o ey 4
<@ sustainability ﬂw\p\py

Review

A Review on Ecosystem Health Research:
A Visualization Based on CiteSpace

Hui Yang, Xuexin Shao and Ming Wu *

Wetland Ecosystem Research Station of Hangzhou Bay, Research Institute of Subtropical Forestry,
Chinese Academy of Forestry, Hangzhou 311400, China
* Correspondence: hangzhoubay@126.com

check for
Received: 11 July 2019; Accepted: 4 September 2019; Published: 8 September 2019 updates

Abstract: With ecological environments that play vital roles in sustaining human communities
worsening, ecological health has drawn extensive attention from scholars and practitioners. It
is obvious that research results relevant to ecological health are increasing. This study applies
scientometric methods to evaluate the current situation of ecological heath research, and explore the
developing trends of ecological health research based on the literature data obtained from the Web of
Science Core Collection database. Study results generated in this paper could clearly answer the three
following questions: (1) What are the subject categories that scholars are most concerned about in the
ecological health research area? (2) Which authors and journals are the most representative in this
area? On which research areas do researchers focus at different stages? What are the documents that
attract scholarly attention? (3) What are the representative keywords in the different periods? What
are the research focuses and the new emerging trends in the field of ecological health? In general, this
paper provides an effective research method to evaluate the performance of ecological health research.
The paper may assist new researchers to pick out the most relevant journals, articles, keywords, and
influential authors, consequently assisting researchers to be at the research frontier in the ecological
health field, and finally, to establish future research directions.

Keywords: aquatic ecosystem; hot topics; emerging trends; scientometric methods

1. Introduction

With the population increasing and the economy growing, the environment and resources have
become highly stressed, and the deterioration of the environment is severely threatening human
existence and development [1,2]. On these grounds, ecosystem health closely related to ecological,
economic, and human health has greatly attracted scientific interest and is rapidly growing, involving
a wide range of interdisciplinary fields. Many definitions for ecosystem health have been proposed,
but there is no unified standard. Constanza et al., summarized a range of proposed concepts and
indicated that an ecosystem is healthy and disease is absent if it is stable and sustainable; that is to
say, the ecosystem has the ability to maintain its vigor and is automatically resilient when facing
additional stress [3]. Mageau et al., elaborated upon this definition and proposed operational measures
of ecosystem health comprised of vigor, organization, and resilience [4]. However, Rapport et al.,
considered the definitions that only emphasized the ecological aspects of ecological health to not
be comprehensive enough, and took the human health indicators into account, based on the former
definition [5]. Generally speaking, ecosystem health is a comprehensive and dynamic concept and
its definition is not unique, which may be related to the fact that researchers defined this concept
from different perspectives. There are a number of studies on ecological health, including those on
marine resources, ecological indicators, or biological assessments, and river and urban-ecosystem
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health studies. According to a statistical analysis of the existing literature, we found that the number
of publications on ecological health has been steadily increasing in recent years.

With the quantity of research in mind, many analysts have summarized some ecological-health
research results by traditional methods. Various perspectives have been reflected in these analysis
results; for example, Tett et al., reviewed research situations based on a literature series related to
ecosystem health and introduced a framework for monitoring the state of marine ecosystem health [6].
O’Brien et al., systematically reviewed studies measuring ecosystem health, analyzed these studies’
temporal and spatial distributions, and examined the assessment methods evaluating ecosystem
health in freshwater and estuarine ecosystems [7]. Li et al., provided us with views of ecosystem
health assessment using remote sensing in dynamic temporal and spatial scales, and presented
future perspectives, current opportunities and challenges [8]. Su et al., guided us to understand the
development vein of urban ecosystem health assessment [9]. Despite these studies, most analyses are
still incomplete, and now out of date. Generally speaking, research analyzing the current state and the
development trends of this area is rare.

Scientometrics is quantitative analysis about a process, and the inputs and outputs of scientific and
technological activities, to understand the knowledge mapping of scientific fields, and the developing
status in relevant scientific and technological domains based on the methods of computing technology
and social statistics [10]. In the past few years, it has become a universal phenomenon, and many
researchers are enthusiastic about using the scientometric method to find out about hot topics and
the evolving development trends in a relevant domain. Information visualization software CiteSpace
is playing an increasingly important role in knowledge management activities [11]. Contrasting
with other common types of information visualization software, for instance, ArnetMiner, PaperLens,
and TDA, CiteSpace uses integration that can achieve cluster analysis, social-network analysis, and
multidimensional scaling. In addition, CiteSpace has advantages in detecting emerging trends of
a research frontier, and analyzing the relationship between a research frontier and the knowledge
basis, and the internal relationship between different research frontiers [12]. In view of this series of
advantages, CiteSpace is now applied in a wide range of fields and has basically been accepted by
users who want to have a general understanding of their research area [13]. Yu et al., adopted types of
the scientometric-analysis methods, such as cluster analysis and burst analysis, to analyze the current
state and explore the development tendencies of the carbon-emission trading domain [14]. Chen made
a scientometric review of the literature concerning major aspects of science mapping to identify major
areas, intellectual milestones, evolutionary stages of major specialties, and transition dynamics from
one specialty to another [15]. Jiang et al., applied the scientometric method, cluster analysis, and the
document-sorting method to identify the hot topics and dynamic developing stages of urban-planning
research under the influence of climate change [16]. Huang et al., developed an assessment-index
system to analyze the relationship between rural resilience and land-use policy based on a co-citation
network and research clusters [17].

Given the increasing significance of ecological health and the advantages of CiteSpace, it is urgent
and necessary to analyze the current status and explore the evolving trends of the ecological-health
field with the help of this tool. Therefore, we aimed to visually demonstrate knowledge structures and
developments within ecological-health research from 1989 to 2018 using CiteSpace. More specifically,
we mainly used co-citation analysis and co-occurrence analysis to (1) summarize the annual variations
of publications and identify major subject categories; (2) detect the influential authors and journals,
the main research areas, and representative documents; and (3) determine the emerging hot topics of
ecological health research, and finally, predict development trends.
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2. Materials and Methodology

2.1. Data Acquisition

This study regards the Web of Science Core Collection as a data-collection platform according
to data resources required in CiteSpace. The bibliometric search strategy can be described as the
following: Topics = (“ecological health” or “ecosystem health”), time span = 1989-2018, and language
= English [18]. We ultimately selected 3886 documents by removing irrelevant documents and merging
synonyms [14,16]. Regarding the time period of the retrieved data, we mainly considered that time
range for two reasons. First, the concept of ecosystem health was officially proposed in the late
1980s. Schaeffer et al., (1988) explored the definition of ecosystem health and suggested criteria that
can support assessments of ecosystem status [19]. However, Rapport (1989) also considered the
sustainability of ecosystems on the basis of some relevant criteria [20]. Besides, few publications can
be found and there are none available from an earlier time.

2.2. CiteSpace

CiteSpace, the Java application, can be used to generate knowledge-domain visualization [21].
It addressed some issues compared to earlier visualization tools; for instance, improving clarity and
network transitions [22]. It can be used to search for landmark, hub, and pivot nodes, and detect
and track the evolution of a research domain [23]. CiteSpace has a clear interface setting and is
user-friendly [16]. Specifically, settings mainly include nodes, time slicing, thresholding, modeling,
pruning, merging, and mapping [22]. CiteSpace has 3 core concepts: burst detection, betweenness
centrality, and heterogeneous networks. These concepts can solve 3 practical problems: identifying
the nature of research frontiers, marking keywords, and identifying emerging trends and sudden
changes in time [23,24]. After the visualization of input data through CiteSpace, we can illustrate the
intellectual structure and internal relationship of the ecological-health domain [25]. Nodes and links
are the building blocks in visualization mapping. Nodes represent analysis objects (e.g., categories,
cited authors, cited journals, cited references, and keywords) and links describe the inter-relationship
between these nodes. Each node is a combination of concentric circles in different colors. Nodes with a
purple ring indicate they have high centrality and can be recognized as pivotal points. In addition,
CiteSpace can execute burst detection so that nodes with a high-frequency change rates are shown with
red rings. Based on burstiness, we can identify interest in a specialty and reach research frontiers [14].

2.3. Co-Citation Analysis

Co-citation refers to the frequency with which two earlier items of the literature are cited together
by the later literature [24]. It can elaborate the relationship between different analysis objects, such as
cited authors, journals, and references. Then, an intellectual scientific structure of co-citation patterns
viewed over a period of time is indicative of the mechanism of specialty development [21]. Moreover,
co-citation could give us important insights into the knowledge domain that conventional citation
analysis overlooks [26]. In this study, we apply co-citation analysis methods like author, journal, and
document co-citation to find influential authors, popular journals, key studies, and major research
areas in the knowledge domain. For the co-citation analysis instance mentioned above, we set a
time span from 1989 to 2018 and selected the top 50 most cited items in each time slice to analyze
their intellectual structure and the dynamics of co-citation clusters. It should be noted that different
item-citation frequency (e.g., cited authors, journals, and studies) reflects, to some extent, their different
influential force regarding the research area [14]. Among these analyses, document co-citation analyses
can generate results of co-citation clusters, landmark references, and references with citation bursts.
In order to characterize the nature of a cluster, CiteSpace can extract noun phrases from the titles of
articles that cited the clusters based on specialized metrics: log-likelihood tests (LLR), which usually
give the best results in terms of the uniqueness and coverage of themes associated with a cluster [27].
CiteSpace can also calculate the values of modularity Q and mean silhouette according to the overall
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structural properties of the network. Modularity Q describes clusters’ divisional quality, and the value
is 0-1. If the value is above 0.3, the network structure could be considered significant [28]. A mean
silhouette is an index to measure the homogeneity of a cluster, ranging from —1 to 1; the greater the
value is, the higher the similarity between cluster members is. The average year of publication of a
cluster indicates its recentness. Blue areas were generated earlier than green areas, yellow areas were
generated after green areas, and so on.

2.4. Keyword Co-Occurrence Analysis

Keywords are the essence of the literature content and subject; that is, the core content. Thus,
keyword co-occurrence analysis is an effective way to detect the hot topics and evolving research
frontiers of particular research fields over time. The evolution of research topics has always been a
research issue that researchers have been concerned about because it helps researchers to understand
the development of certain areas, pioneer in that area, and finally determine corresponding research
directions. In this paper, we set a time span from 1989 to 2018, selected the top 50% most occurring
items in each time slice to monitor hot topics and development trends in ecosystem health field, and
established future research directions.

3. Results

3.1. Annual Variations of Publications and Their Categories

The annual numbers of publications during 1989-2018 are shown in Figure 1. According to the
figure, we can form a preliminary understanding concerning ecological-health research after annual
analysis. In one respect, increasing annual literature numbers reflect the development speed of the
research area. In another respect, the phenomenon of literature numbers increasing year by year fully
explains studies on ecological health increasing. On the whole, literature numbers on ecological health
have been steadily growing and can be split into three parts.

(1) Initial phase (1989-1996). Published papers prior to 1996 for each year were below 40, and
increased in frequency slowly. The formation of the First International Workshop on Ecosystem
Health and the International Society for Ecosystem Health (ISEH), followed by the publication
of the first graduate textbook on ecosystem health, made scholars begin to pay attention to the
concept and the importance of ecosystem health, and conduct relevant research.

(2) Development phase (1996-2006). The annual number of published papers increased gradually
and fluctuated until 2006. The reason might be related to influential international conferences,
symposium, and publications, such as the First Eco-summit, co-convened by D. Rapport and
S. E. Jorgensen, the Indo-Pacific Conference on Ecosystem Health, sponsored by Edith Cowan
University, and the publication of Managing for Healthy Ecosystems.

(3) Rapid-development phase (2006-2018). Correspondingly, published papers for each year have
been increasing rapidly after 2006. This might be relevant to the background of environmental
stress and deterioration, resulting from populations’ increasing and growing economies, along
with EcoHealth Conferences sponsored by scholars focused on the intersection of health and
ecology [1]. Achieving a condition that can reflect a healthy ecosystem is an ongoing global
priority for governments, scientists, and managers [29]. Following this, scholars have been paying
increasing attention to this research area.
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Figure 1. Annual variations of publications on ecosystem health in the Web of Science.

Publications on ecosystem health covered various subject categories in the Web of Science. In

order to understand the distributions of subject categories and the dominant categories, we conducted
co-occurring category analysis to help us identify disciplines in the development process of the research
area [30]. In this paper, we set a time span from 1989 to 2018 and selected the top 30% most occurring
subject categories per time slice to analyze the categories’ development characteristics. Figure 2 shows
the simplified co-occurrence network of subjects with high frequency in the ecosystem health domain,
and Figure 3 shows the top 10 most frequently appearing subject categories with frequency and
centrality. The study results revealed the significance of subjects involved in ecological-health research.

)

)]

®)

Environmental sciences & ecology, the largest node with a frequency of 2241 (Figure 3), is the
most popular subject category, followed by environmental sciences (1768), ecology (844), marine
& freshwater biology (556), and water resources (460), which signifies scholars in the field are
most concerned about the environmental, ecological, and water-resource aspects.

Among the top 10 most frequently appearing subject categories, environmental sciences has
the highest centrality, which means environmental sciences plays an important pivotal role in
ecological health and it is the key connection hub in communicating different subjects in the area.
Ecology comes second, followed by engineering, and environmental sciences & ecology. Thus,
environmental sciences, ecology, and engineering have an intermediary role, and play a critical
role in the research of the network structure.

According to the circles’ colors, we can judge the age of the research subjects. As we can see,
the earliest studies on ecological health were mainly in environmental sciences & ecology, and
environmental sciences, which have blue inner circles. In addition, relatively new areas, such as
marine and freshwater biology, and engineering, have yellow inner circles. Thus, ecological-health
research is multifaceted and covers quite a wide range of interests, from environmental science
and water, to engineering, biodiversity, and toxicology.
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Figure 3. Top 10 most frequently appearing subjects with frequency and centrality.

3.2. Co-Citation Analysis of Ecosystem Health Research

3.2.1. Author Co-Citation Analysis

In order to detect influential authors in the research area, the top 10 most cited authors in the
ecosystem health area are listed in Table 1. It can be seen that Rapport, D.]., ranks first, with 354 citations,
followed by Costanza, R., with 321 citations. They are the most representative figures who acted as
pioneers to explore the definition of ecosystem health and the relative integral index system [3,31].
Other highly cited authors included Karr, J.R. (302), Clarke, K.R. (126), Barbour, M.T. (124), and Poff,
N.L. (123). Moreover, we can track highly cited authors, thus influential researchers in relevant research
domains, to find hot topics and research frontiers.

Table 1. Top 10 frequently cited authors in the ecological-health area.

# Author Frequency # Author Frequency
1 Rapport, D.J. 354 6 Poff, N.L. 123
2 Costanza, R. 321 7 Vitousek, PM. 121
3 Karr, J.R. 302 8 Bunn, S.E. 117
4 Clarke, K.R. 126 9 Jorgensen, S.E. 103
5 Barbour, M.T. 124 10 Cairns, J. 99
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3.2.2. Journal Co-Citation Analysis

This section shows the journals in the ecosystem health domain between 1989 and 2018. The
journal co-citation network is shown in Figure 4, and Table 2 illustrates the 10 most popular journals in
the field of ecological health (1989 to 2018) by total number of citations. As shown in Table 2, the top
ranked item by citation counts was Science, with 1265, followed by Nature. On the grounds of the
results, it was not difficult to determine that these two journals were the main sources of cited work
for ecological-health researchers. These two top academic journals also had higher Impact Factors
(41.058 and 41.577), and published original articles across an extensive range of scientific fields, which
indicates that the two journals have stronger influence on the related research. Figure 4 depicts the
simplified network of the most cited journals. It can be seen that some nodes have purple rings
around the outer rim that indicates a tight connection with other journals. That is to say, Science,
Nature, Ecological Applications, Environmental Science and Technology, Ecology, Bioscience, and
Environmental Management are core nodes and have a good interrelationship with other journals of
ecosystem research. Moreover, ecological health research covers an extensive range of topics, from
science, nature, and the environment to hydrobiologia, bioscience, and management.

BIOSEIENCE
P NATL ACAD SCI USA

SCIENCE

ENVIRON MANA?\E\TI‘JRE
ECOL APPL

ENVIRON SCI TECHNOL ECOLOGY
ENVIR@N POLLUT

SCITOTAL EN%‘?EOPI&)LLUT R

HYDROBIOLOGIA

FRESHWATER BIOL

Figure 4. Top 10 frequently cited journals and their network.

Table 2. Top 10 journals according to frequency in ecological health.

# Frequency Centrality Journals IF 2017
1 1265 0.26 SCIENCE 41.058
2 1037 0.29 NATURE 41.577
SCIENCE OF THE TOTAL
3 872 0 ENVIRONMENT 4.61
4 828 0.07 HYDROBIOLOGIA 2.165
5 822 0.43 ECOLOGICAL APPLICATIONS 4.393
ENVIRONMENTAL SCIENCE and
6 816 0.42 TECHNOLOGY 6.653
PROCEEDINGS OF THE NATIONAL
7 733 0 ACADEMY OF SCIENCES OF THE 9.504
UNITED STATES OF AMERICA
8 732 0.13 ECOLOGY 4.617
9 698 0.2 BIOSCIENCE 5.876
10 644 0.15 ENVIRONMENTAL 2177

MANAGEMENT
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3.2.3. Cluster Analysis

With the purpose of knowing representative reference clusters, we constructed a document
co-citation network containing 3886 references during 1989 to 2018. In the synthesized network, the
modularity Q that we generated reached 0.8876, so we concluded that the cluster results were significant,
whereas the mean silhouette score of 0.238 was relatively low, mainly because of the numerous small
clusters. In terms of silhouette values, the major clusters that we focus on are sufficiently high. In other
words, grouping quality is high.

As shown in Figure 5, there are 10 key co-citation clusters in the network and these clusters
are labeled by index terms; detailed information of the 10 clusters is summarized in Table 3. The
earliest structure consists of some of the largest clusters; examples: #0, labeled a natural resource
value; #2, labeled cross-sectional study; #3, labeled large marine ecosystems; #6, labeled inventory; #7,
labeled condition; and #8, labeled Lake Chao. The midterm structure primarily includes #1, labeled
cellulose-decomposition potential, and #5, labeled urban-ecosystem health. The most recent structure
consists of #4, labeled water quality, and #9, labeled wetland.

#7 condition #4 water quality

#1 cel-lulqs.e decomposition potential
" 49 wétland

S
b uz#annatural resource value
& Wruveriﬁ%lth #5 urban ecosystem health
AN
#8llakeichao

' #2'cross-sectional study
/
#3 iang i
/a};gg marine ecosystems
Figure 5. Cluster visualization based on the document co-citation network of 1989-2018.

Table 3. Top 10 key co-citation clusters based on frequency in ecological health.

Cluster ID Size Silhouette Label (LLR) Mean (Cite Year)
0 63 0.828 natural resource value 1994
1 62 0.916 cellulose decomposition potential 2006
2 49 0.945 cross-sectional study 1997
3 46 0.987 large marine ecosystems 1990
4 40 0.915 water quality 2012
5 39 0.990 urban ecosystem health 2006
6 39 0.941 inventory 1993
7 38 0.965 condition 1998
8 37 0.915 lake chao 1999
9 36 0.862 wetland 2011

Cluster #0, the largest cluster, had 63 members and a silhouette value of 0.828. It was labeled
natural resource value. Through analysis, we found this cluster mainly focused on the concept
of the measurements of ecosystem health and the development of an ecosystem health indicator
framework [5,32-34]. The most active citer in this cluster was “Ecosystem Health: The Concept, the
ISEH, and the Important Tasks Ahead.” The third largest cluster (#2), labeled cross-sectional study, had
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49 members and a silhouette value of 0.945. The cluster had the same active citer as Cluster #0. This
cluster highlighted the integration of the complex social and biophysical processes that characterize
human and ecosystem health [35]. In addition, this cluster included environmental and ecological
health assessments related to advanced technology, such as the application of remote sensing [36].
Cluster #3 had 46 members and a silhouette value of 0.987. It was labeled large marine ecosystems. This
cluster concentrated on the monitoring and management of coastal ecosystem health, especially large
marine ecosystems [37,38]. The most active citer to the cluster was “Sustainability, biomass yield, and
health of coastal ecosystems: an ecological perspective.” Cluster #6, labeled inventory, had 39 members
and a silhouette value of 0.941. This cluster mainly illustrated the need for a comprehensive and
multiscale concept of ecosystem health, and addressed the measurement of various ecosystems (for
example, those of rivers, forests, estuaries, and freshwater) [32,33,39,40]. The most active citer to the
cluster was “Defining and measuring river health.” Cluster #8, labeled Lake Chao, had 37 members and
a silhouette value of 0.915. This cluster mainly involved a lake ecosystem health assessment based on
indicators and models [41-46]. The most active citer to this cluster was “A method for lake ecosystem
health assessment: an ecological modeling method and its application.” In addition, Cluster #0 had the
top ranked centrality article, entitled “Defining and measuring river health,” with a centrality of 0.28.
This article effectively connected the earliest cluster structure to the midterm cluster structure.

Cluster #1, the second largest cluster, had 62 members and a silhouette value of 0.916. It was labeled
cellulose decomposition potential. This cluster was mainly related to the measurement of functional
ecosystem variables, such as ecosystem metabolism and the rates of organic-matter processing [47-51].
The most active citer to this cluster was “Exploring the response of functional indicators of stream
health to land-use gradients.” Cluster #5, labeled urban-ecosystem health, had 39 members and a
silhouette value of 0.990. This cluster paid more attention to ecological system modeling and the
evaluation of urban ecosystems [52-55]. The most active citer to this cluster was “Relative urban
ecosystem health assessment: A method integrating comprehensive evaluation and detailed analysis.”
In addition, Cluster #1 had the second most ranked centrality article, entitled “Global threats to human
water security and river biodiversity,” with a centrality of 0.25. This article effectively connected the
midterm cluster structure to the midterm cluster structure.

Cluster #4, labeled water quality, the most recently formed cluster, had 40 members and a
silhouette value of 0.915, and contained numerous nodes with red rings of citation bursts. This
cluster mainly involved the assessment and management of river health, which means water quality,
especially river water quality, which is a research direction on which scholars are focusing [56-61].
The most active citer to this cluster was “How good are Bayesian belief networks for environmental
management? A test with data from an agricultural river catchment.” Cluster #9, labeled wetland, is
also a relatively new cluster. This cluster mostly illustrated health indices, integrated modeling, and
the assessment and management of wetlands, including rivers and coastal wetlands [62-68]. This
means that wetlands, a subject that has attracted scholarly attention, have the possibility to become a
hot spot for this research area. The two clusters mentioned above both emphasize wetland assessment
and management, especially river ecosystems, hence the modeling and assessment of river ecosystems
have been hot topics since 2010. The most active citer to this cluster was “Integrated modelling of
cost-effective siting and operation of flow-control infrastructure for river ecosystem conservation.”

In summary, the research area of ecological health included many aspects, such as concept
exploration, the establishment of ecological health indicators and models, ecological integration,
cellulose decomposition potential, urban ecosystem health assessment, and wetland ecosystem health
assessment and management. In the early period, scholars mainly focused on the conceptualization
and measurement of ecosystems’ health based on investigation indicators, and began to emphasize the
necessity of ecosystem health assessments. In the mid period, with the economy developing, scholars
began to turn their focus on urban ecosystem health assessments. In addition, scholars emphasized
functional indicators relevant to ecosystems and eventually provided a framework to assess ecosystems’
health. In the recent period, researchers have been paying more attention to various wetland ecosystem
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health evaluations, and its conservation. As a result, newly identified trends appear to focus on the
assessment and management of wetland ecosystems.

3.2.4. Landmark References

Based on document co-citation analysis, we could easily identify the key literature in the relevant
area. Table 4 lists the top 10 highly cited references in ecological health based on co-citation network
analysis. It should be noted that the listed references were not the most cited items from Web of Science
and Google Scholar, but the most cited from the 3886 studies obtained in this paper.

Table 4. Top 10 highly cited references based on frequency in ecological health.

Frequency Author Title Source Year  Centrality Cluster
. Trends in Ecology
46 Rapport, D.J.,etal. ~ Assessing ecosystem health and Evolution 1998 0.11 8
44 Vorosmarty, C.J. et al. Globa.l threats. to hu.m an wa.t et Nature 2010 0.25 1
security and river biodiversity
Organic matter breakdown and
. Journal of the
ecosystem metabolism: north American
37 Young, R.G. et al. functional indicators for . 2008 0.02 1
oo benthological
assessing river ecosystem societ
health y
- Environmental
33 Suter, G.W. et al. A critique of ecosystem health Toxicology and 1993 0.05 0
concepts and indexes <
Chemistry
Ecological responses to altered
flow regimes: a literature Freshwater
33 Poff, N.L. et al. review to inform the science : 2010 0.01 9
Biology
and management of
environmental flows
. Ecosystem Health
32 Costanza, R. et al. ECOSySt.em health: new goals New Goals for 1992 0 6
for environmental management .
Environmental
Contrasting responses to
catchment modification among Freshwater
32 Young, R.G. et al. a range of functional and Biol 2009 0.05 1
structural indicators of river o8y
ecosystem health
Integration of science and
monitoring of river ecosystem Freshwater
30 Bunn, S.E. et al. health to guide investments in Biolo 2010 0.02 4
catchment protection and 8y
rehabilitation
Urban ecosystem health
assessment based on emergy Ecological
28 Su, M.R. et al. and set pair analysis—A Mo de%llin 2009 0.01 5
comparative study of typical &
Chinese cities
Three hundred ways to assess
Europe’s surface waters: An
. almost complete overview of Ecological
28 Birk, 5. etal. biological methods to Indicators 2012 0.03 4

implement the Water
Framework Directive

From the top 10 cited references, two are associated with the concept, three are related to
functional and structure indicators, two are relevant to ecosystem health assessments, and three
are about freshwater-framework development. Obviously, Rapport, D.J. et al., (1998) [69] was the
most frequently cited; frequency was 46. The paper outlined the necessity for assessing ecosystem
health and presented the integration of ecological, social, and health science. Vorosmarty, C.J. et al.,
(2010) [70] ranked second with a frequency of 44. The paper first reported global freshwater threats,
and selected rivers, a major source of human water supply and freshwater ecosystems, to analyze
human water security and biodiversity for the first time. Young, R.G. et al., (2008) [71] ranked third,
with a frequency of 37. The paper discussed factors that affect leaf breakdown and river metabolism,
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especially human factors, considered the advantages and disadvantages of both methods as functional
measures, and eventually provided a framework to assess river ecosystem health. Suter, G.W. et al,,
(1993) [72] ranked fourth with a frequency of 33. The paper elaborately critiqued the concepts and
indices of ecosystem health, evaluated the suitability of methods that are applied to implement the
concept, and ultimately discussed alternative regulatory and management goals. Poff, N.L. et al.,
(2010) [73] ranked fifth with a frequency of 33. The paper reviewed 165 papers published in the past
40 years to determine the general relationship between flow alteration and ecological responses, and
concluded that the majority of papers reported decreased values for recorded metrics in response
to various flow alterations, whereas only a minority of papers reported increased values. Moreover,
this paper provided quantitative analysis of the ecological response to flow alteration based on the
existing global literature, and confirmed the association between flow alteration and ecological change.
Costanza, R. et al., (1992) [74] ranked sixth, with a frequency of 32. The paper comprehensively gave a
definition of ecosystem health by synthesizing past representative definitions at all scales and eventually
proposing a general index composed of vigor, organization, and resilience, which can be put into
practice, and is helpful for environmental management. Young, R.G. et al., (2009) [75] ranked seventh
with a frequency of 32. The paper measured the responses of ecosystem metabolism, organic-matter
decomposition, and invertebrate-community composition across a catchment-impairment gradient.
The study explored if there were consistent responses to an impairment gradient among contrasting
functional indicators of river ecosystem health, and the relationship between structural and functional
indicators. Bunn, S.E. et al., (2010) [50] ranked eighth with a frequency of 30. The paper described
the development of a freshwater ecosystem health monitoring program using concept models and
potential indicators against a known disturbance gradient, and how this has been used to report on
stream-ecosystem health on a regional scale. The paper also explored emerging science needs to
identify the appropriate scale and spatial arrangement of riparian protection and rehabilitation, which
can maximize river ecosystem health outcomes and derive other downstream benefits at the same time.
Su, MLR. et al., (2009) [76] ranked ninth with a frequency of 28. The paper described the development
framework of energy based urban ecosystem health indicators, composed of vigor, structure, resilience,
ecosystem service function maintenance, and environmental impact, and used this framework to assess
urban ecosystem health. The paper also evaluated and compared urban ecosystem health levels in
20 typical Chinese cities based on urban ecosystem health indicators and set pair analysis. Birk, S. et al.,
(2012) [77] ranked last in the list with a frequency of 28. The paper first provided a relative overall
review of bioassessment methods for European aquatic ecosystems to implement the Water Framework
Directive. Moreover, the paper explored similarities and differences among the series of methods, and
focused on the implementation of scientific concepts and standards of aquatic bioassessment.

3.3. Emerging Ecosystem Health Trends

3.3.1. References with Citation Bursts

Through the co-citation literature burst dictation, we found that there are many articles with
citation bursts, and we selected the top 10 articles with a burst, beginning after 2012, as shown in Table 5,
to analyze emerging trends. From 2012 to 2018, researchers primarily focused on: human water security
and the bioassessment of aquatic ecosystems [70,77,78]; the development of an ocean-health index and
a spatial model for marine ecosystems on a global scale [79,80]; the association between flow alteration
and ecological change [73]; ecosystem-service value estimates and ecological engineering [81,82];
the implementation of the Water Framework Directive (WFD); and the measurement of the effects
of nutrient pollution on stream-ecosystem functioning [83,84]. Therefore, health assessment, driver
analysis, and the ecological restoration of coastal and river ecosystems being closely related to human
well-being are future research directions. Ecological engineering based on the concepts of ecosystem
health, ecosystem services, and sustainability can and must play a significant role in that evolution.
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Table 5. Top 10 articles with bursts beginning after 2012 in ecological health.

References Year Strength Begin End 1989-2018
Vorosmarty, C.J. et al. 2010 17.77 2012 2018
Birk, S. et al. 2012 14.57 2015 2018 e p—
Poff, N.L. et al. 2010 12.58 2012 2018
Halpern, B.S. et al. 2012 10.08 2013 2018
Poff, N.L. et al. 2010 9.82 2012 2016 e ——
Halpern, B.S. et al. 2008 9.26 2013 2016 ———
Costanza, R. et al. 2012 7.77 2015 2018
Hering, D. et al. 2010 7.25 2015 2018 ——
Costanza, R. et al. 2014 6.73 2015 2018 = —
Woodward, G. et al. 2012 6.16 2013 2016 ——

3.3.2. Keyword Co-Occurrence Analysis

Table 6 lists keywords with stronger citation bursts in different periods, and research topics and
changes in the research area of ecological health are presented. As we can see, Table 6 shows the first
time that each keyword appeared, and its duration, which reflects the length of keyword’s influence
in the research area. Moreover, what should be noted is that the line illustrated by blue in the table
means the whole study period (1989-2018), and the red line represents the duration of the citation
burst [13]. In addition, in order to more exactly detect the research topics in ecological health and
master their development rules from 1989 to 2018, we divided the development period into three parts.
The main topics of different periods can be summarized as concept exploration and the framework
development of ecosystem health, monitoring ecological indicators and ecosystem health assessments,
and the assessment and management of aquatic ecosystems.

Table 6. Keywords with stronger citation bursts in different periods.

Period Keyword Burst Begin End 1989-2018
ecosystem health 32.71 1993 2004
stress 11.97 1993 2002
1989-1999 ecology 9.54 1996 2004
integrity 11.20 1997 2004
ecosystem management 7.68 1998 2001
ecological indicator 6.41 2000 2007
ecotoxicology 4.75 2002 2008
risk 5.23 2003 2009
2000-2010 sustainable development 4.76 2004 2009
bioassessment 8.93 2006 2010
forest 5.44 2008 2011
set pair analysis 8.20 2009 2012
ecosystem health assessment 591 2010 2013
surface water 8.33 2013 2018
river basin 5.72 2014 2018
20112018 oxidative stress 7.04 2014 2018
waste water 8.11 2016 2018
ecological restoration 4.26 2016 2018
aquatic ecosystem 424 2016 2018

(1) Concept Exploration and Framework Development of Ecosystem Health

As is shown, most of the keywords in the period of 1989 to 1999, such as “ecosystem health” (32.71),
“stress” (11.97), “ecology” (9.54), and “integrity” (11.20) had a longer burst duration than the keywords
in the second and the third research periods. It is safe to assume that studies related to these keywords
can be regarded as research pioneers in the domain of ecological health. They can serve as important
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and fundamental sources for ecological-health development and new research branches. The First
International Symposium on Ecosystem Health and Medicine brought the concept of ecosystem health
to the attention of the international scientific community [1]. It addressed the topic of environmental
and population challenges, and it also explored the interfaces between various disciplines involved.
Human activities have put pressure on ecosystems and affected them in different ways, such as
biotic impoverishment [85,86]. Concerns about the problems, and the concept of ecological health or
ecological integrity are regarded as guiding policy-making principles [87]. Scholars have also paid
more attention to the framework for ecosystem assessment and management of human activities to
preserve ecosystem health [88,89].

(2) Monitoring Ecological Indicators and Ecosystem Health Assessment

During the period of 2000-2009, “ecological indicator” (6.41), “risk” (5.23), “sustainable
development” (4.76), “bioassessment” (8.93), and “set pair analysis” (8.20) were hot topics for scholars.
Human activities reduced the ecological integrity of natural ecosystems, including ecosystem structure
and processes. In the initial stage, land-use-impact bioassessments mainly focused on structural
metrics, and river ecosystem bioassessments accounted for a large proportion [90,91]. However, few
methods were used to detect stressor impacts that altered ecosystem processes [92,93]. Environmental
changes resulting from human activities consequently damaged sustainability, and impaired ecological
functions and societal services [47—-49], which provided the grounds for addressing ecosystem health
in a holistic way. Gradually, the functional measurement of stream-ecosystem health was addressed
and became a hot topic during this period. Cities, dense population centers, are inevitably affected by
human activities. In order to understand the health status of urban ecosystems, a relevant framework
of urban ecosystem health was proposed, and fulfilled by energy synthesis and set-pair analysis [52,55].

(8) Assessment and Management of Aquatic Ecosystems

Furthermore, keywords in the period of 2010 to 2018, such as “surface water” (8.33), “river basin,”
“oxidative stress” (7.04), “waste water” (8.11), “ecological restoration” (4.26), and “aquatic ecosystem”
(4.24) could represent new topics, even the major frontier of ecological health research, because their
burst duration has lasted until the present. In recent years, ecological integrity, biodiversity, and
water quality in aquatic ecosystems have been declining on a global scale [94,95]. The phenomenon
can be explained by various interacting stressors [73,96], such as eutrophication [97], agricultural
needs [73,98], and changing regimes [99]. Pollution decreased ecosystem services and finally caused
ecosystem degradation [64,100]. Facing the degradation of aquatic ecosystems by numerous sources of
anthropogenic pressure, necessary ecological restoration after ecological diagnosis and management
has attracted researchers’ attention [101].

4. Discussion and Conclusions

Ecosystem health is a comprehensive concept integrating biophysical, human and social-economic
aspects. As an interdisciplinary research, it is of great significance for various fields, from ecology
and public health, to environmental management, and ecological economics. Meanwhile, it is vital
and urgent to form a comprehensive understanding of this research. In the present work, we used
CiteSpace to analyze the research status and evolving trends from a macroscopic view to a microcosmic
view; from whole to parts.

First, publications on ecosystem health indicate a strong increase from 1989 to 2018, especially after
2006. The study has multidisciplinary research involved in various subject categories. Rapport, D.J.
and Costanza, R. are the most representative figures who acted as pioneers to explore the definition
of ecosystem health and the relative integral index system. By tracking these influential researchers
in the relevant research domain, we more easily find hot topics and research frontiers. Second, three
major research areas were identified over the decades. The first focuses on concept exploration
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and framework development of ecosystem health, which lays the foundation for ecosystem health
research; the second emphasizes monitoring ecological indicators and ecosystem health assessment;
the third concentrates on the assessment and management of aquatic ecosystems. Between them,
monitoring ecological indicators and ecosystem health assessments are the most active area throughout
all ecosystem health studies. Thus, this area can be considered to represent the critical transition in the
history of the development of the field. The assessment and management of aquatic ecosystems is
the area that has most attracted scholars’ attention in recent years. Additionally, necessary ecological
restoration after ecological diagnoses and management has also attracted the scholars” attentions.

Through analysis, we inferred that the following areas have the possibility to become hot topics
in the future. Further progress in the way ecosystem assessments are approached may continue
to rise, as molecular techniques and new types of biodiversity indicators are developed [101,102].
Therefore, from a microcosmic view, using the indicators generated by molecular techniques to conduct
wetland-ecosystem assessments is likely to become a popular area in the ecosystem health field. This
is consistent with other studies, but previous studies are limited only to the freshwater domain [7].
Relevant studies have reviewed remote-sensing opportunities to develop a comprehensive ecosystem
health system [8]. Thus, from a macroscopic view, assessing the health status of aquatic ecosystems
using advanced technology (Geographical Information System and remote sensing) on a large scale
could also become future research topics. Aquatic ecosystems are closely related to human life, so
ecological-restoration engineering of aquatic ecosystems has the potential to develop as a research hot
topic in the future. Compared to previous reviewed articles, our study is consistent, and our study is
more comprehensive and timely.

This study is of great significance and can be summarized as follows. This study can present
the overall picture of ecosystem health development, and development pathways which are helpful
for scholars to reach research frontiers and determine future directions. Furthermore, this study
presents an overall picture of the development of ecosystem health, and has important referencing
implications for policy making and academic research. That is to say, the results we generated above
contribute to actual policy-making processes. This is helpful in optimizing the internal tradeoffs
between resource exploitation and conservation. However, there are some limitations to our paper.
On the one hand, we collected the literature data from the WOS Core Collection as study objects,
and though crucial, the Web of Science database did not provide all publications available, especially
publications in non-English-speaking countries. Compared to a bibliographic database, Web of Science
is a database that includes a comprehensive number of studies. Thus, the results we analyzed in
this paper are persuasive and can represent the hot topics, evolving trends, and research frontiers
of the ecosystem health domain. On the other hand, CiteSpace has data-format requirements that
result in little deviations that were unavoidable in our study. The results of this study are based on
objective data analysis that is hardly influenced by subjective experience, thus making them stable and
objective [14].

In conclusion, through scientometric methods, we identified Rapport, D.J. and Costanza, R. as the
representative figures, who greatly contributed to the definition of ecosystem health in the early period.
Besides that, we gave some landmark references in the history of ecosystem health development. Our
analysis revealed that ecosystem health research mainly included three aspects: concept exploration,
ecological indicators’ monitoring, and the management of aquatic ecosystems. Analysis suggested
that management and restoration of aquatic ecosystems is the hot topic in recent years. Assessing the
health status of aquatic ecosystems from a microcosmic view and macroscopic view, along with the
responding ecological-restoration engineering, will be the focuses of future research. On the whole,
this study can help scholars to efficiently identify the most significant and influential trends occurring
in the area of ecosystem health. The study results could also assist ecological and environmental
researchers to explore critical research that can provide ideas for some fundamental studies and new
issues, and guide scholars to build new perspectives. Furthermore, the results we generated above
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can contribute to actual policy-making processes. This is helpful in optimizing the internal trade-offs
between resource exploitation and conservation.
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