/83.06 78.01/75.63 76.17 0.72
2000 512/600 94.60/90.46 80.78/86.12 98.99/100.00 80.03/79.94 99.21/100.00 85.23/82.89 85.33 0.82
2010 501/600 90.67/95.00 97.08/93.26 97.64/94.35 85.63/87.75 88.34/98.91 88.45/83.23 83.50 0.81
2020 519/600 88.89/95.34 98.55/92.70 99.53/90.31 90.26/88.45 100.00/97.12 90.56/87.45 86.50 0.83

Note: Producer’s accuracy (PA) represents the ratio of correctly classified samples to the reference samples of a
given class, while user’s accuracy (UA) represents the ratio of correctly classified samples to the samples classified
as that class. Overall accuracy is used to measure the agreement between the classified samples and the validation
samples, and the Kappa coefficient is used to evaluate the classification accuracy.

2.4. Research Framework

This study focuses on the construction and resilience analysis of the ecological network
in the Poyang Lake Eco-economic Zone from 1990 to 2020. Important habitat patches were
identified using MSPA, followed by the selection of ecological sources through landscape
connectivity evaluations. A comprehensive resistance surface was generated using a
weighted index method based on land use, elevation, slope, and distance to construction
land. The weights of these factors were determined using the coefficient of variation
(CV) method, which objectively reflects the relative spatial dispersion and discriminatory
contribution of each factor after standardized reclassification. Ecological corridors were
extracted using the Linkage Mapper tool to construct the network. Complex network
indices—including degree, degree distribution, degree correlation, average path length,
and clustering coefficient—were used to analyze the topological structure. Finally, network
robustness models were employed to simulate the evolution of resilience and the impact of
core ecological node failure under “random” and “targeted” attack scenarios. The technical
roadmap of this study is shown in Figure 2.

Figure 2. Research Technology Roadmap.

2.5. Research Methods
2.5.1. Ecological Network Identification

(1) Identification of Ecological Sources
Referring to previous ecological-network studies [33] and considering the regional

scale and landscape characteristics of the Poyang Lake Eco-economic Zone, the ten largest
MSPA Core patches by area were first selected as candidate ecological sources. This
preliminary size-based screening was used because large and continuous Core patches
generally provide more stable habitat space and stronger ecological radiation capacity.

The landscape-connectivity importance of these candidate patches was then evaluated
using Conefor Sensinode 2.6 (Universidad Politécnica de Madrid, Madrid, Spain) [34,35].
The dispersal distance threshold was set to 2000 m, and the dispersal probability at this
distance was set to 0.5 [36,37]. Patch distance was calculated as the edge-to-edge Eu-
clidean distance between habitat patches using Conefor Inputs for ArcGIS 10.2 (Esri, Red-
lands, CA, USA). Patches with dPC ≥ 0.2 were finally identified as ecological sources [38].
The same candidate-patch selection rule, dispersal distance, dispersal probability, patch-
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distance metric, and dPC threshold were applied to all four study years to ensure
temporal comparability.

The PC was used to characterize the overall level of regional landscape connectivity,
whereas the dPC was used to measure the relative contribution of each candidate patch
to overall landscape connectivity [33,34]. Because the main objective of this step was
to identify ecological sources from candidate MSPA Core patches, rather than merely to
describe the overall connectivity status of the entire region, dPC was used as the core
criterion for ecological-source selection. The calculation formula for the PC index is:

PC =
∑

np
i=1 ∑

np
j=1 ai · aj · pij

A2
L

(1)

dPCi =
PC f ull − PC{−i}

PC f ull
× 100% (2)

In the formula, np represents the total number of habitat patches; ai and aj denote the
areas of patch i and patch j, respectively (km2); AL is the total area of the study region (km2);
and pij represents the maximum product of all potential dispersal probabilities between
patch i and patch j. PCfull represents the index value of the probability of connectivity when
all patches exist in the landscape; PC{−i} represents the index value of the probability of
connectivity for the remaining landscape after patch i is removed. The higher the dPCi

value, the higher the importance of patch i in the landscape connectivity, and the more
significant its status within the landscape.

(2) Ecological Resistance Surface
In this study, the ecological resistance surface was constructed to represent regional-

scale potential ecological flow among natural and semi-natural habitat patches, rather than
the movement process of a single focal species. Therefore, the selected resistance factors
were intended to describe general landscape permeability at the regional scale. Following
previous ecological-network and resistance-surface studies [8,39], four factors were selected:
land-use type, elevation, slope, and distance from construction land. Land-use type was used
to represent the basic habitat attributes and the degree of land transformation. Elevation
and slope were used to characterize topographic constraints on ecological movement and
landscape permeability. Distance from construction land was used as a proxy for human
disturbance intensity because areas closer to built-up land are generally subject to stronger
disturbance from urban expansion, infrastructure construction, and human activities.

To ensure temporal consistency among the datasets for the four study periods of
1990, 2000, 2010, and 2020, this study selected resistance factors with complete temporal
coverage and stable, consistent spatial resolution. This was intended to reduce subjectivity
in the weighting process and to ensure methodological consistency across the four study
years. It should be noted that the weights derived from the coefficient of variation method
were adopted because they reflect the relative spatial dispersion and spatial discriminatory
ability of the standardized factors within the study area. They do not indicate that elevation
and slope are absolutely more biologically important than land-use type for all species. This
clarification is particularly important because this study focuses on the overall structure and
resilience of the regional ecological network rather than the migration behavior of specific
species. The weights of all indicators were calculated using the coefficient of variation
method, and the specific weighting results are shown in Table 2. The calculation formulas
of the coefficient of variation method are as follows:

CVq =
σq

µq
ωq =

CVq

∑Q
q=1 CVq

(3)
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where CVq represents the coefficient of variation of the q-th resistance factor, and σq and µq

represent the standard deviation and mean value of the q-th resistance factor, respectively.
wq represents the weight of the q-th resistance factor, and Q represents the total number of
resistance factors.

Table 2. Factor resistance value and weight.

Resistance Factor Weight Classification Index Resistance Value

Land-use type

0.24 Construction land 5
Other land 4

Farmland and Garden plot 3
Water body and Grassland 2

Woodland 1

Elevation/m

0.3 >694 5
>412~694 4
>188~412 3

58~188 2
<58 1

Slope/(◦)

0.29 >20 5
>12~20 4
>6~12 3

2~6 2
<2 1

Distance from the
construction land

0.17 <3000 5
3000~6000 4

6000~12,000 3
12,000~20,000 2

>20,000 1

(3) Ecological Corridor Extraction
Ecological corridors were extracted using the MCR model and the Linkage Pathways

Tool in Linkage Mapper. The MCR model is suitable for identifying potential low-resistance
movement pathways between ecological sources based on a resistance surface. In this
study, the “Build Network and Map Linkages” module was used to identify neighboring
ecological source areas and generate least-cost ecological corridors between them. The
MCR model can be expressed as follows:

MCRs,t = fmin∑m
r=1(lr × Rr) (4)

where MCRs,t denotes the minimum cumulative resistance value from ecological source s
to landscape unit t; lr represents the distance or cost-weighted distance of the r-th raster
unit along a potential migration path; Rr stands for the resistance coefficient of the r-th
raster unit; m is the total number of raster units contained in this path; and f min indicates
the operation process of screening the path with the minimum cumulative resistance across
the entire resistance surface.

After ecological source identification and corridor extraction, the ecological network of
each study year was converted into a graph for topological analysis. Each ecological source
patch was defined as a network node, and each least-cost ecological corridor connecting
two ecological sources was defined as a network edge. Because the extracted corridors
represent potential ecological connections between source patches rather than directional
movement processes, the graph was constructed as an undirected network.

2.5.2. Analysis of Ecological Network Topological Structure

This study selects structural characteristic indices—including degree distribution,
network density, average path length, largest connected component, network efficiency, and
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average clustering coefficient—from the perspectives of basic static structural characteristics
and network robustness to analyze the basic static characteristics, correlation features, and
global connectivity of the ecological network in the study area from 1990 to 2020. The
specific formulas for these indicators are presented in Table 3.

Table 3. Topological structure analysis indicators for ecological networks.

Goal Index Method Formula Definition

Network
topology

Complex Network
Structural

Characteristics

Average Degree
k =

1
N

N
∑

u=1
ku =

2M
N

ku =
N
∑

v=1
auv

N represents the total number of ecological
network nodes; M represents the total number
of ecological corridors; ku represents the degree

of node u; auv represents the element of the
binary adjacency matrix; and k represents the

average degree of the network.

Network Density ρ = 2M
N(N−1)

ρ represents the ecological network density; N
represents the total number of ecological source

nodes in the network; M represents the total
number of corridors connecting

ecological sources.

Average Path
Length

l = 1
|Ω| ∑(u,v)∈Ω duv

Ω = {(u, v)|u < v, duv < ∞}

where ℓ denotes the average path length; duv is
the unweighted shortest path distance between

node u and node
v; Ω represents the set of all reachable node

pairs, and |Ω| is the total number of reachable
node pairs within the network.

Network Robustness

Largest Connected
Component LCC = max

S∈C(G)
|V(S)|

C(G) represents the set of all connected
components in network G; S represents any

connected component; V(S) represents the set
of nodes contained in connected component S;
|V(S)| represents the number of nodes in this

connected component; max indicates the
maximum number of nodes among all

connected components.

Network Efficiency Eglob =
1

N(N − 1) ∑
u<v

1
duv

Eglob represents the global efficiency of the
ecological network; duv represents the

unweighted shortest-path distance between
nodes u and; N represents the total number of

nodes in the network; and the summation
range u < v indicates that all unordered node

pairs are traversed without repetition.

Average Clustering
Coefficient C =

1
N

N
∑

u=1

2eu

ku(ku − 1)

where eu denotes the actual number of edges
between neighbor nodes of node u, and ku

represents the degree of node u. If ku < 2, the
local clustering coefficient of node u is set to

zero. The average clustering coefficient C
quantifies the local clustering level of the

ecological network.

2.5.3. Analysis of Ecological Network Resilience

The characteristics and degree of an ecosystem’s maintenance of the stability of its
structure and functions when subjected to specific disturbances can be measured by ro-
bustness [34]. Network robustness measures the stability of ecosystem structures and
functions in the face of specific perturbations. Based on complex ecological network the-
ory, connectivity robustness and vulnerability robustness are typically used to evaluate
ecological network resilience. This study simulates changes in network resilience after the
ecological network is attacked based on a robustness model. The “random attack” scenario
involves measuring the changes in network resilience when a certain number of nodes
and edges are randomly removed from the ecological network. In this study, the random
attack scenario was designed to randomly remove a certain number of nodes and corridors
from the ecological network and observe the resulting fluctuations in network resilience. In
contrast, the targeted attack scenario removed nodes sequentially according to their degree
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values, from the highest to the lowest, in order to identify core nodes and key corridors
whose failure would cause severe damage to ecological network connectivity.

(1) Connectivity Robustness
Connectivity robustness refers to the capacity of an ecological network to maintain

the stability of remaining network element connectivity and to transfer matter and energy
after the loss of network elements caused by external factors [36]. Such robustness anal-
ysis usually requires assuming a specific scenario. Connectivity robustness is calculated
as follows:

R(t)
c =

C(t)
max

Nt
(5)

C(t)
max = maxS∈C(Gt)|V(S)|Nt = N − nr (6)

In the formula, R(t)
c represents the connectivity robustness of the ecological network

after the t-th disturbance; Gt denotes the residual ecological network after disturbance;
Cmax represents the number of nodes contained in the largest connected component of
the residual network Gt; C(Gt) represents the set of all connected components in Gt; S
denotes any connected component in C(Gt); V(S) represents the set of nodes contained in
component S; Nt is the total number of remaining nodes after disturbance; N is the total
number of nodes in the original complete ecological network; and nr is the number of
nodes removed in the current disturbance.

(2) Vulnerability Robustness
Vulnerability robustness can be used to describe the capacity of an ecological spatial

network to maintain the efficient operation of biological flows when subjected to external
disturbances; it is typically measured by the global efficiency of the topological network [38].
The higher the global efficiency of the network, the higher the vulnerability robustness.
Assuming that energy between nodes always flows along the shortest paths, the calculation
formula for vulnerability robustness is:

E(t)
v =

2
Nt(Nt − 1) ∑

u<v,u,v∈Vt

1

d(t)uv

(7)

In the formula, E(t)
v represents the vulnerability robustness of the ecological network

after the t-th disturbance; Gt = (Vt, Et) denotes the residual ecological network after
disturbance, where Vt and Et represent the node set and corridor, or edge, set of the residual
network, respectively; Nt =| Vt | is the total number of remaining nodes in the residual
network; and d(t)uv represents the unweighted shortest-path distance between nodes u and
v in the residual network Gt. If no connected path exists between a pair of nodes, then
d(t)uv = ∞, and the corresponding value of 1/d(t)uv is defined as 0.

3. Results
3.1. Landscape Pattern Based on MSPA Method

The MSPA results show clear spatio-temporal changes in landscape elements in the
Poyang Lake Eco-economic Zone from 1990 to 2020. Seven landscape types were identified,
including Core, Islet, Bridge, Edge, Perforation, Loop, and Branch (Figure 3). Among them,
the Core areas mainly correspond to large and relatively continuous natural or semi-natural
habitat patches in the Poyang Lake Eco-economic Zone, including woodland-dominated
patches in the surrounding mountainous and hilly areas, as well as wetland- and water-
associated patches around Poyang Lake. It should be noted that woodland was not assumed
to be universally the natural or optimal habitat type for all locations. The classification of
woodland as a core habitat component was determined by comprehensively considering
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the regional land-use pattern and regional ecological functions. Other landscape types,
such as Islets, have smaller areas and a more fragmented spatial distribution. Core areas
are large habitat patches within the foreground pixels, which are conducive to biodiversity
conservation and can provide extensive habitats for biological species. As shown in Table 4,
from 1990 to 2020, the ecological sources in the Poyang Lake Eco-economic Zone were pri-
marily distributed in the mountainous regions of the eastern and western parts of the study
area. The area of the Core category decreased by 5342.88 km2, and its proportion relative to
the entire region dropped from 51.23% to 45.44%, indicating a trend of fragmentation and
reduction in species habitats.

Figure 3. Spatial distribution of MSPA landscape elements.

Table 4. MSPA landscape element statistics.

Landscape
Type

1990 2000 2010 2020

Area
/km2

The
Proportion of
the Total Area

Area
/km2

The
Proportion of
the Total Area

Area
/km2

The
Proportion of
the Total Area

Area
/km2

The
Proportion of
the Total Area

Core area 47,284.60 51.23% 42,464.63 46.01% 42,380.43 45.92% 41,941.72 45.44%
Branch line 1072.41 1.16% 2303.82 2.50% 2392.79 2.59% 2449.54 2.65%

Edge 7001.53 7.59% 9022.76 9.78% 8768.06 9.50% 8671.94 9.40%
Perforation 2682.21 2.91% 2750.19 2.98% 2839.50 3.08% 2834.22 3.07%

Islet 114.13 0.12% 478.06 0.52% 481.38 0.52% 491.45 0.53%
Bridge 639.15 0.69% 1441.26 1.56% 1458.39 1.58% 1479.33 1.60%
Loop 291.44 0.32% 611.88 0.66% 583.67 0.63% 598.43 0.65%

Background 33,209.84 35.98% 33,222.71 36.00% 33,391.09 36.18% 33,826.68 36.65%

3.2. Selection of Important Ecological Source Patches

The landscape connectivity results for the Poyang Lake Eco-economic Zone from 1990
to 2020 are presented in Figure 4. The selected ecological sources showed a continuous
decreasing trend from 1990 to 2020 (Figure 5). As shown in Table 5, the total area of
ecological sources was largest in 1990, reaching 36,889.86 km2 and accounting for 39.97%
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of the study area. By 2020, the source area had decreased to 30,589.04 km2, accounting for
33.14% of the study area.

Figure 4. Evaluation of landscape connectivity in the Poyang Lake Eco-economic Zone from 1990
to 2020.

Figure 5. Spatial distribution of ecological sources in the Poyang Lake Eco-economic Zone from 1990
to 2020.
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Table 5. Statistics of ecological source area.

Ecological
Source

1990 2000 2010 2020

Area
/km2

The
Proportion of
the Total Area

Area
/km2

The
Proportion of
the Total Area

Area
/km2

The
Proportion Of
The Total Area

Area
/km2

The
Proportion of
the Total Area

36,889.86 39.97% 31,526.06 34.16% 31,174.29 33.78% 30,589.04 33.14%

Overall, the ecological sources are primarily distributed in the Huaiyu Mountains in
the eastern part of the study area, the Mubu and Jiuling Mountains in the western part,
and the Poyang Lake wetland area in the central part. These regions contain numerous
large-scale areas of woodland, grassland, and wetlands. In contrast, the inland plain areas
have a high degree of intensive land development and lack large-scale land types that meet
the screening criteria for ecological sources.

3.3. Spatio-Temporal Evolution Characteristics of Ecological Resistance Surface

From the perspective of spatial distribution, the ecological resistance surface in the
study area from 1990 to 2020 exhibited an evolutionary trend characterized by “the shrink-
age of core low-resistance areas, the expansion of high-resistance areas, and the enhance-
ment of spatial heterogeneity (Figure 6).” The lakeside wetlands, northern mountains,
and eastern hills have maintained low resistance levels over the long term, constituting
the core ecological space; meanwhile, the dense urban areas and agricultural reclamation
zones in the central plains have formed continuous high-resistance belts, becoming the
primary barriers to ecological flow transmission. From the perspective of temporal evolu-
tion, the distribution of low-resistance areas was relatively continuous in 1990, with many
medium-to-low resistance patches remaining in the central part, resulting in a relatively
gentle resistance gradient. Starting from 2000, due to the influence of urbanization and the
expansion of construction land, the high-resistance areas in the central region expanded
significantly, while the low-resistance areas were continuously squeezed, leading to a
gradual increase in the resistance gradient. From 2010 to 2020, the high-resistance areas
spread to the surrounding regions, and the medium-to-low resistance patches in the central
part basically disappeared, forming a polarized pattern of “low resistance in the north and
south, high resistance in the middle,” with spatial heterogeneity continuing to enhance.
The spatio-temporal evolution of ecological resistance reflects the continuous disturbance
of human activities on the ecological space of the Poyang Lake Eco-economic Zone.

3.4. Analysis of the Spatio-Temporal Evolution of the Ecological Network

The construction results of the ecological network in the Poyang Lake Eco-economic
Zone from 1990 to 2020 are shown in Figure 7. As can be seen from the figure, the
ecological sources in the study area were continuously distributed in 1990, with the northern
mountains, southern hills, and lakeside wetlands forming large-scale connected patches.
Starting from 2000, the area of sources shrank, continuous patches became fragmented,
and the central plains experienced significant recession. By 2020, fragmentation intensified,
and the connectivity in the central and southern parts continued to decline, with only
the northern mountains, eastern hills, and core lakeside wetlands retaining intact sources,
becoming the core carriers of ecological security. Regarding ecological corridors, the
network was densely connected in 1990, forming a system with multiple nodes and paths.
In 2000, the number and density of corridors decreased, and key corridors in the central
part disappeared. By 2010, the network shrunk to a few main trunks. In 2020, the network
exhibited characteristics of “trunk-oriented and fragmentation,” with central corridors
basically disappearing and only partial connectivity remaining in the northern, southern,
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and lakeside areas; the overall connectivity significantly decreased, and spatial continuity
was severely damaged. It can be concluded that from 1990 to 2020, the ecological network in
the study area underwent an evolutionary process of “complete and continuous—gradual
fragmentation—residual trunks.” The recession of sources and the fracture of corridors
jointly led to a continuous decline in connectivity, reflecting the persistent squeeze of
human activities on ecological space. At the same time, it is also evident that the regional
ecological security pattern faces severe challenges, necessitating the restoration of network
connectivity and integrity through ecological restoration and corridor reconstruction to
guarantee the stability and sustainable development of the ecosystem.

Figure 6. Spatial distribution of ecological resistance values in the Poyang Lake Eco-economic Zone
from 1990 to 2020.

3.5. Analysis of Ecological Network Topological Characteristics

The topological structure of the ecological network from 1990 to 2020 is shown in
Figure 8, and the changes in network indicators are summarized in Table 6. During the
study period, the ecological network exhibited phased changes in connectivity, transmis-
sion efficiency, and structural stability. The average degree remained relatively stable at
approximately 4.0, while network density increased from 0.10 in 1990 to 0.15 in 2020, indi-
cating closer local connections among nodes. The average path length decreased from 3.04
to 2.53, and network efficiency increased from 0.34 to 0.45, suggesting improved local trans-
mission efficiency. However, the largest connected component decreased from 37 in 1990
to 26 in 2020, indicating a decline in global connectivity and an increasing risk of network
fragmentation. Overall, from 1990 to 2020, the ecological network of the Poyang Lake
Eco-economic Zone exhibited structural evolution characteristics of “improved connection
density, enhanced transmission efficiency, and declined global connectivity,” which also
reflects that under human activity and interference, the ecological network has gradually
evolved from integral connectivity toward local clustering and residual trunks.
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Figure 7. Spatial pattern of ecological sources and corridors in the Poyang Lake Eco-economic Zone
from 1990 to 2020.

Figure 8. Topological structure of the ecological network in the Poyang Lake Eco-economic Zone
from 1990 to 2020.

Table 6. Statistics of ecological network structure characteristics.

Year Number of
Nodes

Number of
Edges

Average
Degree

Network
Density

Average
Path Length

Largest
Connected

Component

Network
Efficiency

Average
Clustering
Coefficient

1990 41 82 4 0.1 3.04 37 0.34 0.46
2000 34 69 4.06 0.12 2.79 32 0.4 0.44
2010 27 54 4 0.15 2.47 25 0.42 0.47
2020 27 54 4 0.15 2.53 26 0.45 0.47
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3.6. Resilience of the Ecological Network in the Poyang Lake Eco-Economic Zone
3.6.1. Connectivity Robustness

The connectivity robustness of the ecological network showed clear differences be-
tween random attack and targeted attack scenarios from 1990 to 2020 (Figure 9). Under
random attack, the robustness curves declined relatively slowly, indicating that the net-
work had a certain degree of structural redundancy against random node loss. In contrast,
under targeted attack, the robustness curves dropped rapidly during the early stage of
node removal, suggesting that the overall connectivity of the ecological network depended
strongly on a limited number of important nodes.

Figure 9. Simulation results of ecological network connectivity robustness in the Poyang Lake
Eco-economic Zone from 1990 to 2020.

From a temporal perspective, the network showed relatively stable and slightly im-
proved robustness under random attack. When connectivity robustness declined to 0.2, the
required node-removal ratio increased from 58.54% in 1990 to 58.82% in 2000, 61.48% in
2010, and 61.85% in 2020. This indicates that the ecological network maintained a relatively
strong ability to resist random disturbance throughout the study period, and its residual
connectivity under random node loss was slightly enhanced in the later period.

However, the network remained highly vulnerable to targeted attack. In 2010, con-
nectivity robustness declined to 0.6 and 0.4 after removing only 7.41% and 10.37% of key
nodes, respectively, showing the strongest early-stage sensitivity. By 2020, although the
network showed improved tolerance to random disturbance, targeted removal of only
11.11% and 14.81% of key nodes still reduced robustness to 0.6 and 0.4, respectively. Overall,
the ecological network became slightly more tolerant to random disturbance from 1990 to
2020, but its dependence on critical nodes and corridors remained the main weakness of
regional ecological connectivity.

3.6.2. Vulnerability Robustness

The vulnerability robustness of the ecological network showed different response
patterns under random attack and targeted attack scenarios from 1990 to 2020 (Figure 10).
Under random attack, the robustness curves declined gradually, indicating that the net-
work could maintain a certain level of transmission efficiency after random node loss. In
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contrast, under targeted attack, the curves dropped sharply in the early stage, suggesting
that the removal of important nodes rapidly weakened the operational efficiency of the
ecological network.

Figure 10. Simulation results of ecological network vulnerability robustness in the Poyang Lake
Eco-economic Zone from 1990 to 2020.

From a temporal perspective, the network showed a gradual improvement in vul-
nerability robustness under random attack. When vulnerability robustness declined to
0.25, 0.15, and 0.05, the required node-removal ratios increased from 12.19%, 26.83%, and
51.23% in 1990 to 20.37%, 33.70%, and 55.56% in 2020, respectively. This indicates that the
ecological network became more capable of maintaining residual transmission efficiency
under random disturbance during the study period.

However, the network remained more sensitive to targeted attack. In 1990, vulnera-
bility robustness declined to 0.25, 0.15, and 0.05 after removing only 6.10%, 14.63%, and
25.61% of key nodes, respectively. By 2020, the corresponding removal ratios increased to
10.37%, 13.33%, and 31.11%, showing a limited improvement in resistance to key-node loss.
In summary, from 1990 to 2020, the ecological network showed gradually enhanced vulner-
ability robustness under random attacks. Although its robustness under targeted attacks
also improved to some extent, the network remained clearly vulnerable, indicating that key
nodes still played an important role in maintaining network transmission efficiency.

4. Discussion
4.1. Methodological Considerations and Uncertainties

This study integrates the MSPA method, landscape connectivity assessment, the
MCR model, complex network analysis, and robustness simulation to evaluate the spatio-
temporal evolution of ecological network resilience in the Poyang Lake Eco-economic Zone.
Compared with a single landscape pattern index, this integrated framework links four key
analytical steps: habitat patch identification, potential ecological flow assessment, network
topological analysis, and disturbance-response evaluation.

MSPA was used to identify habitat patches with important structural significance.
Landscape connectivity indices were then applied to screen ecological sources with high
contributions to regional connectivity. Ecological corridors were identified based on the
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MCR model [40,41]. Finally, complex network indicators and robustness simulations
provided quantitative support for evaluating the stability and vulnerability of the ecological
network [42–44].

However, this framework still contains several uncertainties. First, the resistance
surface in this study was constructed only using land-use type, elevation, slope, and
distance from construction land. Although these factors can represent the major spatial
constraints on ecological flow, they cannot fully capture habitat quality, species-specific
dispersal behavior, seasonal hydrological fluctuations, or biological interactions among
species. Second, MSPA and least-cost paths can mainly characterize structural connectivity
and potential functional connectivity. Actual species movement and gene flow still require
further validation using field observations or species-distribution data. In addition, the
random attack and targeted attack scenarios used in the robustness analysis were only
hypothetical structural stress tests and cannot directly predict the actual occurrence or
development of real disturbance events.

Therefore, the results of this study are more suitable for identifying relatively vulnera-
ble areas, critical nodes, and ecological restoration priority areas at the regional scale, rather
than for precisely predicting actual ecosystem response processes.

4.2. Comparison of the Main Findings with Recent Landscape-Ecology Studies

One of the main findings of this study is that ecological source areas in the Poyang
Lake Eco-economic Zone showed a trend of area reduction and increasing fragmentation
from 1990 to 2020. This indicates that large natural and semi-natural habitat patches
have been under increasing pressure. This pattern is consistent with recent landscape-
ecology studies showing that rapid urbanization, industrial application, and infrastructure
expansion can disrupt habitat connectivity and increase ecological resistance [45]. In this
study, ecological sources were mainly distributed in the Huaiyu Mountains, the Mufu–
Jiuling mountainous area, and the Poyang Lake wetland region, suggesting that mountain
forests, lakeside wetlands, grasslands, and water-associated habitats jointly support the
regional ecological network.

Second, the connectivity pattern of the ecological network in the study area gradually
shifted from relatively continuous connectivity to a more fragmented structure character-
ized by local clustering and remaining trunk corridors. Although network density and
local connection intensity increased during some periods, the size of the largest connected
component continued to decline. This indicates that improved local connectivity does
not necessarily represent an improvement in overall regional connectivity. This finding
is of important reference value, as it suggests that ecological network evaluation should
distinguish between local connectivity optimization and overall network integrity. Similar
studies based on ecological network resilience and complex network theory have also
shown that regional-scale vulnerability may increase even when local network structure
improves [42].

The ecological network resilience assessment further showed that the network had
relatively strong tolerance to random disturbance, but was highly vulnerable to the priority
failure of key nodes and core corridors. This pattern indicates that a small number of
critical ecological elements play a decisive role in maintaining overall connectivity. In
recent years, similar disturbance-scenario simulation methods have been widely used in
ecological network studies to identify key nodes, ecological corridors, priority restoration
spaces, and network vulnerability areas [42,43].

The results of this study can also provide useful references for territorial ecological
restoration planning in the study area. Restoration priority areas can be identified according
to the spatial distribution of ecological sources, least-cost corridors, and vulnerable network
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components. Specifically, the Huaiyu Mountains, the Mufu–Jiuling mountainous area,
and the Poyang Lake wetland region should be regarded as primary core conservation
zones. Corridors connecting mountain forest habitats with lakeside wetland habitats
should be prioritized for protection, while high-resistance corridor sections in plain areas
affected by agricultural expansion and construction-land expansion should be treated as
key restoration areas. The robustness simulations confirmed that the network was more
sensitive to the loss of key nodes. Therefore, ecological sources with high connectivity
contribution and their associated corridors should be considered core management objects.
Ecological restoration should not only protect large source patches, but also improve
secondary ecological corridors and stepping-stone habitats around fragmented sources
and weakened corridor sections. Particular attention should be paid to maintaining critical
nodes and corridors within the largest connected component, so as to alleviate network
fragmentation and enhance ecological network resilience.

4.3. International Relevance and Transferability of the Study

Although this study is based on a single regional case, its findings have broader ref-
erence value for the field of landscape ecology. Large lake-wetland regions worldwide
commonly face similar conflicts among urban expansion, agricultural production, wetland
conservation, and biodiversity protection. The Poyang Lake Eco-economic Zone represents
a typical coupled lake-wetland-urbanizing landscape, where ecological sources, hydro-
logical corridors, and human land-use pressures interact strongly. Therefore, this case
can provide methodological and theoretical references for other floodplain, wetland, and
river-basin regions.

The empirical values obtained in this study, such as ecological source area, network
density, and robustness thresholds, are specific to the study area and should not be directly
generalized to other regions. However, the overall analytical framework is transferable.
Specifically, the integrated approach combining Morphological Spatial Pattern Analysis
(MSPA), the MCR model, complex network indicators, and robustness simulation can be
repeatedly applied to determine whether an ecological network is maintained by numerous
redundant local connections or supported mainly by a few highly vulnerable key corridors.

This distinction is important for the theoretical development of landscape ecology
because it links spatial pattern evolution with network resilience. It helps explain a phe-
nomenon in which an ecological network may appear to have good local connectivity while
becoming increasingly fragile at the overall regional scale. From a practical perspective, the
results suggest that ecological planning should not only protect large habitat patches, but
also maintain cross-regional corridors and stepping-stone habitats, thereby safeguarding
the resilience of the entire ecological network system.

4.4. Limitations and Future Research Directions

Several limitations in this study should be acknowledged. First, the ecological network
constructed in this study was mainly based on land-use data, MSPA (morphological
spatial pattern analysis), the MCR model, and topological indicators. Although these
methods are useful for identifying structural connectivity, they cannot fully represent
species-specific dispersal behavior, habitat quality, or ecological processes. Second, the
robustness simulations were based on hypothetical random disturbance and targeted
attack scenarios. Therefore, the results should be regarded only as structural stress tests
and should not be directly interpreted as predictions of real disturbance events. Third,
this study discussed relevant ecological policies as contextual background, but did not
include a policy evaluation design, control region, counterfactual framework, or causal
attribution model.
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Future research should integrate field survey data, high-resolution remote sensing
images, habitat quality assessment, and species-specific movement parameters to construct
weighted and dynamic ecological networks. In addition, future studies could combine
climate-change scenarios, urban-expansion simulations, and policy implementation data
to evaluate how different environmental and management factors influence ecological
network resilience. The findings obtained from such work would help provide more
precise guidance for ecological restoration, corridor optimization, and territorial spatial
planning in the Poyang Lake Eco-economic Zone.

5. Conclusions
This study evaluated the spatio-temporal evolution of ecological network resilience in

the Poyang Lake Eco-economic Zone from 1990 to 2020 by integrating the MSPA method,
landscape connectivity assessment, the MCR model, complex network analysis, and robust-
ness simulations. The results showed that ecological source areas continuously shrank and
became increasingly fragmented, decreasing from 36,889.86 km2 in 1990 to 30,589.04 km2

in 2020. These sources were mainly distributed in the Huaiyu Mountains, the Mufu–Jiuling
mountainous area, and the Poyang Lake wetland region.

The ecological resistance surface showed increasing spatial heterogeneity, with low-
resistance areas mainly located in mountain and lakeside wetland regions, while high-
resistance areas expanded in the central plains affected by industrial application and
construction-land expansion. The ecological network gradually shifted from relatively
continuous connectivity to local clustering and residual trunk corridors. Although network
density and network efficiency increased, the largest connected component declined from
37 to 26, indicating that improved local connectivity did not necessarily represent enhanced
regional-scale network integrity.

Robustness simulations showed that the ecological network was relatively tolerant to
random disturbance but remained highly sensitive to the priority failure of key nodes and
corridors. Therefore, ecological restoration should prioritize not only large ecological source
patches, but also ecological corridors, and key linkage areas around fragmented sources
and weakened corridor sections. Overall, this study provides a transferable framework for
assessing ecological network resilience in lake-wetland and rapidly urbanizing regions, and
can support ecological restoration, corridor optimization, and territorial spatial planning in
the Poyang Lake Eco-economic Zone and comparable regions.
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