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Abstract: As a nature-based solution to land-use sustainability, ecological networks (ENs) have re-
ceived substantial attention from researchers, planners, and decision-makers worldwide. To portray
the global research on ENs in nature conservation during the period of 1990–2020, 1371 papers in
53 subject categories were reviewed with bibliometric methods and CiteSpace. The results showed
a successive growth of publications at an annually averaged rate of 18.9% during the past three
decades. Co-citation analysis indicated that the most popular topic was connectivity, on which
the studies concentrated on quantifying connectivity, identifying priority areas, and integrating
conservation planning. A recent hotspot is to study the landscape fragmentation effects on natural
habitats or biodiversity under land-use changes in urbanized areas. Multidisciplinary approaches
have been increasingly used to tackle more complex interplays among economic, social, ecological,
and cultural factors, with the aim of alleviating ecological service losses attributed to human activities.
Spatiotemporal dynamics and participatory design of ENs at different scales have become an emerg-
ing trend. In order to address increasing pressures on biodiversity or landscape connectivity brought
about by land use and climate change, it is suggested to develop more research on the evaluation and
management of the resilience of ENs.

Keywords: ecological networks; conservation planning; landscape connectivity; biodiversity; scientometric

1. Introduction

Ensuring a healthy ecosystem, biodiversity, and overall sustainability are the aims of
the United Nations 2030 Sustainable Development Goals (SDGs, goal 15) [1]. However,
urbanization, land-use change, and agricultural intensification have caused habitat frag-
mentation, ecosystem destruction, and biodiversity loss [2–6]. Faced with these problems,
ecological networks (ENs) are becoming increasingly important, which are linking systems
providing ecological continuity between otherwise isolated landscape components. They
can maintain the ecosystem stability and promote sustainable development [7–10]. ENs
facilitate the exchange of materials, energy, and information through specific measures
and increase the structural and functional links between fragmented and isolated natural
habitats in a region [11–15]. ENs have also been endowed with more functions, such as
aesthetics, education, recreation, and cultural benefits [16].

Although European countries proposed ENs in the 1970s, they were not widely
considered until the 1990s [17]. ENs were established initially primarily for nature and
biodiversity conservation. In early studies, nature conservation was carried out by nature
reserves and national parks [18]. However, there was a growing awareness that the
protection of isolated nature reserves and individual biological elements has failed to halt
the decline of biodiversity and habitat integrity [8,12]. Consequently, new developments in
nature conservation based on landscape ecology were found in some countries, such as the
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restoration of nature reserves and areas with connecting functions (e.g., ecological corridors
and greenways) [19,20]. Jongman [12] defined ENs as “systems of nature reserves and
their interconnections that make a fragmented natural system coherent to support more
biological diversity than in nonconnected form.” Estonia, the first country to formulate the
basic principles of ENs, established the Network of Ecologically Compensating Areas in
1983 [21]. The International Union for Conservation of Nature (IUCN), at the 1996 World
Conservation Congress, called on all its members to further develop ENs as a means to
enhance the integrity and resilience of biodiversity at different levels (e.g., national, regional,
and intercontinental) [22]. Bennett and Wit [22] considered ENs “a coherent system of
natural and/or seminatural landscape elements configured and managed with the goal of
maintaining or restoring ecological functions as a means of conserving biodiversity, while
also providing appropriate opportunities for the sustainable use of natural resources.”
Subsequently, the meanings and applications of ENs continued to extend from nature
conservation to regional sustainable development [17]. The significance of establishing ENs
has been widely recognized by researchers, planners, and decision-makers worldwide.

ENs consist of core areas, ecological corridors, and buffer zones [12,23]. The theo-
retical foundations of ENs are relatively well established, including island biogeography,
metapopulation theory, and landscape ecology discipline [24]. In European countries,
land use was considered to influence the structure and function of the whole landscape
and the interaction of network elements. The term “ecological network” was commonly
used in related studies [16,25]. American scholars focused much more on national parks
and nature reserves and sometimes used “greenways” [13,26]. Connectivity is a crucial
factor of ecological function and landscape restoration, which is important for gene flow,
individual dispersal, and matter and energy exchange [8,27]. The connectivity research
was based on Forman’s classic patch–matrix–corridor pattern [12]. However, this pattern
provided only a cursory perspective, with almost no clear ecological support [24]. Thus,
researchers sought to find a better way to quantify connectivity at different scales [28–31]
and the critical role of habitat patches [32–34]. Significant breakthroughs have been made in
theoretical research and methodological approaches [8,13,15,35,36]. Some researchers ques-
tioned the theoretical foundations and the validity of the evidence for such conservation
strategies [24,37,38]. However, many empirical studies have confirmed the effectiveness
and feasibility of ENs [39–41].

Today, EN proposals, plans, and projects can be found on all continents, in a wide
range of geographical regions, and in landscapes ranging from almost primitive to highly
developed [10,25,42,43]. The breadth and depth of EN research have considerably im-
proved with the development of increasingly powerful algorithms and more sophisticated
spatial analysis techniques [44,45]. Studies of ENs have been extended to include economic,
social, ecological, and cultural factors, thus providing a multi-faceted perspective of bio-
diversity conservation and land-use planning. The studies mainly covered the following
aspects: landscape planning [7], network design and construction [10,46], evaluation and
optimization [47,48], and management [49]. However, these studies used single rather than
multiple perspectives to study ENs. There was no comprehensive review of ENs from a
quantitative or qualitative perspective. Therefore, in order to present a comprehensive
and up-to-date review of the global research trends and features of ENs, it is necessary to
survey the current status, elucidate progress and advances, and summarize the evolution
and development of this field, especially in the face of severe climate change and urgent
biodiversity conservation.

Bibliometrics, an important branch of informatics and philology, emerged in the early
20th century [50]. It uses mathematical, statistical, and bibliographic methods to quanti-
tatively analyze the research characteristics of a specified field, including the number of
publications, countries, institutions, journals, authors, and keywords [51]. Many researchers
have widely used this methodology to conduct qualitative and quantitative analyses of
research patterns and trends in a particular field. Li and Zhao [50] studied global environ-
mental assessment (EA) research trends based on 113,468 articles published in the field
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over a 20-year period. Wang [52] reviewed 1084 publications on urban metabolism from
1991 to 2020 and suggested possible future research directions. In addition, knowledge
mapping was also applied in this study, as it allowed knowledge domains to be visualized
based on the obtained publications [53].

This paper aims to perform a systematic and up-to-date bibliometric review of research
on global landscape ecological networks over 30 years. We combine bibliometric methods
with CiteSpace visualization software to obtain a more comprehensive and insightful
review of research in the field of ENs. This study investigates the current research status,
including the temporal development of outputs, scientific collaboration, influential journals,
and subject categories involved in EN research. Then, some exciting achievements and
progress are summarized. Finally, the hotspots and possible emerging trends are discussed.

2. Materials and Methods
2.1. Data Collection and Screening

Web of Science (WOS) is a large multidisciplinary citation database maintained by the
Institute for Scientific Information (ISI) since 1997. The data retrieval source used for the
bibliometric analysis was based on the Web of Science Core Collection (WoSCC): Science
Citation Index Expanded (SCI-Expanded) and Social Science Citation Index (SSCI). The
search query was set as TS (Topic Search) = (landscap* AND “ecolog* network*”) OR
(“landscap* ecolog*” AND network*) OR (“landscap* connectivi*” AND network*). The
retrieved articles contained these words and their variants (with “*”) in the titles, keywords,
and abstracts. The timespan was a custom year range: from 1990 to 2020. The search was
performed within one day to avoid any deviation caused by the continuous update of the
WOS database. During the 1990–2020 period, 1384 publications were retrieved that satisfied
the selection standards. Upon further examination, 1371 of these publications (99.06% of
the total) were categorized as “articles” or “reviews,” and these publications were further
quantitatively analyzed as relevant citation items in this study.

2.2. Research Method

CiteSpace is a Java-based software package developed by Chen [54]. It uses dynamic
time-series mapping to visualize the documents, including identifying key topics, detecting
intellectual bases, and discovering hotspots and emerging trends. The highlight of the
software is the co-citation analysis (including cited reference, cited author, and cited jour-
nal), which is a popular method used in quantitative scientific research [54,55]. A link is
created between nodes A and B in the co-citation network when paper C cites paper A and
B together [56]. The software version 5.8. R3 was applied to perform dynamic and multidi-
mensional network analysis and draw the corresponding knowledge maps. We set the node
types in CiteSpace as “country,” “institution,” “category,” “keyword,” “term,” and “cited
reference.” The links between nodes indicate the strength of collaboration, co-occurrence,
or co-citation [57]. The evolution of research subjects in this field can be visualized by
setting the node type as “category” and selecting the timeline view. The knowledge base
for research in this field was built on co-citation analysis to identify the most important
citations and their evolution. Based on the analysis of keyword co-word and term co-
occurrence (two keywords/terms appearing in the same paper), hot spots and emerging
trends in EN research were explored. In addition, in order to identify research distributions
across spatial scales, the R language (bibliometrix package) was introduced into the field
of collaborative networks between country cooperation. Pivotal nodes (e.g., countries,
journals) were identified by recognizing the nodes with high betweenness centrality, which
were highlighted by purple rings in the CiteSpace software [56,58].
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3. Results and Discussion
3.1. Publication Characteristics
3.1.1. Temporal Development

Figure 1 shows the characteristics of the annual output of the publication in the EN
research from 1990 to 2020. The studies can be divided into three phases (1990–2004,
2005–2014, and 2015–2020) based on the number of annual publications. The number of
publications in the first phase grew slowly, from 1 in 1990 to 9 in 2004, accounting for only
8.68% of the total publications. Although the amount of literature was not abundant at this
stage, the concepts and methods of ENs were initially developed, laying the theoretical
foundation for subsequent research [59]. Papers published in 2005–2020 accounted for
91.32% of the total, with a growth rate of 16.21%. The concepts and applications of ENs
have gradually deepened and matured. Among them, the papers published in the second
stage accounted for 36.47%, maintaining relatively high growth, and by 2014, publications
were 5.16 times that of 2005. After 2015, the research entered a faster development stage,
with papers accounting for 54.85% of the total. ENs have been designed and implemented
at various scales: intercontinental [25], regional [60], national [43,61], urban agglomera-
tion [62], and urban [48]. ENs have become a consensus to address biodiversity issues and
enhance ecosystem services [63].

Figure 1. Characteristics of the annual output of publications.

3.1.2. Distribution and Collaboration

Geographically, the publications covered 84 countries/regions and 1608 institutions,
with the majority of papers distributed in North America, Europe, and East Asia (Figure 2).
The USA published the most papers (387, 28.2% of the total), followed by China (171,
12.5%), France (127, 9.3%), Spain (126, 9.2%), Italy (111, 8.1%), Canada (108, 7.9%), and
England (104, 7.6%), occupying 82.7% of the total publications. These countries house large
numbers of universities and research institutions that have contributed significantly to EN
studies. Few studies have been published in African countries (except South Africa), and
many countries have no publications on ENs.

The rapid growth of worldwide attention on ENs strengthened international coop-
eration. Analyzing the collaborative networks among countries can identify influential
countries and research institutions and their cooperative relationships. As seen from the
dense lines between networks, most countries have conducted close international coop-
eration, indicating that EN research remains an essential topic worldwide. In addition,
the countries that cooperated closely with other countries were mainly located in North
America and Europe. This may be because ENs were initially considered in developed
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countries to reconcile biodiversity conservation with the economic development of ex-
ploited landscapes. In recent years, although developing countries have paid increasing
attention to ENs to preserve biodiversity and natural resources and promote sustainable
development, they still need to learn the latest technologies and methods from developed
countries to plan and manage networks.

Figure 2. Global geographic distribution of publications.

The influence of countries or institutions can be extracted by centrality, with active
countries and institutions exhibiting higher centrality (Figure 3). The USA (centrality = 0.69)
held a pivotal position in the national cooperation network, as it was the predominant col-
laborator of major producing countries, including France (centrality = 0.30) and Germany
(centrality = 0.52). Both the USA and European countries have many research institu-
tions, such as the United States Department of the Interior (count = 51), United States
Geological Survey (count = 44), United States Department of Agriculture (count = 39),
CNRS (France, count = 83), INRAE (France, count = 47), Wageningen University Research
(Netherlands, count = 40), Universidad Politécnica de Madrid (Spain, count = 47), CSIC
(Spain, count = 32), and the European Commission Joint Research Centre (count = 21). In
contrast, research in China was mainly concentrated in several institutions, such as the
Chinese Academy of Sciences (count = 40) and Beijing Normal University (count = 31).
Overall, the collaboration network of institutions is still relatively limited at present, and
no absolute leader emerged. Therefore, stronger international collaborations are needed to
promote the development of this field.

3.1.3. Influential Journals

The retrieved articles were published in 334 journals. Table 1 lists the 15 journals
with the highest number of articles published on EN studies. The top-ranked journal
by the number of publications in the EN field was Landscape Ecology (with 126 records,
9.2% of the total), followed by Landscape and Urban Planning (69, 5.0%) and Biological
Conservation (49, 3.6%). The most frequently cited journal was Landscape and Urban Planning,
with 5517 total citations during the 1990–2020 period, followed by Landscape Ecology (4779).
These two journals have been cited by more researchers and have contributed much to the
development of research in the EN field. Although Ecology had the highest average citations
(129.45), the number of publications was relatively low, with only 22 articles. The impact
factor (IF) is usually used to measure the importance and influence of journals [50]. At the
IF level, Ecology Letters had the highest IF (9.492), followed by Conservation Biology (6.560)
and the Journal of Applied Ecology (6.528), which had an important influence on related
research. However, journals with high IFs sometimes may affect the power of an article.
Therefore, the h-index (h papers that have been cited at least h times) was often used to
describe the impact of papers or journals within a given field [64]. Landscape Ecology and
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Landscape and Urban Planning were more influential than other journals because they had
the highest h-index among the listed journals.

Figure 3. (a) Country cooperation network and (b) institution cooperation network.

3.1.4. Subject Categories

The publication output of EN studies was distributed among 53 subject categories
(Figure 4). The top three categories were Environmental Sciences and Ecology (1031 publi-
cations), Ecology (766), and Environmental Sciences (390), holding primacy for the past
30 years. ENs were originally studied in the field of environmental science and ecology.
After 1995, ENs played a vital role in landscape planning and management, and some schol-
ars applied them to urban studies, regional planning, and public administration [65,66].
Subsequently, at the beginning of the 21st century, the research covered a more comprehen-
sive range of fields, including water resources, water biology, remote sensing, computer
science, engineering, and other disciplines [45,67,68]. Today, EN studies have developed
into an integrated interdisciplinary field, incorporating characteristics of the environ-
ment, ecology, geology, economics, urban planning, engineering, etc. Multidisciplinary
approaches will become increasingly important in future EN studies, incorporating social,
ecological, and cultural factors rather than pure natural components.
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Table 1. The 15 journals with the highest number of articles published on EN research.

Journal N P TC TC/N IF 2020 h-Index

LandscapeEcology 126 9.2% 4779 37.9 3.848 33
Landscape and Urban Planning 69 5.0% 5517 80.0 6.142 34

Biological Conservation 49 3.6% 1532 31.3 5.990 23
Journal of Applied Ecology 34 2.5% 1728 50.8 6.528 22

Ecological Indicators 33 2.4% 880 26.7 4.958 15
Ecological Modeling 31 2.3% 621 20.0 2.974 14

Ecological Applications 29 2.1% 1279 44.1 4.657 19
Sustainability 26 1.9% 103 4.0 3.251 6

Biodiversity and Conservation 23 1.7% 669 29.1 3.549 13
Plos One 23 1.7% 337 14.7 3.240 10
Ecology 22 1.6% 2848 129.5 5.499 16

Conservation Biology 21 1.5% 1623 77.3 6.560 17
Journal For Nature Conservation 20 1.5% 355 17.8 2.831 12

Ecology Letters 17 1.2% 1198 70.5 9.492 11
Freshwater Biology 15 1.1% 1604 106.9 3.809 9

N = number; P = percentage; TC = total citations.

The centrality of the subjects in the above-mentioned categories showed that the
gravity center revolves around Ecology (centrality = 0.54), which played an essential
role in the field, followed by Environmental Sciences (centrality = 0.26) and Science and
Technology—Other Topics (centrality = 0.25). Environmental Science and Ecology and
Ecology were the two most significant subject categories with a high number and centrality
of papers. Research in both areas has mainly focused on approaches [69], models [70],
frameworks [71], and applications [48] for addressing environmental issues [63].

Figure 4. Subject category evolution during 1990–2020.

3.2. Knowledge Base Analysis
3.2.1. Frequent Co-Citation Literature

Key topics were analyzed based on co-citation and highly cited papers, which can
reveal the knowledge structure in a given field. According to the statistics, a total of
54,214 references were cited in 1371 publications. Figure 5 shows that 15 publications
were cited more than 35 times in the co-citation map. We found that connectivity is the
emphasis of this field, defined as “the degree to which the landscape facilitates or impedes
the movement of species and other ecological flows” [30]. Connectivity consists of two
basic concepts: structural and functional connectivity [31,72]. It is a dynamic attribute of the
landscape caused by disturbances and spatial and temporal variations in the landscape [8].
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The challenge of designing ENs is to simultaneously satisfy the connectivity needs of
multiple species at multiple spatial scales. Correa Ayram [73] discussed four topics for
future connectivity research: connectivity in the context of climate change; the potential for
restoration planning, modeling, and planning for land-use/cover change; and contribution
to ecosystem services.

Many models and methods have been developed to measure connectivity [74]. The
least-cost path (LCP) is the most widely used modeling method [73,75]. Sawyer [76]
explored the strengths and limitations of the least-cost model. Other approaches include
graph theory [77–79], landscape pattern indices [80], and circuit theory [36]. Graph theory
is an abstraction of landscapes, where nodes and links represent habitat patches and specific
mobility/ecological flows, respectively [81,82]. Graph theory provides a method for the
whole network and individual patch levels. The associated methods are increasingly being
applied to assess connectivity, simulate potential diffusion paths, and prioritize network
patches for protection [72]. Circuit theory can be considered a network of nodes connected
by resistors (conducting currents) and applied to graphs, providing a powerful tool for
designing robust ENs. This method can still provide connectivity networks in the face of
uncertain species dispersal data or shrinking habitat areas [36].

Table 2 lists the commonly used connectivity indices. The IIC [28], PC [83], and BC
are increasingly popular [32]. Widely used software includes the ArcGIS spatial analysis
module “cost distance” [48], Fragstats [84], Conefor Sensinode [33], Graphab [85], and
Linkage Mapper [11]. Instead of depending on a single method, multiple approaches
(usually two methods) are often combined to evaluate landscape structure and system
function [47,86,87].

Figure 5. Map of frequently co-cited publications during 1990–2020.

Table 2. Analysis index of landscape connectivity.

Index Name Calculation Formula References

Correlation length (C)

Rs=
1
ns

ns

∑
i=1

√
(xi − x)2 + (yi − y)2, C = ∑m

s=1 ns Rs
∑m

s=1 ns
, where Rs is the radius of

gyration of component s, x and y are the mean coordinates of all the habitat
cells in that component, xi and yi are the coordinates of each habitat cell in that
component, ns is the number of habitat cells, and m is the number of
components in the landscape. is the number of habitat cells, and m is the
number of components in the landscape.

[88,89]
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Table 2. Cont.

Index Name Calculation Formula References

Closeness centrality (CC)
CC(i) = N−1

∑j d(i,j) , where d(i,j) is the number of links in the shortest path from

node i to node j.
[83]

Flux
Fluxij = QAi × Pij, Pij = exp(θ×dij), where θ is a distance decay coefficient
(θ < 0.0), and QAi is the quality weighted area (equal to patch size
multiplied by patch quality).

[27]

Area-weighted flux (AWF)
AWF = ∑n

i=1 ∑n
j=1,i 6=j Pijaiaj, where Pi, ai and aj are the areas of the habitat

patches i and j, and Pij is the probability of direct dispersal between patches i
and j.

[77,83]

Betweenness centrality (BC)

BC(K) = ∑
i

∑
j

ρ(i,k,j,)
ρ(i,j) (i 6= j 6= k), where ρ(i,j) is the number of shortest paths

from node i to node j, and ρ(i, k, j) is the number of these shortest paths that
pass through node k in the network.

[58]

Harary index (H)
H = 1

2

n
∑

i=1

n
∑

j=1,i 6=j

1
nlij

, where n is the total number of habitat patches, and nlij

is the shortest path from node i to node j.
[29]

Landscape coincidence
probability (LCP)

LCP = ∑NC
i=1

(
ci
AL

)2
, where NC is the number of components, ci is the total area

of each component, and AL is the total landscape area.
[28]

Integral index of
connectivity (IIC)

I IC =
∑n

i=1 ∑n
j=1

ai aj
1+nlij

A2
L

, where ai and aj are the areas of the habitat patches i and j,
nlij is the number of links in the shortest path (topological distance) between
patches i and j, and A2

L is the total landscape area.

[28]

Probability of
connectivity (PC)

PC =
∑n

i=1 ∑n
j=1 aj p∗ij

A2
L

, where p∗ij is the maximum product probability of all

possible paths between patches i and j, ai and aj are the areas of the habitat
patches i and j, and A2

L is the total landscape area.

[83]

Expected cluster size (ECS) ESCi =
∑m

j=1 a2
j

a , where aj is the area of cluster j, and a is the total area of habitat. [90]

3.2.2. Co-Citation Clustering

Six main clusters were identified by clustering the cited publications to reflect the
research knowledge base (Figure 6). Although the retrieved papers were published in
1990, there were insufficient publications to generate clusters until 1997. The “protected
areas” (PAs) were the largest cluster (2006–2019) and contained the most cited publications,
reflecting that PAs were one of the research concerns in the EN field. Studies have shown
that PAs within ENs can enhance ecological functions and ecosystem services. Many
countries have recognized the importance of PA connectivity and adopted ENs for national
nature and biodiversity conservation, such as the Biogenetic Reserves [91], Natura 2000, and
the Pan European Ecological Networks (PEEN) [25,92]. In the context of uncertain climate
change and rapid urbanization, highly connected networks of PAs played an important role
in biodiversity as a valuable conservation planning strategy [61]. In addition, protecting
PAs requires a balance between ecological protection and economic development [43].
There is a need to improve PA connectivity as a conservation priority to support ecological
sustainability and human development [93].

The “urban” cluster had a relatively long duration (2003–2010). Rapid urbanization
and anthropogenic development have exacerbated the fragmentation and decreased the
connectivity of urban landscapes. Protecting important areas in the urban ecological
landscape and increasing connectivity is a valuable conservation strategy [43]. In most
cases, an ecological network was designed with a technical procedure composed of iden-
tifying ecological sources, developing resistance surfaces [94], and extracting ecological
corridors [48,95]. Some nature reserves and important ecological regions are directly re-
garded as ecological sources, or a comprehensive index system is constructed to select
vital ecological regions [43]. Although scholars have proposed that the ecological source
changes over time, the ENs in terrestrial ecosystems are still dominated by static source
connections [96]. It is necessary to add temporal factors and dynamic changes to identify
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and evaluate the source [97]. Corridors are carriers of species movements and ecosystem
service flows and are usually extracted through least-cost paths or minimum cumulative
resistance (MCR) based on ecological resistance surfaces [46]. Circuit theory and mor-
phological spatial pattern analysis (MSPA) [96,98] have been increasingly widely used in
recent years. Although many node indicators have been proposed, most fail to integrate
complex urban properties [99], such as social development, economic contribution, and
population attractiveness. Researchers now focus on some novel physics concepts, such as
network robustness, vulnerability, controllability, and resilience [7,99–101]. Existing studies
have examined the resilience of ENs from various perspectives, such as network structure,
conservation strategy, ecological security, landscape pattern, and urban planning [102–104].
Complex network analysis can be an effective tool for assessing network resilience by
monitoring the behavior of key variables when nodes are subject to random and targeted
attacks. However, the application of network analysis in ENs is insufficient.

The “landscape pattern” cluster was the last cluster to emerge (2012–2019), which to
a certain extent reflects the current focus on pattern analysis in EN research. Landscape
patterns play an important role in resource management and biodiversity conservation
and refer to the arrangement of landscape components with different sizes and shapes [53].
There is a need to focus on the disruption of ecological processes and impacts on ecological
functions, ecosystem services, and human well-being as a result of changes in landscape
patterns. In addition, planning and management of ENs must fully consider the impact
of human activities on landscape patterns. Quantifying landscape patterns can depict
the interactions between landscape patterns and ecological processes and detect land-
scape dynamics and functions. Studies in this cluster include quantitative analysis [105],
evolution [46], and network design and optimization [48].

Figure 6. Co-cited reference clusters of EN research.

“Landscape planning” (2001–2009) and “core areas” (2001–2008) had similar dura-
tions. The concept of ENs in landscape planning was developed at the beginning of the
21st century. Jongman [16] presented the theory, methodology, and practice of greenway
planning. There is growing interest in designing, managing, and developing adaptive and
long-term planning for connected landscapes [23,43,106]. Designing effective EN protection
strategic planning from micro to macroecology perspectives is essential to ensure ecological
functions and ecosystem services [107]. As a spatial planning tool targeting biodiversity
and ecological connectivity, the implementation of ENs can be ensured by incorporating
binding regulations into national and regional planning regulatory framework and man-
agement tools. For example, French legislation explicitly states that ENs are a planning tool.
ENs first appeared in the legal framework for the Planning and Sustainable Development of
the Territory of 1999. The Grenelle Environment Round Table in 2007 established the Green
and Blue Network and produced a more ambitious and operational legal framework [108].
The “core areas” cluster is a key component of ENs. The identification of core areas in the
initial context is important for the design and management of ENs [109]. There is a need to
identify core habitat patches to improve landscape connectivity and effectively manage and
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plan networks [110]. Prioritization of core area conservation in practice requires multi-scale
analysis using high-resolution data to identify key patches and potential priority corridors
to provide initial guidance for urban planning and biodiversity conservation.

3.3. Research Hotspots and Emerging Trends
3.3.1. Keyword Co-Words

Keyword co-word network maps allow access to researching hotspots and reveal
changes in the prevalence in a particular knowledge area [51]. Figure 7a shows the key-
words with a frequency higher than 70, and the node size indicates the number of relevant
keywords used. The top five most frequently used keywords were “landscape connec-
tivity” (588), “conservation” (425), “biodiversity” (274), “ecological network” (236), and
“landscape ecology” (174). The scope of EN research was broad, from network structure and
function to planning and management, with studies addressing “biodiversity,” “pattern,”
“model,” “dynamics,” “climate change,” “land use,” and “ecosystem service.” Figure 7b
shows the connection between any two of the top 20 keywords. Thicker edges mean that
the two topics are more co-occurring and that they are studied together more frequently.
There were six research topic couples with more than 100 co-occurrences: connectivity and
conservation (206), connectivity and fragmentation (136), connectivity and dispersal (112),
conservation and fragmentation (109), biodiversity and conservation (108), and connec-
tivity and graph theory (107). Four pairs were associated with connectivity. In addition,
“models” (97), “corridors” (72), and “habitat patches” (60) also had high co-occurrences
with connectivity. Meanwhile, “connectivity” (56) and “conservation” (57) were related to
climate change. “Biodiversity conservation” (52) and “connectivity” (41) also frequently
appeared in papers with management. Given that these keywords run through the de-
velopment process of EN research and will be further discussed in Section 3.3.2 Term
Co-Occurrence Analysis, they are not discussed here to avoid repetition.

3.3.2. Term Co-Occurrence

Keyword analysis may not be sufficient to provide a comprehensive analysis of re-
search in the field. Therefore, a term co-occurrence network analysis was performed. The
temporal evolution of terminology frequency further revealed interesting terminology
preferences (Table 3), which can be used to summarize the research trends from 1990 to
2020. “Habitat patches,” “biodiversity conservation,” “climate change,” and “landscape
connectivity” appeared in all three periods, with frequencies increasing from 5, 4, 3, and
9 in 1990–2004 to 56, 45, 46, and 149 in 2015–2020, respectively. This profile indicated
that these four terms continued to be emphasized in EN publications throughout research
development. Global climate change has affected biotic interactions and ecosystem services,
inevitably reducing the size or changing the structure of many species’ original habi-
tats [5,111]. Maintaining and improving connectivity is a good way to alleviate the effects
of climate change and habitat fragmentation [112]. Research on the design, quantification,
and evaluation of ENs in the context of climate change remains a challenge. Large-scale
Ens are important conservation strategies to address climate change risks [9]. Compared
with the first stage, the terms in the second stage were “functional connectivity,” “protected
area,” “network analysis,” “ecosystem service,” “habitat fragmentation,” “spatial pattern,”
and “conservation planning.” After the third stage, the new terms were only “graph theory”
and “human activity,” as the relevant terms were already defined in the previous two stages.
Although the number of published papers continued to grow, few new terms appeared.

The top 10 major clusters were identified by clustering terms (Figure 8). The “geograph-
ical information system” and “artificial neural network” clusters had similar durations
(1997–2019). The popularity and development of remote sensing, geographic information
systems (GIS), and spatial modeling and technology have promoted the development of
ENs. The largest cluster was “functional connectivity” (1991–2020), a term that researchers
have focused on more than structural connectivity. “Antagonistic networks” and “mutual-
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istic networks” represented the two main groups studied by ENs, each with of which had
its own historical tradition [113].

“Spatial distribution” was a cluster with a long duration (1996–2020). The impacts
of human activities on ENs have produced complex ecological and social consequences
on different spatial scales. Changes in connectivity at spatial scales will threaten regional
biodiversity and ecosystem services [106]. Therefore, priority needs to be given to the
connectivity and spatial interactions between landscape elements. Conservation plan-
ning has shifted toward planning and protecting large-scale spatial ecological networks
(SENs). Existing theoretical and empirical knowledge provides a framework for designing
large-scale SENs [14]. The objectives of the SEN have been expanded to include socio-
ecological criteria, including the sustainability of ecosystem services and their resilience to
environmental change.

Figure 7. (a) The network map of keywords during 1990–2020; (b) connections between any two of
the top 20 most frequent keywords.
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Table 3. Top 15 terms for three stages during 1990–2020.

1990–2004 2005–2014 2015–2020

Term Count Centrality Term Count Centrality Term Count Centrality

ecological network 24 0.27 ecological network 92 0.11 landscape
connectivity 149 0.05

landscape ecology 19 0.21 landscape
connectivity 73 0.12 ecological

network 132 0.04

landscape
structure 9 0.03 landscape ecology 50 0.21 protected area 65 0.03

landscape
connectivity 9 0.05 habitat patches 40 0.11 habitat patches 56 0.04

agricultural
landscapes 7 0.21 functional

connectivity 36 0.04 habitat
fragmentation 54 0.06

conservation
biology 6 0.04 protected area 29 0.13 functional

connectivity 49 0.05

fragmented
landscapes 6 0.02 network analysis 29 0.02 climate change 46 0.09

habitat patches 5 0.04 habitat
fragmentation 28 0.07 biodiversity

conservation 45 0.05

biological diversity 4 0.11 habitat
connectivity 28 0.05 landscape ecology 42 0.11

biodiversity
conservation 4 0.15 climate change 28 0.14 graph theory 41 0.07

ecological stability 3 0.02 ecosystem service 27 0.04 ecosystem service 40 0.06

natural habitats 3 0.02 landscape
structure 23 0.17 habitat

connectivity 33 0.06

climate change 3 0.06 spatial pattern 22 0.08 network analysis 30 0.01

agricultural policy 2 0.03 conservation
planning 22 0.11 habitat loss 30 0.06

aesthetic principles 2 0.05 biodiversity
conservation 22 0.07 human activity 29 0.05

Figure 8. Term clusters of EN research during 1990–2020.

The “ecological security patterns” (ESPs) [95] had the same duration as the “ecolog-
ical sources” cluster (2000–2020). Rapid urbanization directly affected urban landscape
patterns and ecological sustainability and pressured biodiversity conservation, making
ecological security a priority in regional landscape ecology. ESPs are considered to be the
implementation of ecosystem-based management in landscape ecology and urban planning
to ensure ecosystem security and sustainable development [114]. The concept of ESP refers
to elements that are essential to maintaining the safety of landscape ecology (e.g., ecological
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sources and corridors), of which sources are essential for identifying ESPs and ensuring
urban ecological security. However, the selection of ecological sources and the evaluation
methods of resistance surfaces in the construction of ESPs are not yet complete, and further
research is needed in the future [115]. Ecological corridors are heterogeneous in location
and function, so determining priority corridors is particularly useful for conservation
planners and policymakers. On the basis of identifying priority corridors, conservation
measures can be dynamically adjusted and effective policies can be formulated to rationally
allocate resources, thus avoiding over-investment in ecological construction projects.

4. Conclusions and Future Prospects

Recognizing the great potential of ENs in nature conservation, we developed an
overview of global EN research over the past three decades. A total of 1371 publications in
53 subject categories were collected and studied with bibliometric methods and CiteSpace.

An increasing research interest in ENs was observed by a temporal trend analysis of all
publications, which has been growing at an annually averaged rate of 18.9%. Remarkable
progress has been made in EN studies, especially since 2005, during which 91.3% of the
collected papers were published. Up to 2020, 84 countries/regions and 1516 institutions
worldwide were involved in studies on ENs, while the research fields of Ens expanded
from early environmental science and ecology to current multidisciplinary status involving
environmental science, ecology, geology, regional and urban planning, and public adminis-
tration. Multidisciplinary approaches have been increasingly used to tackle more complex
interplays among economic, social, ecological, and cultural factors in studying ENs in areas
with high-intensity human activities. A majority of the publications were authored by
researchers in the USA (387, 20.7%), China (171, 12.5%), France (127, 9.3%), Spain (126,
9.2%), Italy (111, 8.1%), Canada (108, 7.9%), and England (104, 7.6%). Notably, more than
20% of the papers were published in Landscape Ecology (126, 9.2%), Landscape and Urban
Planning (69, 5.0%), Biological Conservation (49, 3.6%), and the Journal of Applied Ecology (34,
2.5%), among which the first two journals had the greatest number of citations (4779 and
5517, respectively) and the highest h-index scores (33 and 34, respectively).

Connectivity is the emphasis of the EN field, which concentrates on quantifying
connectivity, identifying priority areas, and integrating conservation planning. Many
models, methods, and indices have been developed to measure connectivity. Global
climate change has affected ecological functions and ecosystem services, so the simulation
and assessment of connectivity should consider the potential impacts of human activity
intensity and climate change. In addition, as landscape heterogeneity and changes in
connectivity at spatial scales will affect regional ecological functions and ecosystem services,
connectivity and spatial interactions between landscape elements need to be prioritized.
Since 2005, landscape fragmentation has become a hotspot for studying the impacts of
urban expansion and population concentration on natural habitats or biodiversity in
urbanized areas. Building ENs has become a preferred option to prevent anticipated
losses and the degradation of biodiversity or ecological services due to drastic changes
in land use. In the context of uncertain climate change and rapid urbanization, there is
a need to focus on improving urban landscape connectivity as a conservation priority to
support ecological sustainability and human development. In addition, it is an emerging
trend to combine multiple methods to identify ecological sources and build and optimize
ecological networks.

EN research has yielded many achievements in theoretical analysis, methodological
approaches, and case studies. Based on the findings and discussions, we propose the
following future research directions to provide researchers with new insights, including
spatiotemporal changes of ecological sources, the resilience of ENs, the construction of
ENs in urban agglomerations, the coupling of natural and socio-economic systems, and
ecological network management.

(1) Building ENs by investigating spatiotemporal changes of the ecological sources can
provide a deeper insight into their heterogeneity, internal mechanism, and even re-
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silience in coping with climate change effects. Existing studies suggest that ecological
sources change over time. However, the current construction of ENs is mainly based
on static connections, and there are few practices to evaluate the dynamic changes
of sources. Thus, monitoring and assessing the dynamics of ecological sources in
terrestrial ecosystems is necessary to stabilize the structure of ENs. New models
and methods must also be developed to quantify dynamic processes and integrate
dynamics into the planning or construction of ENs.

(2) To maintain ecological functions and landscape sustainability, it is necessary to suf-
ficiently stabilize the structure and function of ENs to enhance the adaptability to
disturbances and stresses. Resilience is an essential property of ENs, referring to the
ability to remain stable and still function in the face of disturbances. If the resilience
of ENs is ignored, ecological sources may not be able to sustain ecosystem services
when the system is disturbed. The state of the ecological source determines the sta-
bility of the EN structure, which is particularly important for the resilience of ENs.
Therefore, more research should be conducted on enhancing the resilience of ENs
by investigating spaciotemporal changes in the sources and improving the dynamic
evaluation of ENs.

(3) Most developing countries are experiencing rapid urbanization with a high intensity
of urban expansion and population concentration. Habitat isolation has become a
major challenge for urban development. A recent hotspot is to study the landscape
fragmentation effects on natural habitats or biodiversity under land-use changes in
urbanized areas. Future studies on ENs could be extended from urbanized areas to
urban agglomerations, which have a high level of urbanization and population size.
Building ENs in urban agglomerations can mitigate land-use change and landscape
fragmentation caused by cross-regional urban expansion, enhance the spatial connec-
tivity between landscapes and habitat patches, and promote regional cooperation in
improving biodiversity loss and ecosystem services.

(4) Landscape sustainability requires balancing regional ecosystem conservation and
socio-economic development, such as biodiversity conservation and infrastructure
construction. Therefore, researchers need to explore the coupling of natural and
socio-economic systems to gain insights into the relationship between nature and
socio-economic or other systems. Understanding how the interaction of economic,
social, ecological, and cultural factors influences urban landscape patterns is important
for achieving sustainability in urbanized areas. This trend has prompted researchers
to further consider complex urban properties (such as economic growth, population
agglomeration, and social equity) and pay close attention to the natural and socio-
economic factors and their complex interaction within the system.

(5) ENs are a tool to improve landscape management for conservation. Research on inte-
grated EN management is needed to maximize biodiversity conservation or ecosystem
services, which emphasizes the integration of transdisciplinary knowledge, methods,
and multi-source data. EN management should be combined with national or regional
policy objectives (e.g., Convention on Biological Diversity). There is also a challenge to
integrating the management of ENs into planning (e.g., spatial planning or landscape
planning) to achieve sustainable landscapes. In addition, developing ENs with diverse
stakeholders can ensure relevance to the local contexts, values, and interests. Such a
participatory approach may help reconstruct a more positive relationship between
humans and nature, especially in dealing with the challenges of sustainable land use
under climate change.

The network is inherently difficult to understand due to (1) structural complexity,
(2) dynamical complexity, (3) connection diversity, (4) node diversity, (5) network evolu-
tion, etc. [116], which make this paper inevitably contain some shortcomings. Besides,
compared with the traditional reviews from experts, this article based on CiteSpace analysis
also has some limitations due to the software itself. For example, the cluster can only be
found on keywords, topics, and abstracts but not complete context analysis. However, the
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CiteSpace research and development team has continuously been revising the software, so
this software will undoubtedly overcome these drawbacks and present a more accurate
and profound knowledge domain in the future.
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