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Abstract: Since the Anthropocene, drastic changes in the relationship between humans and the earth
have prompted human beings to pay more attention to the living environment. As a metaphor to
reveal the state of humanity and nature, ecosystem health has gradually become an important issue
closely related to global sustainable development ever since it was widely discussed in the 1990s. This
study reviewed 4354 publications about ecosystem health from the Web of Science Core Collection
by using CiteSpace software. In addition, 135 empirical papers were selected to further analyze the
evaluation methods and characteristics of ecosystem health. This study was able to answer four
questions: (1) What are the definitions, research content, and characteristics of ecosystem health?
(2) Are there any features during the different periods of the development of the ecosystem health?
Are there geographical differences in the research? (3) What are the methods and cases selected for
studying ecosystem health, and under what kind of conditions do they apply? Are there any patterns
or characteristics in the use of these methods? (4) What are the gaps and deficiencies in ecosystem
health research, and where should we set our focus on in the future? In general, this study combined
bibliometric analysis with a systematic review method, aiming to summarize the current status of
ecosystem health research, make up for the deficiencies in the current review, and put forward new
insights regarding the concept cognition, evaluation, and future outlook of ecosystem health research.

Keywords: ecosystem health; ecosystem health assessment; ecological ethics; bibliometrics; systematic
review; CiteSpace

1. Introduction

Since the 18th century, the global human–land relationship has changed dramatically,
and the Anthropocene has arrived [1]. With the rapid development of human society
driven by the Industrial Revolution, the continuing degradation of global ecosystems has
become a pressing problem [2,3]. According to the 2000 Millennium Ecosystem Assessment
(MA), about 60% of the world’s ecosystems have been degraded [4], and concerns about
the deterioration of the global ecological environment, and the integrity and stability of the
biosphere, as well as the desire for sustainable ecological development have grown. The
ecosystem is not only the environmental basis for human survival but also the place where
human activities occur. It can also provide a variety of ecosystem services for human beings,
which are divided into four categories (provisioning, regulating, supporting, and cultural
services) according to the Millennium Ecosystem Assessment Classification Framework [4],
providing humans with fresh water, food, medicinal source products, and industrial and
agricultural production material, as well as aesthetic, educational, and other cultural
values [5]. When disturbances reduce or exceed the regulatory capacity of the system
itself, the ecosystem also limits the sustainable growth of human well-being by providing
lower-quality ecosystem services [6]. Therefore, the status of ecosystem health is closely
related to sustainable human development [2], and the assessment and management of it
are particularly important.
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The study of ecosystem health originated in North America in the 1980s [7], and
scholars all over the world have since initiated substantial research on the concept of
ecosystem health and related concerns after more than 10 years [8]. As a metaphor to reveal
the state of the human–land relationship, ecosystem health has emphasized the integration
of ecological, economic, and human processes [9] and measures of sustainability and
system resilience [10]. In 1994, along with the first International Symposium on Ecosystem
Health and Medicine held in Ottawa, Canada, the International Society for Ecosystem
Health (ISEH) was established, aiming to provide a conceptual and methodological basis
for evaluating the state of the earth’s ecosystem and to encourage people to understand
the important links among human activities, ecological changes, and human health [11],
which marked a new stage of development in the understanding of and attention given to
ecosystem health [12]. Although the ISEH disintegrated in 2002, scholars have been paying
close attention to ecosystem health for more than 30 years, and the academic perspectives,
theories, and methods of evaluation have experienced different stages of development.

Currently, because of the importance of ecological sustainability for human soci-
ety, an increasing number of related studies have shown that ecosystem health is re-
ceiving continual attention. In prior ecosystem health research review studies, some
reviews have been based on descriptive analyses using bibliometric software. For ex-
ample, Yang et al. systematically analyzed the development process, literature sources,
and related authors of ecosystem health by using CiteSpace software [13]. Some other
reviews have been carried out from one single aspect of ecosystem health research; for
example, Rocha et al. took the freshwater ecosystem in Argentina as their research object
and summarized the ecological indicators that were used to measure ecosystem health [14].
O’ Brien et al. reviewed the research on the measurement of ecosystem health and focused
on ecosystem health assessments and the selection of the indicators in fresh water and
estuaries [10]. Soubry et al. reviewed the field and remote measurement methods used
for forest and grassland ecosystem health based on remote sensing and GIS, and a more
comprehensive way to measure the health of forest and grassland ecosystem was pro-
posed [15]. Fu et al. summarized the methods of ecosystem measurement [16]. These
reviews summarized the research into ecosystem health from a certain point of view, but
their overall contribution to ecosystem health research was insufficient. We need to pro-
vide a reference for ecosystem health research through a comprehensive and multi-angle
analysis. Bibliometric analysis can provide a pathway for the analysis of a large num-
ber of documents and identify the hotspots and evolutionary characteristics of previous
studies [17,18]. However, there are limitations in terms of insufficient accuracy and the
inability to analyze the content of the literature more specifically, but empirical analysis
can make up for the lack of bibliometric analysis in specific content analysis. For example,
Yang et al. reviewed the progress of research into ecosystem cultural services using a
combination of two methods [19]. Therefore, this study combined bibliometric analysis
with a systematic review method from the two aspects of overall and small-sample empiri-
cal analysis, aiming to explore the following points: (1) discovering the current research
status, research hotspots, and characteristics of the development stages of ecosystem health
research; (2) analyzing the research methods and objects of ecosystem health to summarize
their characteristics of it; and (3) discussing the deficiencies of ecosystem health research
and thinking about future research prospects. Through macro-bibliometric analysis and
specific empirical literature analysis, this paper systematically reviewed and summarized
the origin, development process, research content, and measurement methods of ecosystem
health, hoping to summarize the commonalities and rules of existing research, and then
find out the gaps and shortcomings of the research, so as to provide reference for the future
research and development of ecosystem health.
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2. A Brief Introduction to Ecosystem Health
2.1. The Development History of the Ecosystem Health Concept

The concept of “health” was originally derived from medicine and was first used
to describe the human body in a good physical, psychological, and social state and then
applied to animals and plants. In 1941, the American ecologist Aldo Leopold proposed
the concept of “land disease” when studying land issues [20]. In the 1970s and 1980s,
Odum [21], Holling [22], Karr [23], and other scholars explained what a healthy ecosystem
is, emphasizing the integrity and organicity of a healthy ecosystem, the stability of a
healthy ecosystem in response to external disturbances, and the need for less external
management. Schaeffer et al. related ecosystem health to human and nonhuman animal
health and explored the difficulties in defining ecosystem health [7]. In 1989, Rapport first
proposed the concept of ecosystem health. Ecosystem health refers to the situation when the
ecosystem is stable and sustainable, that is, it has the ability to maintain its organizational
structure, self-regulation, and recovery under stress, which can be evaluated in terms
of three aspects: vigor, organization, and resilience [24]. In 1992, Costanza summarized
the existing concepts of ecosystem health and expressed ecosystem health in terms of six
characteristics: (1) homeostasis, (2) no disease, (3) diversity or complexity, (4) stability
or recoverability, (5) vitality or growth space, and (6) balance among the constituents [9].
Mageau et al. extended the concept of ecosystem health to human activity, arguing that “a
healthy ecosystem is capable of supporting human communities with ecosystem services
such as food, fibre, capacity to absorb and recycle waste, drinking water and clean air” [25].

How to define “health” is the core issue of exploring the conceptual framework of
ecosystem health. It is worth mentioning that although it has been fully discussed, the
concept of ecosystem health has not yet been finalized. However, in recent years, scholars
have discussed the rationality of this concept less. To some extent, it can be considered
that a tacit understanding of the concept of ecosystem health has been formed, and more
efforts have been made to seek a more comprehensive and reasonable way to explain
and measure ecosystem health. Costanza proposed in 2011 that both organisms and
ecosystems are complex, and there are many similarities between biological systems and
ecosystems. The concept of “health” can be extended to more complex systems, which is
also conducive to the assessment of human health [26]. In general, the concept of ecosystem
health can be transferred from the medical field to the ecological field, which focuses on
the health of various species in the ecosystem, the stability and resilience of the ecosystem
as a whole, the service function of the ecosystem, and the interaction with the human
community. Exploring ecosystem health fully emphasizes the core meaning of identifying
and protecting the state of the ecological environment.

2.2. Ecosystem Health from Different Ecological Perspectives

There are differences in the paradigm and background behind the understanding of
ecosystem health between the East and the West if we trace it back to the original view
of nature and ecological ethics. In the epistemology of nature, Western philosophical
thinking emphasizes the separation between things and the self. From the ancient Greek
philosophers, who stressed the difference between humans and nature, to Kant’s “artificial
natural legislation,” Western philosophy has long viewed humans as the subject and
nature as the object, leading to a long period of dualism, which advocated that the natural
world is “for my use.” In the traditional Oriental culture represented by China, Chinese
Confucianism advocates that humanity is an integral part of nature, which means man
has been consciously regarded as a member of nature and, like all other things in the
world, a product of nature; Zhouyi believes that “same virtue of Heaven, Earth and Man,”
and advocates that humanity and nature are mutually inclusive; Chinese Taoism believes
that nature and man are in a complete system, not in division, such as “Unity of Man
and Nature, things and man are one”; Chinese Buddhism advocates that “all creatures are
equal,” and both Han Buddhism and Tibetan Buddhism hold that all things in the world are
generally connected so that they all affect each other. Reflected in the ecological protection,
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it is advocated in the love of nature in the pursuit of freedom [27,28]. From the perspective
of ecological ethics, there are also differences in the understanding of ecosystem health
within the frameworks of anthropocentrism, biocentrism, and ecocentrism. Table 1 shows
the understanding of ecosystem health under different ecological ethics.

Table 1. Ecosystem health under different ecological ethics.

Ecological
Ethics Focal Point Main Content Epistemology The Key to Assessing

Ecosystem Health

Anthropocentrism Humans

(1) Humans have priority in natural ecosystems.
(2) The whole, sustainable, and healthy development of
human beings is the center, and human interests and
values are the starting point for understanding and
transforming nature.

Dualism
The healthy development of

human groups and
human societies

Biocentrism Living organisms

(1) People are opposed to being born superior to other
species and believe that people are equal to all creatures
in the ecosystem.
(2) All living things in nature depend on each other.

Monism The health of all living
species in the ecosystem

Ecocentrism Overall ecosystem

(1) The harmony between humans and nature is
emphasized, claiming a community with
a shared future.
(2) Humans’ evaluation of the value of nature should
not be based on humans’ own interests but should be
fully based on objective facts.

Monism The health and development
of the ecosystem overall

3. Materials and Methods
3.1. Data Selection

This review included two parts. The first part involved summarizing the research
on ecosystem health, and the second part was a specific analysis of the empirical research
literature related to ecosystem health.

In the first part, for the bibliometric analysis, studies published between 1 January
1980 and 30 June 2022 with the search terms “ecosystem health” in the titles, keywords,
and abstracts were obtained from the Web of Science Core Collection, with the literature
type selected as “article” or “review.” In total, 4354 publications were retrieved.

In the second part, for the empirical analysis to further understand the research related
to ecosystem health, the 4354 retrieved articles were refined and the search conditions were
set as follows: Web of Science Core Collection, 1 January 2000 to 30 June 2022; literature type,
article; language, English; TI = “Ecosystem health” AND “assess *” OR “evaluate *” in the
title. An asterisk (*) was inserted at the end of the words “assess” or “evaluate” to include
terms such as “assessment” and “evaluation.” In total, 166 articles were retrieved, and the
literature was further refined to screen out nonempirical papers. Finally, 135 articles were
selected as the research object. The research methods and characteristics of ecosystem health
were quantitatively counted, reviewed, and analyzed by reading the studies one by one.

3.2. Methods of Analysis
3.2.1. CiteSpace

CiteSpace is a bibliometric analysis software package based on Java developed by Dr.
Chaomei Chen [29], which can be used to generate visualizations of a knowledge domain.
It addresses several issues compared to earlier visualization tools [30,31]. CiteSpace has
four core concepts: burst detection, betweenness, centrality, and heterogeneous networks.
Based on these concepts, co-occurrence analysis, co-citation analysis, and citation burst
analysis are important tools of CiteSpace, which are widely used in quantitative literature
reviews [29,32]. Keywords are groups of words that reflect the core content of a text. An
analysis of keywords’ co-occurrence can reflect the focus, regulation, and characteristics of a
specific research field and sort out the context of a discipline’s development. Citation burst
analyses of keywords can reflect changes in interest in a professional field, thereby revealing
research hotspots in different periods [33], which is helpful for better understanding the
research content. Therefore, this study analyzed the research hotspots and frontiers of
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ecosystem health through the keyword co-occurrence and keyword citation burst tools of
CiteSpace software.

3.2.2. Statistics of the Empirical Papers

Research objects are an important component of empirical research, and researchers
choose different research areas and objects on the basis of their research backgrounds and
methods [34]. Identifying the research objects is conductive to ensuring the reliability and read-
ability of the results of the empirical analysis. The selected articles were statistically analyzed
from five aspects: the evaluation methods, the location of the selected case sites, the ecosystem
types, the scale of the case sites, and the publication time. Among these, the ecosystem types
of the cases were divided into aquatic ecosystems and terrestrial ecosystems according to the
geographic classification method. Aquatic ecosystems include marine ecosystems (coasts,
gulfs, mangrove forests, etc.) and freshwater ecosystems (rivers, lakes, wetlands, reservoirs,
etc.), whereas terrestrial ecosystems include ecosystems with lower human disturbance, such
as forest ecosystems, grassland ecosystems, and desert ecosystems, and ecosystems with
higher human disturbance, such as city ecosystems and rural ecosystems. The scale of the
case sites were classified into global, national, regional, urban or rural, and smaller landscape
scales according to the scale of the administrative division.

4. Results
4.1. Overview of General Articles
4.1.1. Annual Variations in Publications

The annual number of publications during 1988–2021 is shown in Figure 1. Changes in
the number of published articles can reflect researchers’ concerns about ecosystem health.
The research literature on ecosystem health has increased rapidly since 1988, especially in
the most recent 10 years. In 1988, the American scholar Schaeffer published the first relevant
research study [7], and the number of publications grew slowly for the next 10 years. After
the establishment of the International Society for Ecosystem Health in 1994, the number
of documents showed a rapid growth trend. After the disintegration of the ISEH in 2002,
the International Conference on Health Ecosystem Management was held in 2003, and the
number of articles presented a small peak in 2003. After 2005, the number of publications
gradually increased. In 2013, there was a short peak in the number of publications again.
The number of publications between 2005 and 2021 accounted for 87.1% of the total number
of publications in the past 40 years.

Figure 1. Number of ecosystem health publications from 1988 to 2021.
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4.1.2. Geographic Differences in the Publications

There was an obvious geographical difference in the publications on ecosystem health.
The number of publications from the top 30 countries is shown in Figure 2. The United
States ranked first, accounting for 22.65% of the whole. China ranked second, with the
number of Chinese publications accounting for 12.56% of the total, and Australia was third
with 7.65%, followed by Canada and the United Kingdom, accounting for 6.96% and 6.87%,
respectively. In addition, Germany, France, Spain, Italy, and India rounded out the top
10. Moreover, the number of articles published shows a clear break. The total number
of articles published by the top 10 countries accounted for 69.70% of the total number
of articles published by 150 statistical countries and were mostly concentrated in North
America, Asia, Oceania, and Europe, and fewer studies originated from South America
and Africa.

Figure 2. Geographic distribution of the publications on ecosystem health (percentage of the
150 countries).

Research into ecosystem health originated in the United States and Canada. The
American scholar Schaeffer and the Canadian scholars Rapport and Costanza et al. are the
pioneers and founders of ecosystem health research. From 1990 to 2000, US and Canadian
scholars published papers to explain the concept of ecosystem health. In 1994, they took the
lead, taking the five major lake areas of Canada as the research object to carry out empirical
analysis into diagnosing ecosystem health [35]. In around 1995, Australian and British
scholars began to pay attention to ecosystem health; around 2000, the concept of ecosystem
health was gradually introduced to China and other European countries.

4.1.3. Keywords and Cluster Analysis

To further understand the topics of the research literature, Figure 3 shows the co-
occurrence map and clustering map of the keywords of 4354 articles on ecosystem health.
The size of the nodes reflects the strength of the keywords in the relevant literature. The
larger the node, the greater the strength of the keywords. Further clustering of the key-
words and naming the clusters according to keywords enable a general understanding of
ecosystem-health-related research. We found that these studies were carried out with a
focus on 23 clusters, which can be summarized into four themes (Table 2). The first involves
the evaluation and modeling of ecosystem health (clusters 8, 9, and 14). Empirical measure-
ments of ecosystem health have long been the focus of research. Among these areas, land
use is the intuitive basis of human–land relationships and is a key element for analyzing
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ecosystem health, and research has also been carried out on land use. Additionally, remote
sensing is the key technology used for measuring ecosystem health (clusters 10 and 11).
Among the different types of ecosystems, research has especially focused on the assess-
ment and protection of the ecological environment of oceans, rivers, and other aquatic
ecosystems (clusters 6, 16, 17, and 23) [36,37]. The second theme is environmental pollution
and protection (clusters 5, 7, 13, 18, 20, and 21), which includes a variety of assessments of
environmental pollution, such as soil and water pollution. Environmental pollution is an
important ecological problem that threatens ecosystem health. This branch of the research
has focused on heavy metal pollution of the soil and water [38,39], plastic pollution [40],
water eutrophication [41], etc. The third theme is that of human health (cluster 12). An
ecosystem’s health is closely related to public health. Incorporating human health into the
assessment of ecosystem health research is an important part of a deeper understanding of
the human–land relationship, focusing primarily on urban ecosystem health [42,43]. The
fourth theme is sustainable development. On the whole, ecosystem health is closely related
to the sustainability of the ecological environment, and this research involves global issues
such as biodiversity (cluster 1), climate change (cluster 2), and sustainable development
(cluster 15).

Table 2. Themes of ecosystem health research.

Theme Cluster ID Keywords Size Mean (Year)

Assessment and modeling of ecosystem health

Cluster 9 Ecosystem health assessment 36 2009
Cluster 14 Sustainability assessment 30 1999
Cluster 8 Remote sensing 38 2006
Cluster 11 Land use 33 2007
Cluster 10 River 35 2005
Cluster 23 Marine environment 13 2001
Cluster 6 Biomass 38 2008
Cluster 17 Community structure 24 2005
Cluster 16 Organic matter 28 2004

Environmental pollution and protection

Cluster 5 Plastic pollution 40 2007
Cluster 20 Heavy metals 20 2006
Cluster 7 Eutrophication 38 2008
Cluster 18 Earth observation 23 2015
Cluster 21 Ecological security pattern 19 2014
Cluster 13 Adaptive management 30 2002

Human health Cluster 12 Public health 32 2011

Sustainable development
Cluster 15 Sustainable development 29 2010
Cluster 1 Biodiversity 55 2008
Cluster 2 Climate change 47 2009

Figure 3. Keywords and clusters of ecosystem health research. (a) for co-occurrence map and (b) for
clustering map of the keywords.
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4.1.4. Keywords of the Citation Bursts

Table 3 shows the keywords with stronger citation bursts in different periods. This
can reflect the emphasis and patterns of change in research topics related to ecosystem
health in different stages. The table shows the first occurrence time, end time, and burst
intensity of the keywords. The blue lines in the last column of the table represent the entire
study period selected (1988–2022), and the red lines represent the duration of the citation
burst [44]. To better understand the patterns and focus of the development of ecosystem
health research presented by the emergence of keywords, this paper tried to divide the
research time into three stages: ecosystem health management based on anthropocentrism
(1989–1999), single-ecosystem health diagnoses based on biocentrism (2000–2014), and
human–earth interactive exploration based on ecocentrism (2015–2022).

Table 3. Keywords with stronger citation bursts in different periods.

Period Keyword Strength Beginning End 1988–2022

1988–1999

Stress 10.20 1990 2002

Ecosystem management 9.16 1994 2007

Adaptive management 6.00 1994 2013

Ecosystem health 45.11 1995 2004

Integrity 8.75 1997 2010

Perspective 5.02 1997 2000

Population 8.31 1999 2008

2000–2014

Ecological indicator 8.69 2000 2012

Habitat 7.28 2006 2012

River 6.88 2006 2012

Fish 5.25 2007 2016

Infectious disease 5.16 2007 2009

United States 5.28 2010 2011

Regime 6.37 2013 2016

Oxidative stress 6.14 2014 2016

2015–2022

Multiple stressor 5.09 2015 2017

Disturbance 4.97 2015 2017

Emission 4.83 2015 2016

Identification 4.86 2016 2018

Vulnerability 5.98 2018 2022

City 5.29 2019 2022

Surface sediment 5.05 2019 2022

Mechanism 4.77 2019 2022

Service 11.44 2020 2022

Urbanization 7.41 2020 2022

(1) Ecosystem health management based on anthropocentrism (1989–1999)

This was the first decade of the development of the ecosystem health concept, and it
was also the decade in which the concept of ecosystem health was debated and gradually
accepted. During this period, many scholars fully explored the concept of ecosystem health,
and some scholars pointed out the serious limitations of this concept [11]. During this
period, in addition to “ecosystem health” (45.11), which was the strongest keyword, the
emergence of keywords such as “stress” (10.20) and “population” (8.31) indicates the origin
of ecosystem health research. Since the development of the Industrial Revolution brought
great convenience to the world, the intense human activities and the rapid increase in
the global population have also created great ecological environment pressure. Humans
regarded themselves more as “ecological rescuers” after environmental pressures and
threats had been faced by “ecological reformers,” emphasizing ecological and biological
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integrity (8.75), ecosystem management (9.16), and adaptive management (6.00). The
fundamental starting point of the research was maintaining the health of the ecological
environment for the sustainable development of human society.

(2) Single ecosystem health diagnoses based on biocentrism (2000–2014)

The period from 2000 to 2014 saw 15 years of rapid development of ecosystem health
research. During this period, scholars no longer focused on the rationality of the concept
and turned their focus to the evaluation of different ecosystems, mainly focusing on a
single ecosystem type. The assessment of different types of ecosystem health was widely
discussed, such as rivers, forests, wetlands, and other natural ecosystems. The keywords
“ecological indicator” (8.69) and “habitat” (7.28) in this stage reflect how scholars paid more
attention to ecosystem health from the perspective of bioecology, starting from the internal
composition and structure of the ecosystem, seeking suitable indicator species to evaluate
the health status of the ecosystem, and paying attention to biological habitats, which are
important for species’ survival. The keywords “river” (6.88) and “fish” (5.25) show that
the aquatic ecosystem represented by rivers was the main target. This shows that the most
direct and effective approaches to and the means of diagnosing ecosystem health were
sought for after the concept of ecosystem health had been accepted. This stage played a
connecting role implicit in the transformation process studies on ecosystem health.

(3) Exploration of human–earth interactions based on ecocentrism (2015–2022)

The second stage of the rapid development of ecosystem health research began in 2015.
During this period, with the further transformation of the understanding of the relation-
ship between humans and the ecological environment, the study of human–environment
interactions entered a new period. Researchers began to pay attention to multiple stressors
(5.09), disturbance (4.97), and emissions (4.83), and the focus of ecosystem health research
shifted from focusing on single ecosystem types to composite ecosystems. At the same
time, researchers began to pay more attention to ecosystem services. “Service” (11.44), as
the most prominent keyword in this stage, implies that people began to pay attention to
the function of ecosystems, in addition to focusing on the structure of the ecosystem itself.
At the same time, “urbanization” (7.41) and “city” (5.29) were also keywords with a high
burst intensity. The relationship between urbanization and ecosystem health is a new focus
of researchers. Briefly, we believe that after 2015, human beings began to re-examine the
relationship with the ecological environment and regarded human society as closely related
to the ecosystem, whether attention was given to urban ecosystems or ecosystem services.
These concerns show that research into ecosystem health has begun to consider the health
and development of the ecosystem as a whole, and it agrees with the need for harmony
between humanity and nature.

4.2. Systemic Review of Empirical Research
4.2.1. Measures of Evaluating Ecosystem Health

Figure 4a shows the statistical results of 135 empirical studies on the methods of
measuring ecosystem health. It can be seen that the common methods used for measuring
ecosystem health mainly include biological indicator methods and index systems, account-
ing for 88.3% of the literature, and only 11.7% publications used other methods. A brief
description and collation of common ecosystem measurement methods is listed in Table 4.

The biological indicator method is a method closely related to biology. Key species or
indicator communities in ecosystems are selected as indicators to evaluate the ecosystem’s
health. It is mostly used in aquatic ecosystems, such as marine ecosystems or freshwater
ecosystems. Common indicator species include plankton [45–47], macroinvertebrates [48–51],
and fish [52–54]. Among these, plankton include zooplankton and phytoplankton, and diatoms
are common indicator species of phytoplankton [55–57]. Macroinvertebrates are species that
live in specific aquatic ecosystems, such as crustaceans or mollusks, including shrimps, oysters,
and mussels [58–61]. In addition, for different types of ecosystems, some scholars have chosen
ants and seagrass as indicator species [62–64] (Table 4).
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Figure 4. Summary of the methods used to evaluate ecosystem health in empirical publications.
The studies were classified as those with biological indicator methods, index systems, and other
methods (a). The biological indicator methods (b) and the index systems (c) were stratified further.

The index system method is an approach that constructs different evaluation sys-
tems for different types of ecosystems, covering many aspects of the ecological environ-
ment and the social environment. An index system can better reflect the characteristics
and processes of the composite ecological and social system. Common index systems
method include the vigor–organization–resilience (VOR) model [65–68], the pressure–state–
response (PSR) model [69–72], the analytic hierarchy process (AHP) [73], the entropy weight
method (EWM) [74,75], the fuzzy mathematics method (FMM) [76–78], and set pair analysis
(SPA) [79–81] (Figure 4c). Among these, the VOR model and the PSR model have been the
most widely used. With the continuous development of research, scholars have expanded
their focus to interpreting the meanings of ecosystem health more comprehensively by
adding driving forces (D) and impact results (I) to the PSR model (driving–pressure–state–
impact–response, DPSIR) [82,83]. At the same time, scholars have paid much attention to
ecosystem services and added the element of ecosystem services to the VOR model (vigor–
organization–resilience–service, VORS) [84–88]. In evaluations of urban ecosystem health,
new indicators, such as population health and ecosystem cognition, have been added to
the basic evaluation indicators of VORS [89,90]. There are other evaluation models; for
example, the technique for order preference by similarity to the ideal solution (TOPSIS)
is to evaluate the land ecosystem’s health [91–93], the back propagation neural network
(BPNN) is used to evaluate the ecosystem’s status [94], and the back propagation neural
network model optimized by the genetic algorithm (GA-BPANN) has been improved [95].

Figure 5 shows the annual time series of the changes in the biological indicator methods
and index systems used in the empirical literature. This shows that there were few empirical
studies before 2008. For the biological indicator method, since 2000, the species indicator
method has been used by researchers and the number of articles published annually
has fluctuated greatly. However, the use of index systems showed an obvious upward
trend after 2015, and such publications have increased year by year. The index system
method is more suitable for composite social–ecological systems, indicating that the focus
of ecosystem health research has shifted from a single ecosystem to a composite ecosystem.
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Table 4. Major measures used to evaluate ecosystem health.

Methods Contents Core Elements Ecosystem Type of
Case Location Author (Year)

Biological indicator
method

Plankton
(phytoplankton and

zooplankton)
(1) Structural indicators: the
interconnections between the components
of an ecosystem
(2) Functional indicators: the
overall activity of the ecosystem

Aquatic (marine) Kim et al. (2019) [45]

Macroinvertebrates Aquatic (river) Kabore et al. (2016) [49]

Fish Aquatic (river) Wu et al. (2014) [96]

Ants Terrestrial (mountain) Bharti et al. (2016) [62]

Index system
method

VOR model

(1) Vigor: the primary productivity or
metabolism of an ecosystem
(2) Organization: diversity and
connectivity of ecosystems
(3) Resilience: the ability of an ecosystem to
withstand or recover from damage

Terrestrial (grassland) Li et al. (2013) [97]

Terrestrial (urban) Atak et al. (2020) [98]

Terrestrial (urban) De Toro
et al. (2018) [67]

Aquatic (river) Suo et al. (2008) [65]

VORS model The ecosystem service index (S) added to
the VOR model

Terrestrial (grassland) Wang et al. (2020) [99]

Terrestrial (urban) Mallick et al. (2021) [100]

Aquatic (lake) Tehrani et al. (2022) [86]

PSR model

(1) Pressure: external factors that threaten
the ecosystem
(2) State: the current state of the ecosystem
(3) Response: what ecosystems can do in
response to pressure

Aquatic (wetland) Sun et al. (2016) [101]

Aquatic (wetland) Subhasis et al.
(2020) [102]

Terrestrial (urban) Wang et al. (2018) [72]

DPSIR model The driving force index (D) and the impact
index (I) added to the PSR model Terrestrial (urban) Wang et al. (2013) [82]

Analytic hierarchy
process (AHP)

These index systems include economic,
resource, and environmental dimensions
and comprehensively represent the level of
development and degree of coordination of
regional ecosystem health.

Aquatic (watershed) Ekumah et al. (2020) [73]

Entropy weight
method (EWM) Terrestrial (urban) Li et al. (2014) [74]

Fuzzy mathematics
method (FMM) Terrestrial (forest) Tao et al. (2019) [76]

Set pair analysis (SPA) Terrestrial (urban) Su et al. (2009) [80]

Figure 5. Temporal variation of biological indicator methods and index systems (2000–2022).

For both the biological indicator method and the index system method, the two most
important parts in the application of the method are the determination of the indicators and
the construction of the evaluation system. The construction of the evaluation system has
been summarized before. As for the determination of indicators, it is found that there is no
absolutely unified standard for the evaluation of ecosystem health. It is determined based
on the understanding and interpretation of the concept connotation of ecosystem health,
combined with previous research results and specific ecosystem types selected by the
researchers, which is highly subjective. The European Environment Agency has divided
indicators into four groups (descriptive indicators, performance indicators, efficiency
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indicators, and total welfare indicators [97]), and researchers usually abided by the principle
of integrity, simplicity, and dynamic response [70]. Based on the vigor–organization–
resilience conceptual model to interpret the connotation of ecosystem health by Rapport [24],
these three terms are not as indicators but as macro-dimensions within which to understand
the drivers to which the appropriate reference indicators correspond, including social,
economic, ecological, environmental, and institutional aspects [67]. For example, as for the
VOR model, researchers often took the normalized difference vegetation index (NDVI) to
represent the vitality of the ecosystem, but the net primary productivity (NPP), fraction of
photosynthetic active radiation, or leaf area index were also selected to represent ecosystem
vigor [66,86,103]. For the PSR model, indicators were selected as comprehensively as
possible that can fully represent the state of the ecosystem and strived to be sufficient and
complete, covering social, economic, and cultural aspects. For instance, researchers added
the fishing amount, wastewater discharge, tidal flat disturbance index, and other indicators
to the research on the coastal ecosystem [104] and added the GDP, road density, population
destiny, etc., to the research on the urban ecosystem [105]. The numbers of indicators are
varied at the same time, and some can even reach 33 [91].

4.2.2. Levels of Ecosystem Health

Ecosystem health assessment and monitoring assess the state of ecosystem health
through scientific methods. With the intensification of human activities and the great
changes in the humanity–nature relationship, how to define the level of ecosystem health is
important. For the index system method, there are a series of indicators and the dimen-
sions are different, so maximum–minimum normalization arithmetic is always used to
convert the original data into the standard dataset within the range of 0–1 to unify the
indicators [101]. In addition, some studies have not determined the threshold for assessing
health status but have only explored variation trends in ecosystem health at specific time
scales [66,67,98,103]; others have classified the state of ecosystem health into different levels,
such as three-level series (e.g., unhealthy, sub-healthy, healthy) [70,97,106], four-level series
(e.g., poor, moderate, good, best) [71], and five-level series (e.g., very weak, weak, average,
good, very good) [100,107–109]. Equal interval techniques (equal spacing method) and the
natural fracture method are mostly used as division methods. For the biological indicator
method, it was mostly used in the aquatic ecosystem. Some studies took the direct measure-
ment method, through direct observation of indicators of species, such as species size, cell
size [58,110], muscle heavy metal content [111], and population density [46], with “low” or
“high” directly characterizing the level of ecosystem health. Some studies constructed an
ecological index model, establishing an ecological model through the design of a conceptual
diagram, developing model equations, and estimating model parameters. In addition to
indicator species, physical and chemical factors, such as water quality and sediment quality,
were also added into the model. The Marine Biotic Index (MBI) and the Index of Biotic
Integrity (IBI) are popular indexes [112–115], and a large number of studies also combined
the geographical location and characteristics of the ecosystem to select specific indicator
species indicators. There were also two treatment methods for the results: One was not to
divide the dimension of ecosystem health, only exploring the change trend [116], while the
other was to divide it into three, four, or five levels according to certain standards. However,
the way of division is different from that of the index system, taking the water quality
standard of the U.S. Environmental Protection Agency (U.S. EPA) (1993) as a standard, or
adopting a statistical method, taking the 25% quantile of the specific value of a reference
site as the standard for the health evaluation [39,117–120], which was originally developed
by Karr (1981) and applied to the lake/reservoir bioassessment [121].

In general, there is no uniform standard for the division of the ecosystem health level
in existing studies. The level of ecosystem health varies due to different research methods,
types and geographical location of the ecosystem, research scale, and time series. Not
only are there differences in the selection of specific indicators and construction of the
model when assessing a specific ecosystem, there are also unique characteristics in different
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ecosystem types. For example, human activities and disturbances in urban ecosystems
are strong, and the vitality of zooplankton and phytoplankton in aquatic ecosystems will
be affected by seasons. Therefore, it is difficult to have a unified delimitation standard
to determine the threshold and inflection point of ecosystem health. We believe that the
ecosystem health in this study is a relative concept, which means the relative ecosystem
health under a specific spatial location and time series has been measured.

4.2.3. Features of Ecosystem Health

By classifying and statistically analyzing the cases selected in the empirical literature,
it was found that ecosystem health has type features and scale features.

The type features of ecosystem health refer to the differences in the evaluation criteria
of ecosystem health for different types of ecosystems. For different types of ecosystems, it is
difficult to use the same indicators or evaluation systems to treat them uniformly. Attention
to different types of ecosystem health has always been the focus of researchers. This
study found that 64.4% of the studies were on aquatic ecosystems. Among these, marine
ecosystems (including coasts, bays, gulfs, offshore areas, and mangrove ecosystems), river
ecosystems, and lake ecosystems made up the majority, and studies on wetland ecosystems
have been relatively few. Of the terrestrial ecosystems, the selected research objects were
mainly urban ecosystems (Figure 6). According to the main body of the ecosystem, the
ecosystem types can be divided into three categories (Figure 7a). The first type is the class
of water-body-dominated ecosystems, such as oceans, rivers, lakes, and wetlands, and the
second class is the organism-dominated ecosystems, such as forests and grasslands. The
third class is human-dominated ecosystems, such as urban agglomerations, cities, villages,
farmland, and mining areas. The evaluation of the first two types of ecosystems is usually
closely related to biological indicator species, community succession, and environmental
monitoring in environmental science. Therefore, more biological indicator methods were
selected for this research, especially for water-body-dominated ecosystems. In human-
dominated ecosystems, humans are an inseparable part of such ecosystems and are also an
active and key element. The interaction between humans and the environment is a process
that cannot be ignored, involving the human social environment, human survival, and
various economic activities. For this kind of ecosystem, an index system is more suitable
(Figure 7b).

Figure 6. Summary of the types of ecosystems in the empirical publications on ecosystem health.
Studies classified as those on terrestrial ecosystems and aquatic ecosystems (a). The terrestrial
ecosystems (b) and aquatic ecosystems (c) were stratified further.
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Figure 7. Summary of the types of ecosystem health in the empirical publications. The studies
were classified as water-body-dominated ecosystems, organism-dominated ecosystems, and human-
dominated ecosystems (a). Measures used for the three types of ecosystems (b).

Ecosystem health also has scale features. An ecosystem has the characteristics of integrity,
complexity, and dynamics; therefore, there are also differences in the evaluation and measure-
ment of ecosystem health at different scales. The measurement of ecosystem health can be
conducted from multiple scales, such as global, national, regional, urban, and the landscape
(Figure 8). Within the empirical studies, on the global scale, ecosystem health is closely related
to climate change, biodiversity conservation, and other issues; these areas have become an
important part of global sustainable development and also consider the links among ecosys-
tem health and the food needed for human survival, the socio-cultural environment on which
it depends, and public health [88]. At the regional scale, researchers have mostly chosen
typical representative areas, such as areas of rapid urbanization [85,102,109,122], coastal ar-
eas [58,104,123–125], and areas with typical topographic gradients, such as mountains and
plateaus [65,70,92,126], to evaluate ecosystem health. At the urban or rural scale, researchers
usually have chosen representative cases, such as national capitals, coastal cities, tourist
destinations, or energy-based cities, as case studies [127,128]. Some studies have refined the
research units to county units [70]. There are a large number of studies at the scale of land-
scapes, such as lake landscapes, wetland landscapes, natural reserves, and other small-scale
cases [66,86,129].

Figure 8. Summary of the scales of ecosystem health in the empirical publications.
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5. Discussion and Conclusions
5.1. The Meaning and Development of Ecosystem Health

The study of ecosystem health began in North America in the 1980s and has developed
rapidly in the past 15 years since 2005. From the initial debate on the concept to the
widespread emergence of empirical research in recent years, ecosystem health has gradually
received extensive attention from researchers and is considered an important concept
related to global sustainable development. This paper reviewed the research content
and development trends in ecosystem health using CiteSpace software, and the research
topics could be divided into four themes: modeling and measurement of ecosystem health,
ecological and environmental pollution and protection, human health, and sustainable
development. The development process could be divided into three stages. The first was
the management of ecosystem health based on anthropocentrism (1989–1999), which was
the early stage of understanding the concept of ecosystem health, emphasizing the dual
relationship between humans and the land. The next stage involved ecosystem health
diagnoses based on biocentrism (2000–2014); this stage was the exploration stage of various
empirical methods. The latest stage is that of exploring of human–earth interactions based
on ecocentrism (2015–2022). As the research object has shifted from a single ecosystem to
a composite ecosystem, the exploration of the human–land relationship has also turned
a new page, focusing more on the integrity and harmony of humans and the ecological
environment and shifting from dualism to monism.

Entering the 21st century, the degree of global integration has accelerated, population
mobility has intensified, and international trade has developed rapidly. Global public
health emergencies have occurred frequently, including the current COVID-19 pandemic.
The focus on more complex ecosystems also indicates that the definition of the concept
connotation now aims to pay attention to the human community on the basis of ecological
and environmental health. The concept of ecosystem health itself is the product of inter-
disciplinary research. Therefore, the study of ecosystem health requires multi-angle and
multi-disciplinary cross-combinations. At the same time, with today’s dramatic changes in
the relationship between humans and the land, it is difficult to define whether the human
or the natural environment has a more significant impact on the ecosystem. Measurements
of elements such as ecosystem services, human health, and ecosystem cognition have
indicated that human activities have become an increasingly non-negligible part of studies
on ecosystem health.

5.2. Geographical Differences and Characteristics of Ecosystem Health

According to the number of papers published in different countries, it was found that
there are significant regional differences in the number of studies on ecosystem health. From
1988 to 30 June 2022, the United States and China accounted for 35.2% of the total number
of studies published, and the top 10 countries accounted for 69.70% of the total number of
studies published by 150 countries. However, when the empirical literature was analyzed,
it was found that although the researchers’ nationalities were different and there were
differences in the origins of ecological ethics between the East and the West, the content of
empirical research and the methods selected were basically the same. It is worth mentioning
that after 2015, index systems have received increasingly more attention. This paper also
pointed out that ecosystems have type and scale characteristics. For ecosystems with
different types and different research scales, the evaluation of ecosystem health is different.
In addition, there were also certain subjectivity and relativity in measuring ecosystem
health. Although there is no big difference in the overall framework of ecosystem health
evaluation among researchers all over the world, the evaluation results will not be exactly
the same, due to the differences in evaluation methods and research objects when it comes
to individual cases. Therefore, the threshold and inflection point for determining the state
of ecosystem health vary according to the type of ecosystem and geographical location.
As O’Brien mentioned, given the broad use of the term, it seems impractical to have an
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overarching definition of ecosystem health; rather, an approach that is able to define and
measure health on a case-by-case basis is preferable [10].

From the perspective of this research discipline, discussions on the meaning of ecosys-
tem health mainly include two perspectives: bioecological perspectives and the ecological
economics perspective. Bioecology focuses on the biological structure and attributes of
ecosystems, while ecological economics focus more on the service function and value of
ecosystems. The biological indicator method and the index system method are the corre-
sponding embodiment of the two disciplinary perspectives of bioecology and ecological
economics. The biological indicator method can more intuitively reflect the health status
of the ecosystem itself, but it is more suitable for a single type of natural ecosystem, and
it needs to be based on the type of ecosystem under study, its geographical location, and
targeted selection of the indicator species. The index system method can be adapted to
a wider range of ecosystem types, and the ecosystem itself and data sources have fewer
restrictions [12].

5.3. Reflection on and Prospects for Ecosystem Health Research

After 30 years of development, ecosystem health research has made positive progress.
At the same time, according to the bibliometric and empirical analysis of the relevant
research, we also believe that there are still some deficiencies in ecosystem research.

In terms of research perspectives, the current research on ecosystem health has mainly
started from the perspective of bioecology or ecological economics and has focused on a
single aspect, such as the organism itself or the impact of human activities. In recent years,
although researchers have chosen more complex ecosystems, such as urban agglomerations,
as their research objects, the facts of human–land interaction have still been insufficiently
explained. In the process of evaluating ecosystem health, human activities play an in-
creasingly important role, but there is still a gap in the understanding of monism between
humans and ecosystems. In the future, more empirical cases may be needed to enrich the
relevant research results. For example, more diverse case sites that can reflect human–earth
interactions, such as natural landscape tourism sites or natural heritage protection sites,
should probably be selected for research.

In terms of the research methods, this research mainly adopted the biological indicator
method and the index system method. The biological indicator method is suitable for
single ecosystem types. Although the index system method depends on the land use, it still
has a certain subjectivity and greater uncertainty in the classification of indicators. Most
researchers have directly used the existing research models, but there may be deviations in
the understanding of the connotation of the model, and there are also problems of model
application and mixing caused by an unclear definition of model dimensions. For example,
in the application of the PSR model, to understand the content of “pressure,” “state,” and
“response,” there are many differences from different researchers, which means there is no
unified standard up to now. In addition, few have combined both the biological indicator
method and the index system method. In recent years, some researchers have made some
improvements and attempts in this regard, trying to add new research indicators and
adopt new models for evaluation. However, there is still less discussion of the applicability,
rationality, pertinence, and innovation of the model. In the future, how to select models
and construct more pertinent evaluation systems for ecosystem health, how to quantify
the credibility and effectiveness of the methods of analysis, and how to determine the
effectiveness of indicator selection may be the focus.

In terms of research content, there has been insufficient discussion of the results of
ecosystem health evaluations. At present, research is more focused on the verification
of existing evaluation systems and methods. Since the beginning of the 21st century, the
harmonious coexistence between humanity and nature is the cultural basis for solving
ecological and environmental problems. With the gradual promotion and recognition
of global issues and concepts such as “a community with a shared future of mankind”
and “one health” [130], more attention may be paid to the role of human health or even
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animal health in the conceptual system of ecosystem health. In the context of sustainable
development, the topics of ecosystem health and human well-being, the spatial differen-
tiation of ecosystem health, the influencing factors and the influencing mechanisms of
ecosystem health, and the management and maintenance path of ecosystem health need to
be continuously explored.
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