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Abstract

A sound ecological security network (ESN) promotes the interconnection of ecological sources, improves the pattern of ecolog-

ical security, and alleviates the degradation of an ecosystem. Rapid urbanization and land use changes may lead to serious

fragmentation and islanding of landscape patches and further to deep disturbance of regional ESNs. However, most studies in

the recent years focused on the methodological development of ESN identification, reconstruction, and optimization, but lacked

the systematic assessment of the network after its construction. The purpose of this study is to use complex network analysis

to systematically assess the constructed ESN for the urban agglomeration around Hangzhou (UAHB), a rapid urbanization

region in China. By integrating landscape ecology theory, graph theory, and complex network analysis, we abstracted the

ESN into a topological network and developed an index system to assess the abstracted network, which was based on the

structural elements of the topological network (nodes, edges, and the overall network). Our results show that the connectivity

and stability of the UAHB’s ESN have been improved in the last 20 years, although isolated nodes are still existing in the

ESN. Our study also shows that the network’s robustness under human disturbance has been affected more than that under

non-human disturbance. Finally, we proposed five optimization strategies from the perspective of topological structure and

ecological function to maintain a sustainable and well-protected ecological system.
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Using complex network analysis to assess the ecological security network for a rapid urban-
ization region in China

Abstract: A sound ecological security network (ESN) promotes the interconnection of ecological sources,
improves the pattern of ecological security, and alleviates the degradation of an ecosystem. Rapid urbaniza-
tion and land use changes may lead to serious fragmentation and islanding of landscape patches and further to
deep disturbance of regional ESNs. However, most studies in the recent years focused on the methodological
development of ESN identification, reconstruction, and optimization, but lacked the systematic assessment
of the network after its construction. The purpose of this study is to use complex network analysis to
systematically assess the constructed ESN for the urban agglomeration around Hangzhou (UAHB), a rapid
urbanization region in China. By integrating landscape ecology theory, graph theory, and complex network
analysis, we abstracted the ESN into a topological network and developed an index system to assess the
abstracted network, which was based on the structural elements of the topological network (nodes, edges,
and the overall network). Our results show that the connectivity and stability of the UAHB’s ESN have been
improved in the last 20 years, although isolated nodes are still existing in the ESN. Our study also shows
that the network’s robustness under human disturbance has been affected more than that under non-human
disturbance. Finally, we proposed five optimization strategies from the perspective of topological structure
and ecological function to maintain a sustainable and well-protected ecological system.

Keywords: ecological security network; complex network; connectivity assessment; robustness assessment;
urban agglomeration around Hangzhou Bay
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. 1 INTRODUCTION

Global and regional ecological security patterns are facing grand challenges (Xie & Wu, 2020). The rapid
urbanization and industrialization in most countries had led to various ecological problems (Bai et al., 2018;
Ma, Bo, Li, Fang, & Cheng, 2019; Xie, He, Choi, Chen, & Cheng, 2020), such as ecological sources encroach-
ment and destruction (Han, Liu, & Wang, 2015), habitat fragmentation (Ng, Xie, & Yu, 2011), biodiversity
loss (Kong, Yin, Nakagoshi, & Zong, 2010), ecosystem deterioration (Ernstson, 2013), and ecological func-
tion and service value deterioration (Costanza et al., 1997). A well-performing ecological security network
(ESN) is necessary to enhance landscape connectivity, protect biodiversity, mitigate ecosystem degradation,
improve ecological security patterns, and promote sustainable development (Cui, Wang, Sun, & Lv, 2020;
Dai, Liu, & Luo, 2020; Dame & Christian, 2008; Zhao, Ma, Wang, & You, 2019). As one of the most
important concepts and methods of landscape ecology (Forman, 1995), the ESN is a spatial organization
system that identifies the characteristics of linear ecological corridors (i.e., network edges), connects various
ecological sources (i.e., network nodes), and reflects the combinations of spatial elements with structural and
functional characteristics in a specific space (i.e., the overall network). The ESN couples network structure,
function, and ecological processes.

Since the 1970s, scholars have been studying different aspects of ESNs, such as network construction (Fath,
Scharler, Robert, & Hannon, 2017), network planning and assessment (Cook, 2002), nature conservation
(Hepcan, Hepcan, Bouwma, Jongman, & Ozkan, 2009), collaborative environmental governance (Bodin et
al., 2016), species interactions (Delmas, 2018), and biodiversity conservation (Modica et al., 2021). However,
most studies in the literature have focused on the development of the methods for ESN identification,
reconstruction, and optimization (Hu et al., 2018; Kong et al., 2010; Shen, Wang, & Fu, 2014; Shi et al.,
2020; Xie, Zhou, & Guan, 2014; Yin et al., 2011; Zhang, Yang, & Fath, 2010). A few studies have dealt
with spatial and temporal evolution and systematic assessment of the constructed ESNs (Fan & Yang, 2019;
Wang et al., 2020; Yu et al., 2018; Zhou, Lin, Ma, Qi, & Yan, 2020). In China, assessing the constructed
ESNs is still at the exploratory stage by using landscape pattern index or traditional network structure
index of graph theory (Liu et al., 2019; Pascual-Hortal & Saura, 2006), apparently lacking a systematic
evaluation index system based on the complex network theory. In addition, a few studies had explored the
scale effect (Dong et al., 2021), especially on network stability and connectivity under different disturbance
mechanisms (Fu, Mo, Peng, Xie, & Gao, 2019; Pocock, Evans, & Memmott, 2012). It is necessary to develop
a set of scientifically defensible index systems for ESN assessment that will help to discover the similarities
and differences between different ecosystems and to provide decision-makers with science-based network
optimization strategies.

In the recent years, complex network analysis derived from graph theory has been widely used to assess
the pattern and process of various networks (Yong, Donner, Marwan, Donges, & Kurths, 2018), such as
urban networks (Fang, Yu, Zhang, Fang, & Liu, 2020), social networks (Vahidzadeh, Bertanza, Sbaffoni,
& Vaccari, 2021), water networks (Sitzenfrei, 2021), transportation networks (Soh et al., 2016), ecological
networks (Pocock, Evans, & Memmott, 2012), energy metabolism (Zhai, Huang, Liu, & Zhang, 2019),
economic performance (Gao, Tian, Zhang, Shi, & Shi, 2021), land use decision-making (Xia, Li, Zhou,
Zhang, & Xu, 2020), land use effects (Xia & Chen, 2020), and CO2 transfer (Wang et al., 2021). A complex
network is often understood as a distributed system that consists of multiple interconnected components
with the network functionality being largely influenced by its structure, which, in turn, depends on the
complexity of the network and the level of the interactions among components (Sitzenfrei, 2021). The
network’s ubiquity, importance, and complexity intrigued the scientific community to study the formation
and the growth dynamics of the network, as well as to explore the security of the network, the vulnerability
of the network’s structure, and its robustness to random disaster and targeted disturbances (Callaway,
Newman, Strogatz, & Watts, 2000; He, Liu, & Zhan, 2013; Yazdani & Jeffrey, 2011). Many statistical
parameters have been proposed to describe the topology of complex networks (Jing & Wang, 2020), among
which, degree, aggregation degree, betweenness centrality, closeness centrality, and network diameter are the
most important parameters (Chen, Lu, Shang, Zhang, & Zhou, 2012; Liu, Slotine, & Barabási, 2011; Xia
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. et al., 2018). These parameters cover many aspects of the network, such as static statistical characteristics,
relatedness, connectivity, robustness, and resilience. In addition, some scholars have also evaluated the cluster
characteristics of the network (Liu, Cao, Liu, Shi, & Liu, 2020).

The purpose of this study is to develop a framework and index system to assess the spatial topological struc-
ture of the ecological security network by integrating landscape ecology theory, graph theory, and complex
network analysis for a rapid urbanization region in China, the urban agglomeration around Hangzhou Bay
(UAHB) (see Supplemental Information (SI) Study area & Figure S1). The specific tasks include: (i) to
construct a four-dimension assessment index system in terms of the network’s nodes, edges, connectivity,
and robustness; (ii) to explore the stability and anti-disturbance ability of the network through scenario
simulation; (iii) to propose the feasible measures for the optimization of the UHAB’s ecological security
network. The framework and the technical roadmap of this study are shown in Figure 1.

The potential innovation of our study include: (i) evaluating the ESNs from the perspective of the network’s
topological structure by integrating landscape ecology theory, graph theory, and complex network analysis;
(ii) comparing the characteristics of the ESNs under two different disturbance scenarios to reveal the dy-
namic evolution process of the connectivity and stability of the ESNs; and (iii) proposing measures for the
optimization of the ESNs.

2 MATERIALS AND METHODS

2.1 Complex network analysis

Network structure analysis is the basis of network function optimization (Wang et al., 2019). As shown
in Figure 2(a), a landscape is composed of ecological sources and ecological corridors (Turner, Gardner,
& O’Neill, 2001). The constructed ESN of a landscape may be simplified into a topological network of
nodes and edges (Figure 2(b)). As more and more topological networks join together, they form a complex
network system as shown in Figure 2(c). Therefore, an ESN in this study is a complex spatial network with
hierarchy and ecological attributes (Dehmer, Emmert-Streib, & Shi, 2017; Dai, Liu, & Luo, 2020). This
study used complex network analysis to explore the spatial topological structure of the ESN. The topological
structure of the ESN mainly includes nodes, edges, and the overall network. Nodes represent the basic units
of the network and edges indicate the functional relations among the basic units. More details of assessment
methods including ecological corridors, ecological nodes, network connectivity, and network robustness can
be found in SI Complex network analysis methods and Eq. S1 to S11.

2.2 Disturbance scenarios

In this study, we designed two disturbance scenarios including non-human disturbance (NHD) and human
disturbance (HD) based on the robustness assessment. NHD can be regarded as random natural disasters
(e.g., forest fire, debris flow), whereas HD can be understood as purposeful human activities (e.g., land use
change, urban sprawl).

In terms of NHD, we randomly deleted the nodes in the network by the “online random number generator”
tool (https://rand.91maths.com/) to ensure the randomness of disturbance. The corresponding nodes were
deleted in random numerical order to calculate the connectivity robustness and vulnerability robustness of
the ESN. HD refers to the purposeful deletion of nodes in the ESN. We introduce the “disturbance radius”
to control the initial direction of the disturbance. The specific operation in ArcGIS took the boundary of
the developed land as the starting point and the value of 500 m as the radius to conduct buffer and spatial
overlay analysis and to obtain the corresponding nodes distribution. The nodes within the radius were
removed according to the comprehensive importance of the nodes, and then the nodes outside the radius
were deleted to calculate the network robustness.

4
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. To simplify the problem, the following three assumptions were made when simulating network robustness:

• When the nodes or edges of the network are disturbed, the destructive power of each disturbance and
the time needed for the disturbance to result in consequences are not considered; that is, once the
disturbance occurs, the nodes or edges will be deleted and cannot be recovered.

• Once the nodes in the network are removed all the edges related to the removed nodes are also deleted;
accordingly, that is, information transmission and energy flow through the removed nodes are blocked.

• A node in the disturbed network will become an isolated node when its neighboring nodes are deleted,
but it can still perform some functions. Only when the node is destroyed by the direct disturbance,
the node will be completely deleted.

2.3 Data sources and statistical analysis

The UAHB’s ESN in 1995 and 2015 was constructed by Zhou, Lin, Ma, Qi, & Yan (2020), where the details
of original data and analysis can also be found. In 1995, 43 ecological sources, 85 ecological nodes, and 134
key ecological corridors were identified or extracted (Figure 3); in 2015, these numbers were 41, 96, and 161,
respectively.

In this study, network analyses were mainly performed in ArcGIS® (version 10.6), Excel® (version 2019),
Pajek® (version 2.00), SPSS® (version 25.0), and R® (version 36.3). The indexes including degree, cluste-
ring coefficient, core of node, and node centrality indexes were calculated using Pajek software. The robustness
assessment was achieved using R® and Pajek®. It should be noted that the isolated nodes in the ESNs
were not included in calculating clustering coefficient, core of node, node comprehensive importance, and
network robustness because their presence does not affect the functions of the network.

3 RESULTS

3.1 Key ecological corridors assessment

Although the UAHB ESN had about the same number of ecological sources in 1995 and 2015, it had 27 more
key ecological corridors in 2015 than in 1995. This means that the connection between ecological nodes was
strengthened in 2015. The total length of the key ecological corridors decreased slightly from 2289.25km in
1995 to 2238.50km in 2015 (see also Figure 3).

In the past 20 years (Table 1), the length of the key ecological corridors in Ningbo, Shaoxing, and Huzhou
had increased from 1995 to 2015. The length of the key ecological corridors in Jiaxing remained zero, meaning
that there were only isolated sources and/or thegeneral ecological corridors in this area (Zhou, Lin, Ma, Qi,
& Yan, 2020). Hangzhou had still the longest key corridors among the five cities and had the best network
connectivity. However, the length of the key ecological corridors in Hangzhou had decreased from 1995 to
2015, which was mainly due to urban expansion and the increase of ecological sources area.

3.2 Ecological nodes assessment

3.2.1 Degree and degree distribution

The number of ecological nodes in the network increased from 85 nodes in 1995 to 96 nodes in 2015, which
means that the number of habitats for migrating species in the UAHB had increased. The average degree of
the network increased from 3.14 in 1995 to 3.36 in 2015, indicates that the network connectivity had slightly
improved in the past 20 years.

Figure 4 shows the degree distributions of the UAHB’s ESN in 1995 and 2015. In 1995, the maximum value
of degree was 8, the minimum value of degree was 0, and the number of nodes with degrees 8, 7, and 6 only
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. was accounted for 1%. In 2015, the maximum degree was 9, the minimum degree was 0, and there was one
node with degree 9, accounting for 1%, and there was no node with degrees 8 and 7.

The proportion of the nodes with a degree greater than and equal to 4 was 29.4% in 1995 and 36.0% in 2015,
indicating that the number of the nodes with a large degree increased significantly. However, the number of
nodes with degree 3 accounted for the largest proportion in both years (48.2% in 1995 and 47.0% in 2015).
The number of nodes with lower degrees (0, 1, and 2 degrees) decreased from 22.4% in 1995 to 17.0% in
2015. Overall, the connection between ecological nodes in 2015 was better than that in 1995.

Table 2 shows that the average degree (k’ ) and the maximum degree (kmax ) of the nodes in Ningbo,
Shaoxing, and Hangzhou increased from 1995 to 2015, indicating that the network structure connectivity of
these three cities increased. But, in Huzhou, all three indicators (k’ , kmax , andkmin ) decreased from 1995
to 2015, signifying decreasing network connectivity in this city in the past 20 years. Because Jiaxing had
only isolated ecological sources in the network, the average degree, maximum degree, and minimum degree
of the nodes were 0 in both 1995 and 2015.

3.2.2 Clustering coefficient

Table 3 presents the changes in clustering coefficients in 1995 and 2015. There were 30 and 31 nodes (accoun-
ting for 37.97% and 34.07% of the total number of nodes) with a clustering coefficient of 0 (no clustering)
in 1995 and 2015, respectively. There were two nodes with a clustering coefficient of 1 (obvious clustering)
in both 1995 and 2015. The nodes with a clustering coefficient greater than and equal to 0.4 accounted for
6.33% in 1995 and 11.00% in 2015, while the nodes with a clustering coefficient less than 0.4 accounted
for 93.67% in 1995 and 89.01% in 2015, indicating that the cluster characteristics for most nodes were not
obvious. The results show that the ESN in 2015 had obvious non-uniformity and the network structure was
unstable, but compared with 1995, the structural stability of the ESN was slightly improved.

The average clustering coefficient of the ESN was 0.20 in 1995 and 0.22 in 2015. Although the average value
in 2015 was slightly higher, the small world characteristic of the network was not obvious.

3.2.3 The core of node

Figure 5 shows that the maximum number of the core of nodes in the UAHB’s ESN was 3 in 1995 and 2015,
and the nodes with a core of 2 accounted for the highest proportion (80-86%). The percentage of the nodes
with a core of 1 did not change from 1995 to 2015. The percentage of the nodes with a core of 2 increased
from 80% to 86%, whereas the percentage of the nodes with a core of 3 decreased from 16% to 10%.

In terms of spatial pattern, Figure 5 shows that the nodes with a core of 3 were mainly concentrated in
the southwest of the UAHB, while the nodes with a core of 2 were mainly distributed in the middle and
southeast of the study area. The number of nodes with a core of 2 increased significantly from 1995 to 2015.
The nodes with the decreasing core (from 3 to 2) were mainly distributed at the edge of the network, so we
should pay more attention to protecting the nodes at the edges of the network in the future. Overall, the
network connectivity had improved from 1995 to 2015.

3.2.4 Node comprehensive importance assessment

As shown in Figure 6, the node comprehensive importance was classified into five levels (higher, high, general,
low, and lower). There were 10 nodes with high and higher importance levels in both 1995 and 2015. In 1995,
more than half of the nodes were at the low level of importance, and 20 nodes were at the general level of
importance. In 2015, the number of nodes with the general importance level increased significantly, while
the number of nodes with the low importance level decreased evidently. However, the number of nodes with
a lower importance level increased slightly.

Figure 6 also shows that the nodes with the high and higher importance levels were mainly distributed in the
southwest of the study area, and a small number of nodes were in the south of the study area. Many corridors

6
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. were passing through these nodes, and the land use in the areas was mainly forest, and the terrain was mainly
mountainous and hilly. Therefore, these nodes played an important ecological function in the UAHB’s ESN,
they were the key to maintaining the stability of the ESN, and the protection of these nodes should be the
focus of the construction of regional ecological security. Moreover, the nodes with the general importance
level were mainly distributed in Hangzhou and Shaoxing, while the nodes with the lower importance were
mostly dispersed in Ningbo and Huzhou. The protection of the ecological nodes in these cities should be
strengthened.

3.3 Network connectivity assessment

Table 4 shows that the index α of the UAHB’s ESN was higher in 2015 than in 1995, indicating that the
material circulation in the ESN was smoother in 2015 than in 1995. The two indexes β and γwere also
higher in 2015 than in 1995, which indicates that the network connection was complex. Although the
network connectivity of the ESN had improved, there were still isolated nodes in the network.

Although the Cost Ratio declined from 0.94 in 1995 to 0.93 in 2015, the network cost was still relatively
high, mainly because the ecological corridors (edges) constructed on the large scale of urban agglomeration
stretches across more counties and cities, leading to higher network connection complexity. The results show
that it is especially important for the regional ESN to give priority to the construction of ecological corridors
with higher importance levels.

3.4 Network robustness assessment

As discussed above, the connectivity robustness (R 1) and the vulnerability robustness (R 2) represent the
connectivity and the operation efficiency of the ESN, respectively. As shown in Figure 7(a,b,c,d), the initial
values of R 1 of the ESN in 1995 and 2015 were both 1.0 and those of R2 in 1995 and 2015 were 0.23. This
indicates that the ESN in 1995 and 2015 had the same network connectivity and operation efficiency.

By and large, with more nodes being deleted from the network,R 1 and R 2 decreased under the two
disturbance scenarios (NHD and HD). The number of deleted nodes and connected components appeared to
be the inverted V-shaped relationship in 1995 and 2015 (Figure 7(e,f)).

4 DISCUSSION

4.1 Influencing factors of network stability

Our study shows that the structure and function of the ESN in the UAHB had improved significantly in the
past 20 years. But how about the anti-jamming ability of the network? What were the factors that affected
the network’s connectivity and stability?

The network stability was closely related to the number of deleted nodes. In terms of the number of deleted
nodes (Figure 7a,b,c,d),R 1 and R 2 under different disturbance scenarios were correlated with the number
of deleted nodes, and both showed a decreasing trend. The overall trend ofR 1 and R 2 in the same year
was roughly the same, but there were local differences. In 1995 (Figure 7a,c), when the node failure ratio
(NFR, the ratio of the number of the deleted nodes to the total number of the initial nodes in the network)
did not exceed 15% (12 nodes), the values ofR 1 and R 2 almost remained unchanged and the number of the
connected components did not change, either (Figure 7e). The results show that the network structure was
relatively complete, while the network was in a relatively stable state. When the NFR was at 15%-46%, R 1

andR 2 took different values under the two different disturbance scenarios (Figure 7a,c) and the number of
the connected components increased, indicating that the degree of network fragmentation increased (Figure
7e). When the NFR was between 46% to 95%, the network complexity declined significantly with bothR

1 and R 2 reducing to less than half of their initial values and the network was extremely sensitive. When
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. the NFR exceeded 95%, the number of the connected components in the two disturbance scenarios dropped
to 0. At this time, there were only a few isolated nodes in the network, and the exchange and transmission
of information and energy could not be carried out between the nodes, and the network was in a state of
paralysis. Compared to 1995, the network structure in 2015 was relatively complete and the network was in
a relatively stable state (Figure 7b,d,f). When more than 25% of nodes were deleted, the disturbance of the
network structure became obvious, and the network started to break down. With increasing NFR, network
stability declined, the number of the connected components increased rapidly, and the network fragmentation
increased until the network was finally paralyzed.

In summary, it was found that the number of nodes influenced the integrity and complexity of the network
and had an impact on the stability of the network. In 2015, the NFRs in the network characteristics
including stable state, sensitive state, and paralytic state were all greater than that in 1995, indicating that
the stability of the ecological security network in 2015 was better than that in 1995. Table 5 further describes
the relationship between network robustness and the number of deleted nodes.

The way of nodes deletion was related to the stability of the network . As discussed above, the disturbance
scenarios represented different ways of removing nodes from the network, i.e., NHD representing random
deletion, whereas HD deleting the nodes with the higher level comprehensive importance first. As shown
in Figure 7a,b,c,d, although the values of bothR 1 andR 2 eventually dropped to zero in both disturbance
scenarios, the curves of the HD scenario had more fluctuation. For example, R 1 andR 2 of the HD scenario
decreased more rapidly than that of the NHD scenario (Figure 7), when more than 15% of the important nodes
were deleted. The results indicate that the stability of the ESN was more sensitive to human disturbance
than to nonhuman disturbance. Especially, the nodes with a high level of comprehensive importance had a
greater influence on R 2, meaning a greater impact on network efficiency.

Table 6 further illustrates the relationship between the network robustness and the way of node deletion.
The stability of the ESN depended on the number of interactions of network nodes. The process of nodes
deletion based on the level of comprehensive importance of the nodes usually represented the impact of the
purposeful disturbance that was mainly caused by human activities. The network of good spatial structure
can maintain high stability under any disturbance scenarios.

4.2 Ecological security network optimization

System scientists believe that restructuring is to reframe the system’s structure to promote an optimal com-
bination of the system’s internal elements and to achieve the system’s fundamental transformation (Zhou,
Xu, & Lin, 2016). The optimization and reconstruction of the ESNs provide spatial planning methods to
integrate ecological processes, spatial scales, and ecosystems. The complexity and uncertainty of the net-
work’s structure should be considered in the reconstruction of the ESNs. Combined with the reconstruction
of the ESNs and the difference in ecological space protection strategy, we propose five measures to improve
the regional ESN of the UAHB based on our research findings.

The first measure is to protect the important ecological sources.As the important network nodes, the eco-
logical sources are the important habitats for the living beings in a region. Increasing their quantities and
improving their quality is particularly important for the protection of the regional ecological environment
and biodiversity. Compared with 1995, the area of ecological sources of the UAHB increased significantly in
2015 (Figure 3), but the increment was mainly concentrated in Hangzhou, while the areas of the sources in
Jiaxing and Huzhou were small, and the corridor length between the sources in these two cities and other
sources and nodes was considerable long. Therefore, we suggest that the integrity of national or provincial
natural reserves, forest parks, large forest land, and wetlands should be strictly protected, and the forest land
around them should be considered as part of the network, to increase sources area, to enrich the biological
species, to improve the quality of the habitat, and to increase the suitability of the habitat (Liang, Liu, Liu,
Qi, & Liu, 2018; Yin et al., 2011).

The second measure is to improve the effectiveness of connectivity between nodes . Nodes are the key
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. to ensuring network connectivity. Their interactivity, importance, and quantity are important factors to
maintain the integrity and complexity of the network structure. As displayed in Figure S2, there were two
isolated nodes in Jiaxing (see also Figure S1). Although there were potential ecological corridors in Jiaxing,
Huzhou, and other areas (see also Figure 3), only a fewkey ecological corridors existed due to large landscape
resistance, so the ESN was not fully connected. On the one hand, the protection of the key nodes will not
only help to improve landscape connectivity but also promote the virtuous cycle of logistics and energy
flow in the network. On the other hand, we should implement spatially distributed control and protection
measures based on the distribution characteristics of the important nodes to change the formation mechanism
of the network and to realize the reconstruction of the ESN. At least three reconstruction strategies may be
adopted based on the node importance: individual protection, general protection, and extensive protection.
According to the needs of biological diffusion and the possibility of ecological construction, we suggest
planning corridors to connect the two currently isolated sources in Jiaxing to promote their connection with
the nearest nodes and to improve the ESN’s structure.

The third measure is to restore ecological breaking points . Ecological corridors are an important part of
the regional ESN, which can improve the overall quality of the regional ecological environment (Li, Han, &
Tong, 2009). However, the more landscape types the ecological corridors cross, the greater the accumulated
resistance of the landscape will be, which, in turn, will reduce the effectiveness of the functions of the
ecosystem. Roads, especially high-grade road networks, have a certain barrier effect on the transfer of
material and energy flows in the ESN, which may cause ecological breakpoints and habitat fragmentation. We
conducted the overlay analysis of railway, expressway, national road, provincial road, and important ecological
corridors in the network of the UHAB. The intersections of railways, expressways, and corridors were regarded
as the main breaking points, while the intersections of national roads, provincial roads, and corridors were
regarded as secondary breaking points. Overall, 36 main breaking points and 23 secondary breaking points
were extracted (Figure 8). Currently, many scholars have called to include wildlife passageways such as
underground passageways, tunnels, and overpasses in the construction codes of the high-grade roads (Chen,
Yin, Kong, & Yao, 2015; Yin et al., 2011). According to the current economic and social development level of
the UAHB, it is suggested that the high-grade roads network should avoid the areas where wildlife activities
are frequent and provide more access to wildlife by restoring ecological breakpoints.

The fourth measure is to strengthen the protection and planning of steppingstones . The steppingstones can
provide temporary habitats for migrating species, especially for the species with long migration distances.
The quantity, quality, and spatial locations of the steppingstones are important factors that affect the time,
frequency, and success rate of species migration and increase the regional biodiversity (Yin et al., 2011).
Therefore, it is necessary to strengthen the protection of the existing steppingstones and the planning and
construction of future steppingstones. When combined with the intersection of important ecological corridors
and the nodes’ comprehensive importance in the network, the nodes with high comprehensive importance
are selected as steppingstones. As a result, 21 steppingstones are identified and selected in our study (Figure
9).

The fifth measure is to connectthe ESNs with the surrounding areas at different scales . The interconnection
of the networks inside and outside the region can contribute to the material exchange and energy transfer,
enhancing the ecosystem stability (Yin et al., 2011). At present, the surrounding areas of the UAHB, such
as Jiangsu, Anhui, Jiangxi, Fujian, and Shanghai, also have a good ecological environment. Therefore, in
the process of improving the internal network of the UAHB, it is suggested to strengthen the connection
of the ESNs between the UAHB and the surrounding areas at different scales. This will not only help to
improve the stability of the ecosystems but also enable the ESNs to have longer buffer zones and recovery
times when they are damaged by external disturbances.

4.3 Limitations

Our case study in the UAHB may provide empirical evidence and support in terms of space optimization,
planning, and protection of the ESNs in other regions where are also experiencing rapid urbanization.
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. However, our study is not without limitations. First, the assessment indexes of ESNs can be further improved.
The area and shape of ecological sources have important influences on the structure and function of an ESN,
but these influences cannot be reflected merely based on the analysis of network topology. Second, we assume
that nodes and edges are not functioning when they are disturbed and ignore the situations when they may
partially or fully recover from disturbance.

5 CONCLUSIONS

Integrating complex network analysis and graph theory, we abstracted the ESN into the topological networks
of the UAHB in 1995 and 2015, and further assessed these networks’ spatial and temporal evolutions through
the constructed index system in terms of network nodes, edges, connectivity, stability, and robustness. We
also proposed the corresponding strategies to optimize the structure of the ESN in five aspects. The main
findings were as follows:

1. From 1995 to 2015, the area and quantity of ecological sources increased, and the connection between
sources had enhanced. The sources of nature reserves and reservoirs of the western areas increased and
made an important contribution to the expansion of ecological security space. The improvement was
influenced by government policies. The results also mean that there were more channels for material
and energy exchanges between the nodes in the UAHB. However, the development of the ESNs was
unbalanced within the UAHB. For example, the nodes with the high comprehensive importance levels
were mainly distributed in the southwestern and southern areas.

2. Assessment of the network connectivity shows that the connectivity in 2015 had significantly improved
compared with 1995, but there were isolated nodes in the network with the high network connection
complexity. Furthermore, the regional network needed to be given priority to the construction of
ecological corridors with higher importance levels.

3. The robustness assessment shows that the changes of connectivity robustness and vulnerability robust-
ness under human disturbance were more dramatic than those under non-human disturbance. The
stability of the ESN was more sensitive to human disturbance, and the nodes with the high compre-
hensive importance were the key to ensuring the efficiency of network connectivity and information
transmission and played an important role in maintaining the stability of the ESN. The results also
indicate that the number of nodes had a large impact on the stability of the network. The ESN in
2015 was more connected and more efficient than it was in 1995.

4. There is room for improvement for the UAHB’s ESN. For example, the areas of the ecological sources in
some cities were too small to realize their intended ecological functions. The protection of important
ecological sources and the effectiveness of the connection between patches should be strengthened.
Ecological breaking points and steppingstones should be given priority to planning and constructing
to improve the quality and effectiveness of network connections.

5. The empirical study shows that a sound assessment framework is an effective tool to enhance the links
among the assessment of networks’ structure and function, temporal and spatial evolution, driving
factors, and optimization strategies of the ESN. The results of our study will provide theoretical
reference and empirical support for other areas facing similar ecological challenges.
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TABLE 1 The keyecological corridors length of cities in 1995 and 2015

Cities of UAHB Length of key corridors (km) Length of key corridors (km) Change (km) Percentage changes (%)

1995 1995-2015 2015 1995-2015
Ningbo 354.23 107.23 461.46 30.27
Shaoxing 497.55 144.01 641.56 28.94
Hangzhou 1144.02 -379.3 764.72 -33.16
Huzhou 293.45 77.31 370.76 26.35
Jiaxing 0 0 0 0
Total 2289.25 -50.75 2238.50 -2.22

TABLE 2 The degree of nodes in cities in 1995 and 2015

Cities 1995 1995 1995 2015 2015 2015

k’ kmax kmin k’ kmax kmin

Ningbo 3 5 1 3.2 6 1
Shaoxing 3 5 2 3.5 6 2
Hangzhou 3.3 7 0 3.8 9 1
Huzhou 3.6 8 2 2.9 6 1
Jiaxing 0 0 0 0 0 0

Note: k’ is the average of degrees; k maxis the maximum value; k min is the minimum value.

TABLE 3 Clustering coefficients in 1995 and 2015

Clustering
coefficient 1995 1995 2015 2015

The
number of
nodes (#)

Percentage
(%)

The
number of
nodes (#)

Percentage
(%)

1 2 2.53 2 2.20
0.7 2 2.53 3 3.30
0.5 1 1.27 3 3.30
0.4 0 0.00 2 2.20
0.3 27 34.18 32 35.16
0.2 14 17.72 14 15.38
0.1 3 3.80 4 4.40
0 30 37.97 31 34.07

TABLE 4 Network connectivity in 1995 and 2015
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. Indexes 1995 2015

α 0.30 0.35
β 1.58 1.68
γ 0.54 0.57
Cost Ratio 0.94 0.93

TABLE 5 Relationship between network robustness and the number of the deleted nodes

NFR in 1995 NFR in 2015
Changes of R1

and R2

Connected
components Network state

<15% <25% Unchanged
basically

Unchanged The network
structure was
complete and
stable.

— 25%-33% The downward
trend was broadly
consistent.

Increased slowly Network
fragmentation
was increasing

15%-46% 33%-52% Significant
difference

Increasing Network
fragmentation
was increasing.

46%-95% 52%-98% R1 and R2 were
reduced to less
than half of their
initial values.

Decreasing The complexity of
the network was
significantly
reduced and
extremely
sensitive.

>95% >98% 0 0 There were only
isolated nodes in
the network, and
the network was
in a state of
paralysis.

TABLE 6 The relationship between network robustness and the way of nodes deletion

Scenarios 1995 1995 2015 2015

NFR Changes NFR Changes of R1 and R2

HD >15% R1 and R2 were reduced to less than half of their initial values. >33% R1 and R2 were reduced to less than half of their initial values.
NHD >46% R1 and R2 were reduced to less than half of their initial values. >43% R2 was reduced to less than half of its initial values.

>52% R1 was reduced to less than half of its initial values.

FIGURE CAPTIONS

FIGURE 1 The whole framework and technical flowchart

FIGURE 2 The theoretical model from ecological security network to complex network

FIGURE 3 Ecological security networks of 1995 and 2015 (Zhou, Lin, Ma, Qi, & Yan, 2020)
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. FIGURE 4 The degree distributions in 1995 and 2015

FIGURE 5 The core of nodes in 1995 and 2015

FIGURE 6 Node comprehensive importance level in 1995 and 2015

FIGURE 7 The robustness analyses for 1995 and 2015. Note: The percentage corresponding to the dotted
line refers to the node failure rate

FIGURE 8 The ecological breaking points

FIGURE 9 The important steppingstones in the UAHB

 

FIGURE 1 The whole framework and technical flowchart 
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FIGURE 2 The theoretical model from ecological security network to complex network 
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FIGURE 3 Ecological security networks of 1995 and 2015 (Zhou, Lin, Ma, Qi, & Yan, 2020) 
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FIGURE 4 The degree distributions in 1995 and 2015 
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FIGURE 5 The core of nodes in 1995 and 2015 
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FIGURE 6 Node comprehensive importance level in 1995 and 2015 
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FIGURE 7 The robustness analyses for 1995 and 2015. Note: The percentage corresponding to 

the dotted line refers to the node failure rate 
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FIGURE 8 The ecological breaking points 
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FIGURE 9 The important steppingstones in the UAHB 
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