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Abstract: Estuaries are important transition areas connecting freshwater and marine environments and play an
important role in maintaining biodiversity and ecosystem services. The ecological integrity of estuaries is critical to the
sustainable management and conservation of ecosystems. This article conducts a bibliometric analysis on the ecological
integrity evaluation of estuaries, focusing on the evaluation methods and index selection of estuary ecological integrity
evaluation. It mainly includes physical and chemical indicators, biological indicators and socioeconomic indicators. The
importance of selecting different indicators for the evaluation of estuary ecological integrity is systematically analyzed
through case studies. Finally, it was pointed out that some problems still faced in the evaluation of estuary ecological
integrity were pointed out, and several suggestions were put forward to address these problems.
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1 BIBLIOMETRIC ANALYSIS OF ESTUARY ECOLOGICAL INTEGRITY

In a broad sense, an estuary refers to the junction area formed when a river merges into a receiving water body, and is
the transition zone between a river and a receiving water body. According to the different water receiving bodies,
estuaries can be divided into types such as estuaries entering the sea, estuaries entering the lake, estuaries entering the
reservoir and tributary estuaries. The term's etymology comes from the Latin word "Aestus", meaning "tidal". The
narrow concept of estuary only includes areas affected by tides and runoff, that is, estuaries that enter the sea [1]. The
estuaries appearing in this article all refer to estuaries in a narrow sense. As the junction where fresh water and sea
water meet, the estuary is an important area where land and marine ecosystems are interconnected. It not only carries
the material exchange between the basin and the ocean, but also has the characteristics of river and marine ecosystems
[2]. Due to its unique geographical and environmental conditions, the estuary area often becomes an economically
developed and densely populated area [3]. In recent years, with the development of economy and society and population
growth, estuary areas have been affected by a series of man-made stress factors, resulting in increased sediment,
nutrient and pollutant loads, and habitat degradation [4-5]. They change the community composition and species
diversity of the estuary area, destroy the ecological functions of the estuary, and also have a huge impact on the
ecosystem services that the estuary can provide [6], seriously restricting the development of the estuary area. Therefore,
it is of great significance to evaluate the integrity of the estuary ecosystem. In this regard, water environment quality is
one of the important evaluation indicators. Various methods such as water quality index and pollution index can be used
to evaluate the environmental quality of the estuary [7]. Aquatic ecological integrity evaluation is a quantitative and
systematic evaluation method. It is a comprehensive and comprehensive evaluation of the structure, function and
process of the ecosystem, which can provide scientific basis for ecological protection and management. Research on the
integrity of aquatic ecosystems is an international hot spot, and maintaining the health and stability of aquatic
ecosystems has become the goal and management strategy of countries around the world [8].
The concept of ecological integrity originates from ecology, and its development can be traced back to the mid-20th
century. In 1949, Leopold first proposed the concept of "land ethics". He believed that "it is correct for human activities
to develop in the direction of protecting the integrity, stability and beauty of biological communities. On the contrary, it
is wrong [9]." However, he did not The integrity he mentioned was further explained; in 1981, Karr and Dudley gave
the first clear definition of ecosystem integrity. Integrity is a health dimension that reflects the ability of an ecosystem to
maintain its organization (structure and function). The degree to which an ecosystem maintains its natural state, stability
and self-organization ability under external disturbance provides an effective tool [10]; in the early 1990s, the
Organization for Economic Cooperation and Development (OECD) established The Pressure-State-Response
Framework (PSR) was developed, which was used to establish ecological environment assessment index systems in
various countries [11]; in 1989, Rapport proposed that an ecosystem with good integrity should have the ability to
maintain its own organizational structure Integrity and the ability to self-recover after being stressed [12]; in 1992,
Costanza summarized the definition of ecosystem integrity, that is, the ecosystem should be disease-free, stable or
recoverable, while maintaining diversity or complexity, and has the potential for vitality or growth, while maintaining
an automatic balance between the system and its elements [13]. At present, domestic and foreign scholars have carried
out a large number of studies on the evaluation of water ecological integrity, and their research scope covers multiple
ecosystems such as rivers [14-15], wetlands [16-17], lakes [18], and reservoirs [19] . However, most ecological integrity
assessment studies are conducted in rivers and streams. Since the ecological characteristics of estuarine ecosystems are
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relatively complex and are greatly affected by human activities, there are relatively few studies on their integrity
assessment [20]. This article will focus on the methods, index selection and weight allocation of estuary ecological
integrity assessment, aiming to provide reference for the protection and management of estuary ecosystems.
In order to understand the current development process of research on estuary ecological integrity evaluation, as well as
the emerging trends in the research frontier, methods such as cluster analysis, emergent analysis, and literature
collection were used, and the knowledge graph tool CiteSpace was used to analyze the relevant aspects of estuary
ecological integrity evaluation. A bibliometric analysis of the literature was conducted, which mainly summarized the
annual changes in publications in the past 30 years, and determined the main subject categories; as well as identified
emerging research hotspots, and finally predicted development trends.

1.1 Search Methods and Data Sources

This article selects the core collection database in the Web of Science (WOS) database as the source of research data.
The document type is: article, the time span is set to 30 years, and the search time includes articles published from 1993
to January 1, 2023. , search using keyword combinations linked by Boolean operators "AND" and "OR", the search
formula is: TS = ("Estuar *") AND ("ecological quality" OR"ecological integrity"OR"ecological health") . The obtained
documents were identified and screened, and 590 records were finally identified, and their data sources were analyzed.
At the same time, CNKI data is selected as the Chinese literature database. Document type selection: papers, time span
is not limited, and CNKI professional search tool is used. The search formula is: SU= ("estuary" * "ecology") and SU=
("health" + " "Completeness"), 52 records were obtained. After identifying and filtering the search results, only 29
relevant documents were obtained. Due to the low sample size, the imported software analysis could not obtain
effective results, so this analysis only used the WOS database Literature was retrieved as data source.

1.2 Analysis of the Number of Articles Published Over the Years

Statistically analyze the number of articles published each year in the field of estuary ecological integrity assessment,
and obtain the number of articles published over the years (Figure 1). The results show that the research interest in
estuary ecological integrity evaluation has been increasing year by year in the past 30 years. In the first few years, from
1994 to 1999, only a small amount of literature was published. Starting from 2000, the number of articles published
gradually increased, increased rapidly in 2005, and has remained at a high level since then. Especially after 2007, the
number of published articles increased year by year, showing an exponential growth trend. The number of published
articles reached a peak in 2012. According to Rocha et al. [21], the possible reason is the academic community’s
evaluation of aquatic ecological integrity. The attention has become more and more intense, and some journals have
even published special issues for it. For example, Biologia Acuatica published a special issue on ecological quality in
2012. In 2021 and 2022, the number of published articles reached 53 and 58 respectively, further demonstrating the
rapid development momentum of this field. Judging from the general trend, research on estuary ecological integrity
evaluation has continued to grow in the past 30 years, showing an increasing trend year by year, indicating that this
field has received widespread attention and has important research value and practical application in the field of
ecological environment significance.

1. 3 Keywords and Emergence Analysis

Figure 1 shows the occurrence time and duration of each keyword, reflecting the length of influence of the keyword in
the research field. In addition, it should be noted that the blue line in the table represents the entire research period
(2002-2023), and the red line represents the duration of the citation burst [22-23]. In addition, in order to more
accurately explore the research topics in the field of estuary ecological integrity assessment and grasp its development
rules, we divided the development from 2002 to 2023 into three periods. The current stage can be summarized as
concept exploration of ecological integrity assessment (2002-2009), ecological indicator monitoring and ecological
integrity assessment framework construction (2010-2016), ecological risk assessment and pollutant source tracing (2017
-2023). At this stage of exploring the concept of ecological integrity assessment, scholars are not very clear about the
concept of ecological integrity, and they mainly focus on specific indicators such as water quality conditions for water
bodies; at this stage of constructing the ecological indicator monitoring and ecological integrity assessment framework,
researchers realize that water bodies It is inseparable from the ecosystem, and began to study the integrity of water
ecology from a holistic perspective, pay attention to comprehensive assessment and management, and began to use
various models to simulate the evolution of ecosystems; in the ecological risk assessment and pollutant source tracing
stages, Scholars have conducted a series of studies on ecological risk assessment and the spatial and temporal
distribution of trace metal elements, aiming to reveal the impact of pollutant distribution on ecosystem integrity.
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Figure 1 Time map of the top 17 keywords with emergent intensity in the field of estuary ecological integrity
assessment

Note: The greater the value of emergence intensity, the faster the research interest of the keyword grows during this period; the start
time and end time represent the time when the keyword emergence begins and the emergence ends respectively; the red segment in
the timeline represents the explosive growth of keyword research. time period.

2 SELECTION OF ESTUARY ECOLOGICAL INTEGRITY EVALUATION INDICATORS

Estuaries show unique differences compared with other water bodies, mainly reflected in water mixing, tidal influence,
sedimentation, ecosystem complexity, concentration of human activities, and salinity changes. According to the
research of Elliott and Quintino [24], estuaries are places where fresh water and sea water meet each other, which leads
to the complexity of hydrological and chemical characteristics. The effect of tides has a significant impact on the water
level and flow in the estuary area, further increasing the complexity of hydrodynamics [25]. In addition, according to
Stevenson and Kennish [26], the sedimentation phenomenon in the estuary area is caused by the slowdown of river
water velocity, which has a profound impact on the evolution of topography and landforms. The ecosystem in the
estuary shows extremely high complexity, supporting a rich variety of biological species due to the interaction of
freshwater and saltwater [27]. Finally, the estuary area is a hotspot of human activities. Activities such as fishing,
shipping, and urban development make this area a complex system in which natural and human factors interact. These
differences make estuaries a key area of multidisciplinary research in ecology, geography, and hydrology, which are of
far-reaching significance for understanding the functions and responses of complex aquatic ecosystems and promoting
sustainable development.
The selection of estuary ecological integrity evaluation indicators is a key step in the research on estuary ecological
integrity evaluation, and plays a decisive role in the scientific nature of subsequent evaluation results. In order to enable
the estuarine ecosystem integrity assessment to solve practical problems and provide scientific basis for management
decision-makers, it is necessary to select indicators based on the characteristics of the ecosystem [28]. Appropriate
evaluation indicators should accurately reflect the key factors of ecosystem integrity [29]. The selection of estuary
ecological integrity evaluation indicators should follow the following principles: indicators should be able to reflect the
integrity status of the estuary ecosystem [30] and be able to accurately and reliably measure changes in the estuary
ecosystem; indicators should be comparable [31] and be able to Comparisons should be made between different
estuarine ecosystems; indicators should be operable [32] and can be measured through existing technical means. In
addition, when selecting estuary ecological integrity evaluation indicators, a variety of indicators should be
comprehensively considered, including water quality indicators, fish indicators, benthic biological indicators and heavy
metal indicators in sediments, etc., to comprehensively and accurately assess the ecological integrity of the estuary. [33].
Combined with existing research, currently scholars mainly divide estuary ecological integrity evaluation indicators into
three categories: physical and chemical indicators, biological indicators and socioeconomic indicators. Among them,
biological indicators are the most commonly used indicators, because one component of evaluating ecological integrity
is measuring biological integrity, which usually emphasizes the analysis of plankton, benthic organisms, macroalgae,
and fish.

2.1 Physical and Chemical Indicators

When it comes to the assessment of estuarine ecosystems, physicochemical indicators are an essential part. Physical
indicators are a direct measure of the physical environmental conditions of the estuary (such as water quality, sediment
quality, and hydrology) [34] and help detect changes caused by human influence. Chemical indicators are used to
evaluate the content and pollution of chemical substances in the estuary water. situation. Commonly used physical and
chemical indicators in estuaries are shown in Table 1. The specific characteristics and functions of the estuary under
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study require careful consideration when selecting physicochemical indicators for estuarine ecological integrity
assessment. For example, the hydrodynamics of an estuary, such as the magnitude and timing of tidal exchanges, can
affect the suitability of certain indicators for assessing ecological integrity [35]. Tide is a crucial driving force in
estuarine ecosystems, and its regularity has a profound impact on ecosystem structure and function. Scholars have
emphasized the critical role of tides on estuarine hydrodynamics and hydrology. According to the research of Galois et
al. [36], changes in water flow caused by tides have a significant impact on estuary sediment transport, dissolved
oxygen distribution, and material circulation in the ecosystem. Under extreme meteorological events, tidal patterns may
change, further affecting the stability and adaptability of estuarine ecosystems. In addition, research by Smith and
Hollibaugh [37] showed that tides also have a significant impact on the spatial distribution and abundance of
microorganisms and benthic organisms in estuarine ecosystems. Similarly, the specific characteristics of estuarine
habitats, such as the type and distribution of vegetation, will also affect the selection of physical and chemical indicators
to measure changes in habitat quality and quantity [38]. Furthermore, the selection of physicochemical indicators should
be guided by the overall goals and objectives of the ecological integrity assessment, including the specific management
issues that the assessment is intended to address. For example, if the main management goal is to reduce nutrients
entering an estuary, then nutrient indicators such as nitrogen and phosphorus concentrations may be more meaningful
than other indicators because nitrogen and phosphorus are the 2 major nutrients for biological growth and they are The
concentration in the water body directly affects the growth and reproduction of algae and other organisms [39].
Excessive nitrogen and phosphorus can lead to eutrophication and trigger algal blooms. Estuary areas are often more
prone to eutrophication due to the intersection of fresh water and seawater and intense human activities. It should be
noted that any single indicator cannot reflect the full picture of the ecological integrity of the estuary, and a set of
complementary indicators should be used to provide a more comprehensive assessment [25]. The selection of
physicochemical indicators should also be regularly reviewed and updated to ensure that they continue to be relevant
and effective in assessing ecological integrity. The selection of physical and chemical indicators in the ecological
integrity evaluation of estuaries is not significantly different from that in other aquatic ecosystems.

Table 1 Commonly used physical and chemical indicators for estuary ecological integrity evaluation
Indicator type Contains indicators Indicator role

Hydrological
indicators[14,16,40]
Physical indicators

Salinity, substrate, depth, flow characteristics, flow deviation,
tidal range and sediment transport rate, average rainfall, flood
intensity index, proportion of annual runoff entering the sea, etc. Provides information on estuarine

circulation and sedimentation processes

Geomorphological
indicators Shoreline erosion, sedimentation rates and channel stability, etc.

Indicates the physical processes that shape
estuarine environments and provide
important habitat for aquatic species

Chemical
indicators[14,43-45]

pH, dissolved oxygen, ammonia nitrogen, nitrate, phosphate,
heavy metals, biochemical oxygen demand, etc.

Provide information on water pollution
levels, nutrient content, accumulation of
harmful substances, etc.

2.2 Biological Indicators

In addition to physicochemical indicators, biological indicators are also crucial for assessing the ecological integrity of
estuaries, as they provide information on the impact of environmental stressors on biological communities and can help
us understand biodiversity, ecological processes and ecosystem stability Sex[46]. These indicators typically involve
measurements of species richness, species composition, and biodiversity in ecosystems. For example, species diversity
index can be used to evaluate the number and relative abundance of different species in estuarine ecosystems, which
helps to understand the interactions between various organisms and the allocation of ecological niches in estuarine
ecosystems. Indicators such as species composition can more specifically describe the biological composition of the
estuarine ecosystem, including fish, zooplankton, phytoplankton, benthic organisms, etc., and evaluate their ecological
functions. Benthic invertebrates, phytoplankton, and fish are often used as biological indicators for estuarine ecological
integrity assessment because they are sensitive to changes in water quality and habitat conditions [47] .
In specific applications, Ma Tingting et al. [48] selected multiple indicators, including the phytoplankton Shannon-
Wiener index, to comprehensively assess the integrity of the main estuaries in the Taihu Lake Basin in my country;
Hallett et al. [49] used the fish community index to quantify Ecological status of estuaries in southwestern Australia;
Kido[50] used the stream biological integrity index to evaluate the integrity status of 18 streams in Hawaii, USA, and
confirmed this by sampling and analyzing 39 locations (including 6 estuary sections). effectiveness of this method.
However, it is worth noting that due to the existence of the estuary quality paradox [24, 51], that is, due to the high
variability of the physical and chemical properties of estuaries, compared with other freshwater or marine ecosystems,
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estuarine biological communities are less resistant to environmental pressures. More acceptable. Under the same stress
conditions, freshwater or marine ecosystem species may regard it as an environmental stress, while estuarine organisms
have negligible impact on them due to their high tolerance. Le et al. [33] pointed out that some common endemic
species in estuaries include special fish, crustaceans, and plant species with high salt tolerance that can survive in the
transition zone between fresh water and sea water. In terms of adaptive strategies, some studies have shown that
estuarine biota often exhibit a high degree of adaptability to changing salinity, water temperature, and hydrodynamic
conditions. This may include changes at multiple levels such as behavioral adaptation, physiological adaptation, and
genetic adaptation [52]. For example, fish species in some estuarine areas may exhibit migratory behavior under
different salinity conditions to adapt to seasonal changes in the waters. Therefore, when selecting biological indicators
(species composition, biodiversity, etc.) based on the structural characteristics of the estuary to evaluate the ecological
integrity of the estuary, the error caused by this situation on the evaluation results should be taken into consideration. In
order to solve the impact of the estuary quality paradox on the evaluation results, many scholars have proposed some
corresponding solutions. For example, Elliott and Quintino [24] pointed out that we cannot rely too much on the
structural characteristics of the ecosystem to identify the degree of stress that human activities have on estuarine
ecology. Instead, it is necessary to combine structural characteristic indicators with functional characteristic indicators,
and Hess et al. [53] found that using foraminiferal monitoring methods to detect environmental disturbances in estuaries
can effectively solve the problem of estuary quality paradox.

2.3 Socioeconomic Indicators

Socioeconomic indicators can reflect the interrelationship between the estuary ecosystem and human activities. It
includes the consideration of social and economic activities around the estuary, which have a direct or indirect impact
on the integrity of the estuary ecosystem. According to Rapport et al. [54], the selection of socioeconomic indicators
should be based on their impact on and dependence on ecosystem services, as well as their interaction with ecological
indicators. Through literature search, the most commonly used socioeconomic indicators include population density,
land use, agricultural and industrial activities, and water resource utilization [55]. Population density is an important
socioeconomic indicator, which represents the ratio of population to area in the area surrounding the estuary. Increased
population density often means increased demand for land and water resources, which may lead to increased land
development and water use, thereby impacting estuarine ecosystems. Research shows that estuaries in areas with high
population density often face greater pollution pressure and resource pressure, which may lead to reduced water quality,
habitat degradation, and loss of biodiversity [56]. At the same time, the land use patterns in the surrounding areas of the
estuary have a profound impact on the integrity of the estuary ecosystem. Different land use types may have different
impacts on estuarine ecosystems. For example, urbanization and agricultural expansion may lead to the reduction of
habitats such as wetlands and mangroves, thereby affecting biodiversity and ecological functions [57]. Proper planning
and management of land use is one of the important measures to maintain the ecological integrity of estuaries.
Agricultural activities can pollute estuarine waters through the use of pesticides and fertilizers, especially when
farmland runoff enters estuaries. Industrial activities may discharge harmful substances and wastewater, causing direct
negative impacts on estuarine ecosystems. Water resource utilization is also a key indicator for evaluating
socioeconomic impacts. Water is a key element of estuarine ecosystems and a basic need for agriculture, industry and
urban life. Excessive utilization of water resources may lead to excess nutrients in the water body, triggering algae
blooms and deteriorating water quality, including reduced salinity, changes in nutrient dynamics, increased
sedimentation, and disruption of physical processes such as tidal mixing and scouring. Negatively affecting estuarine
ecosystems [58], these changes may adversely affect biodiversity, impair ecosystem services such as fisheries and
coastal protection, and undermine the overall function of estuaries. Salinity is an important indicator for assessing the
impact of reduced seawater flow, because when it deviates from the natural balance it signals an increase in ecological
stress. Monitoring salinity levels provides us with valuable information to help us understand the extent and severity of
this flow reduction and is a key parameter in understanding the ecological consequences for estuarine biodiversity,
ecosystem services and overall functioning of balanced water resources use and Protecting estuarine ecosystems is an
important issue in socioeconomic planning and management. Balancing water resource utilization and protecting
estuarine ecosystems are important issues in socioeconomic planning and management. Since estuaries are closely
related to human activities and economic development, compared with other aquatic ecosystem integrity assessments,
socioeconomic indicators have a greater impact on the evaluation results when evaluating estuary ecological integrity.
The selection is an integral part of the evaluation process.

3 ESTUARY ECOLOGICAL INTEGRITY EVALUATION METHOD

Ecosystem integrity assessment methods can be divided into two categories: indicator species method and indicator
system method. The indicator system method can be further subdivided into methods such as comprehensive indicator
evaluation method, analytic hierarchy process, principal component analysis method and entropy weight method [42].
When evaluating ecosystem integrity, multiple ecological indicators are often used, and their weighted scores are
integrated through mathematical methods to form a comprehensive indicator system to describe the structure and
function of the ecosystem [44]. In recent years, a large number of specific quantitative methods have been used in the
practical application of the indicator system method, and multiple methods are used in combination and cross-wise, not
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limited to a single fixed method system. Since the indicator species method is usually applicable to a single ecosystem
and requires a large amount of species measurement data, while the indicator system method is not limited by the
number or type of ecosystems or data sources, the latter is currently used for ecological integrity assessment methods. It
is more extensive than the former [59].

3.1 Indicator Species Method

The indicator species method is one of the two main assessment methods for evaluating ecosystem integrity. This
method is mainly based on the number of dominant species, key species and sensitive species in the community to
analyze environmental changes and assess the integrity of natural ecosystems. It includes three categories: biological
index method, diversity index method and biological integrity index method. In 1981, Karr and Dudley proposed an
evaluation method based on the Fish Integrity Index (F-IBI) [10], and later developed the Benthic Integrity Index (B-
IBI) and Algae Integrity Index. Index (D-IBI)[60]. At present, IBI evaluation methods have included a variety of
biological groups, such as phytoplankton [61-62], macrobenthos, fish and algae [63]. The IBI is mainly used to assess
the integrity of aquatic ecosystems based on fish and zooplankton [64-66], while the Shannon-Weaver Biodiversity
Index is generally used to assess the integrity of aquatic ecosystems based on phytoplankton and zooplankton [67] .
Benthic macroinvertebrate communities are the most consistently emphasized biotic component of aquatic ecosystems
when developing methods to assess biotic integrity. There are currently a large number of methods, including a variety
of indices, indicators and evaluation tools [68]. Due to the specificity of the estuary itself, not all indicators can be
applied to the ecological integrity evaluation of the estuary. For example, AZTI's marine biotic index (AMBI) and
benthic biotic index (BENTIX), and other indices designed to determine stress are related to the abundance of tolerant
species, and estuarine waters due to their Unique ecological characteristics, such as high natural organic matter content,
are typical of tolerant species. These characteristics may cause the application of indices such as AMBI and BENTIX in
estuarine waters to produce inaccurate results, that is, it is mistakenly believed that the ecological status of the estuary
has been downgraded. Furthermore, due to the low species diversity in estuarine waters, some indices (such as AMBI
and biomass quality index (BQI)) may not be used or calculated because their thresholds for use or calculation are
reached.
Although the indicator species method was developed in the early days and widely used in ecosystem integrity
assessment, in the estuary ecosystem integrity assessment, there are also cases where fish community index and
zooplankton integrity index are used to assess ecological conditions [48-49] . However, the indicator species method
also has certain limitations, as follows: depending on the identifiability of the species, this method requires accurate
identification and classification of benthic organisms, but some species may be difficult to identify or classify, resulting
in poor assessment Inaccuracy; relies on the consistency of environmental conditions. This method assumes that certain
species only occur under specific environmental conditions. If environmental conditions change, the reliability of these
species will also be affected; affected by human interference, Human activities have had extensive and complex impacts
on ecosystems, which may interfere with the survival and distribution of benthic organisms, thus affecting the accuracy
and effectiveness of the indicator species method. Therefore, compared with composite ecosystems, the indicator
species method is more suitable for evaluating natural ecosystems that are rarely disturbed by human activities.

3.2 Indicator System Method

The indicator system method is based on ecosystem characteristics and service functions, and uses mathematical
methods to determine the integrity of the ecosystem. This method combines multiple indicators, including ecosystem
structure, functional succession process, ecological services, etc., and reflects the integrity status and change trend of
the ecosystem. For example, Jiang et al. [69] used multi-source remote sensing data and field measurements, and
adopted a comprehensive evaluation method to study the ecological integrity and changes of the Jiulong River Estuary
from 2004 to 2009. Compared with the indicator species method, the indicator system method can reflect the
transformation of ecosystem integrity assessment at different scales. It is a more comprehensive and comprehensive
ecosystem integrity assessment method. It is also the most widely used ecosystem integrity assessment method at home
and abroad. Evaluation method[70]. The main steps of the indicator system method are shown in Figure 3. Indicator
selection and indicator weight allocation are two very important key steps. The relevant content of indicator selection
has been discussed in Section 2 of this article. This section mainly introduces the methods related to indicator weight
allocation.
In the evaluation of estuary ecological integrity, different evaluation indicators may have different effects on the
evaluation results. Therefore, it is necessary to more accurately consider the contribution of each indicator through
reasonable weight distribution, so as to comprehensively reflect the integrity status of the estuary ecosystem. . At
present, in the ecological integrity evaluation, the methods commonly used by scholars include the analytic hierarchy
process, the entropy weight method, the fuzzy comprehensive evaluation method, and the gray correlation analysis
method. Among them, the analytic hierarchy process calculates the weight of each indicator through the hierarchical
structure model and judgment matrix; the entropy weight rule uses the information entropy principle and the entropy
weight criterion to determine the weight of indicators; the fuzzy comprehensive evaluation rule uses the concepts and
algorithms of fuzzy mathematics to The indicators are converted into fuzzy numbers and comprehensively evaluated;
the basic idea of the gray correlation analysis method is to find out the correlation between different indicators by
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calculating the correlation between indicators, thereby identifying indicators of relative importance. The principles and
applicability of the above methods.

3.3 Differences in Ecological Integrity Assessment Methods Between Estuaries and Other Water Body Types

A major difference between estuaries and other freshwater ecosystems is that the estuary environment is highly variable,
including physical and chemical changes in salinity, substrate, depth, fine particles, and maximum turbidity zones rich
in organic matter [41]. In addition, estuaries are also subject to human impacts, including water pollution, changes in
estuary surface size, and channel management [74]. Due to frequent human activities, the estuary area has been
disturbed by river management, construction, industry, agriculture, and urbanization. These disturbances are more
serious than inland ecosystems. Based on the characteristics of the estuary ecosystem, there are differences between the
ecological integrity evaluation of estuaries and the ecological integrity evaluation of other water body types. The
evaluation object of estuary ecological integrity assessment is the estuary and its surrounding sea areas and coastal
zones, while the evaluation object of inland ecological integrity assessment is the ecosystem in inland areas. The
evaluation of estuary ecological integrity needs to consider the special environment and species composition of the
estuary ecosystem. The evaluation indicators include factors such as hydrodynamic conditions, seawater and river water
quality, species diversity, land use and human activities. The evaluation of inland ecological integrity evaluation
Indicators mainly include factors such as land use, vegetation cover, soil quality, biodiversity and hydrological
conditions. In addition, because the estuarine ecosystem is at the junction of land and sea, data acquisition is relatively
difficult and requires data from multiple departments and fields. The evaluation process is more complex than that of
inland ecosystems.
To sum up, the ecological integrity evaluation of estuaries is mainly reflected in three aspects compared with the
ecological integrity evaluation of other water bodies: (1) differences in evaluation objects and their own characteristics;
(2) differences in selection of evaluation indicators; (3) data acquisition Differences in difficulty.

4 RESEARCH CASES OF ESTUARY ECOLOGICAL INTEGRITY ASSESSMENT

At present, scholars at home and abroad have done a lot of research on the ecological integrity evaluation of estuaries.
In these studies, most indices are calculated based on species community composition and ecosystem structural and
functional attributes, combined with multiple independent indicators. For example, Ferreira [75] considered the physical
characteristics and biochemical characteristics of the estuary, combined with independent indicators such as water
quality characteristics, dynamics, sediment characteristics, and anti-interference ability, to construct a comprehensive
evaluation system for ecological integrity. Borja and Dauer [76] pointed out that when different indicators covering
various responsive ecological and community characteristics are combined together, more accurate and comprehensive
assessment results will be obtained. Among the indicator groups, species richness-composition indicators are the most
widely used in current indices. Among them, indicator species or taxa related to estuary quality characteristics usually
dominate the index.
Generally speaking, foreign research on the evaluation of estuary ecological integrity is relatively in-depth, involving
many aspects, including the application of physical, chemical, and biological indicators, model simulation methods, and
research on comprehensive evaluation methods. For example, research in European and American countries focuses on
using comprehensive evaluation methods to combine multiple ecological indicators to comprehensively assess the
integrity and functions of estuarine ecosystems. For example, Chiu and Wu [77] developed a statistical modeling
method for the latent health factor index (LHFI), which combines multiple ecological indicators, including water quality,
habitat, and biodiversity, to conduct a comprehensive assessment of estuarine ecosystems. In addition, foreign scholars
have also applied remote sensing technology to the evaluation of estuary ecological integrity, using high-resolution
satellite data and geographic information systems to conduct refined research on the spatial distribution and changes of
estuary ecosystems [78]. In China, the research trend of estuary ecological integrity evaluation has gradually expanded
from single biological indicators to multi-disciplinary comprehensive evaluation. Many studies focus on establishing an
evaluation system and index system suitable for China's unique estuaries, such as studies on the Yangtze River Estuary,
Yellow River Estuary, etc., emphasizing the comprehensive consideration of the impact of specific environmental
conditions such as tides and salinity on the evaluation results [43,45]. At the same time, domestic scholars have also
begun to pay attention to the impact of socioeconomic factors on estuarine ecosystems, and gradually introduced
socioeconomic indicators to comprehensively evaluate the ecological integrity of estuaries [28].
At present, domestic scholars have established an appropriate evaluation index system based on the characteristics of
my country's estuaries. Sun Tao and Yang Zhifeng [79] pointed out that the integrity of the estuary ecosystem should
comprehensively consider three aspects: environmental quality, biological quality, and the impact on the watershed and
humans; Peng Tao and Chen Xiaohong [14] considered the environmental, ecological, and socioeconomic aspects A
total of 17 indicators were selected from 3 aspects to evaluate the ecosystem integrity status of typical estuaries in the
Haihe River Basin; Liu Chuntao et al. [40] improved the PSR model and established the DPSRC model, from "driving
force-pressure-state-system response"Control" five aspects to evaluate the ecological integrity level of Liaohe Estuary;
Hui Xiujuan et al. [80] used principal component analysis to comprehensively reflect the physical and chemical
characteristics of water bodies, aquatic life characteristics, water body hygiene characteristics, and habitat
environmental characteristics; Dong Junjie et al. [15] By comprehensively integrating indicators such as bank slope
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stability, riverbank vegetation coverage, and the degree of artificial interference in the riparian zone, the integrity of the
riparian zone in the river section from Yuehe Mouth to Shihe Mouth was evaluated; Niu Mingxiang et al. [43] based on
the PSR model, from the Yellow River Based on the biological ecology, environmental quality, social economy,
management measures and human health of the estuary area, 50 evaluation indicators were selected to construct an
evaluation index system for the ecosystem integrity of the Yellow River estuary area; Zhang Rui et al. [81] based on the
fish in the Yellow River estuary waters Based on the characteristics of the regional composition, 12 evaluation
indicators were proposed from the aspects of fish species composition, breeding symbionts, fish tolerance and
nutritional structure, etc., and an evaluation index system for the fish biological integrity index in the Yellow River
estuary waters was constructed and formulated. evaluation criteria.
In summary, foreign research has made great progress in the evaluation of estuary ecological integrity, but there are still
some differences in the understanding of the connotation of ecological integrity [82]. Domestic research, based on
learning from foreign research, has formed an evaluation index system and methods suitable for China's estuarine
wetlands, but it is still necessary to strengthen the comprehensive evaluation of river ecosystems and habitat research.
Table 2 lists some relevant research cases on ecological integrity evaluation by domestic and foreign scholars. Future
research can learn from foreign experience, strengthen cooperation and exchanges in domestic and foreign research, and
jointly promote the development of the field of estuary ecological integrity assessment.

5 PROBLEMS AND PROSPECTS

Evaluating the ecological integrity of an estuary is a complex task involving multiple ecological factors, evaluation
indicators and evaluation methods. Although many studies have made progress in this field and established various
evaluation systems and methods, there are still some problems that need to be solved.
(1) Complex structure and ecological integrity challenges
Estuarine ecosystems have attracted much attention due to their complex structures. Biodiversity and structural
complexity complicate the evaluation of ecological integrity, which requires comprehensive consideration of various
biotic and abiotic factors. The estuarine system is composed of three main parts: land, rivers and oceans, including a
wide range of biotic and abiotic components. There are complex interactions and feedback mechanisms between these
components. The biodiversity and structural complexity of the estuarine system increase the ecological Challenges of
integrity assessment.
(2) The impact and complexity of human activities are increasing
The impact of human activities on estuarine systems cannot be ignored. Activities such as water pollution, coastline
development, and fishing have serious impacts on the ecosystem, and may even lead to irreversible changes in the
ecosystem. How to identify the response relationship of human activities to the ecological integrity of the estuary puts
forward higher requirements for evaluation work.
(3) Inconsistency in evaluation methods limits comparison and comprehensive evaluation
The lack of consistent and standardized evaluation methods globally or even nationwide makes the evaluation of
estuarine ecosystems face greater limitations in cross-national and cross-regional comparisons and overall
comprehensive evaluation. The lack of universally accepted evaluation standards and methods leads to insufficient
comparability of evaluation results between different regions and countries, thus hindering a consistent and
comprehensive understanding of global estuarine ecosystems.
Based on this, in the future ecological integrity evaluation of estuaries, we should focus on the following aspects: 1)
Comprehensively consider various factors and select appropriate evaluation indicators and methods to comprehensively
and accurately assess the integrity of the estuary ecosystem. Including multiple indicators, such as species diversity,
ecosystem functions and ecosystem services; 2) Establish a comprehensive ecological monitoring network. The network
should cover multiple key areas, including water quality, soil, vegetation, animal communities, etc., to ensure
comprehensive coverage of all aspects of the ecosystem. The long-term accumulation of monitoring data will help to
gain a deeper understanding of the actual effects of human activities and help identify key factors related to changes in
biological integrity; 3) Develop estuary-related standards. Data sharing and exchange should be promoted, unified
evaluation standards and methods should be researched and developed, comparative and comprehensive evaluation of
estuary ecological integrity evaluation should be achieved, and the protection and sustainable development of estuary
ecosystem should be promoted.

COMPETING INTERESTS

The authors have no relevant financial or non-financial interests to disclose.

REFERENCES

[1] Liu Pei, Huang Pengfei, Zhang Yanyan. Research progress on estuary management in my country. 2022 Academic
Annual Conference of China Hydraulic Society. Beijing: China Hydraulic Society, 2022: 397-402

[2] Guo Lixia, Wang Yasong, Qiao Dehui. Comparison of dissolved organic matter in the northern and southern
branches of the Yangtze River Estuary in summer. Marine Science, 2022, 46(11): 67-82 .

[3] Halpern BS, Walbridge S, Selkoe K A. A global map of human impact on marine ecosystems. Science, 2008,
319(5865): 948-952



Pat T. Borja

Volume 2, Issue 2, Pp 4-14, 2024

12

[4] Bricker SB, Longstaff B, Dennison W. Effects of nutrient enrichment in the nation's estuaries: A decade of change.
Harmful Algae, 2008, 8(1): 21-32

[5] Johnston EL, Mayer-Pinto M, Crowe T P. Chemical contaminant effects on marine ecosystem functioning. Journal
of Applied Ecology, 2015, 52(1): 140149

[6] Tolkkinen MJ, Mykrä H, Virtanen R. Land use impacts on stream community composition and concordance along a
natural stress gradient. Ecological Indicators, 2016, 62: 14-21

[7] Ye Dunyu. Water environmental quality status of rivers entering Nansi Lake and its response to the spatial pattern of
land use in the basin. Qufu: Qufu Normal University, 2022: 22-24

[8] Sun Fuhong, Guo Yiding, Wang Yuchun. The great significance, current situation, challenges and main tasks of
research on the integrity of aquatic ecosystems in my country. Environmental Science Research, 2022, 35(12):
2748-2757

[9] Leopold A. A Sand County Almanac: And Sketches Here and There. New York: Oxford University Press, 1949: 48-
68

[10] Karr JR, Dudley I J. Ecological perspective on water quality goals. Environment Manage, 1981(5): 55-68
[11] Organization for Economic Cooperation and Development (OECD). Core set of indicators for environmental

performance reviews: A synthesis report by the group on the state of the environment. Paris: Organization for
Economic Cooperation and Development, 1993

[12] Rapport D J. What constitutes ecosystem health? . Per-spectives in Biology and Medicine, 1989, 33(1): 120132
[13] Costanza R, Norton BG, Haskell B D. Ecosystem Health: New Goals for Environmental Management. Washington

DC: Island Press, 1992: 52-66
[14] Peng Tao, Chen Xiaohong. Health assessment of typical estuary ecosystem in Haihe River Basin. Journal of

Wuhan University (Engineering Edition), 2009, 42(5): 631-634, 639
[15] Dong Junjie, Zhao Min, Wang Chuang. River ecosystem health assessment from Yuehekou to Shikou. Henan

Water Conservancy and South-to-North Water Diversion, 2013(11): 30-31
[16] Xu Haotian, Zhou Linfei, Cheng Qian. Research on health assessment and early warning of Linghekou wetland

ecosystem based on PSR model. Acta Ecologica Sinica, 2017, 37 (24): 8264-8274
[17] Wang Tieliang, Sun Yimin. Research on health assessment of Shuangtai Estuary Wetland Ecosystem. Journal of

Shenyang Agricultural University, 2013, 44(6): 793-798
[18] Xu F, Yang ZF, Chen B. Development of a structurally dynamic model for ecosystem health prognosis of

Baiyangdian Lake, China. Ecological Indicators, 2013, 29: 398-410
[19] Wang Fufeng. Investigation and evaluation of the ecological environment status of Jinling Reservoir. Heilongjiang

Water Conservancy Science and Technology, 2014, 42(1): 237-239
[20] Souza GBG, Vianna M. Fish-based indices for assessing ecological quality and biotic integrity in transitional

waters: A systematic review . Ecological Indicators, 2020, 109: 105665
[21] Rocha L, Hegoburu C, Torremorell A. Use of ecosystem health indicators for assessing anthropogenic impacts on

freshwaters in Argentina: A review . Environmental Monitoring and Assessment, 2020, 192(9): 611
[22] Chen Y, Xiong K N, Ren X D. An overview of ecological vulnerability: A bibliometric analysis based on the Web

of Science database. Environmental Science and Pollution Research International, 2022, 29 (9): 1298412996
[23] Qiu H H, Liu L G. A study on the evolution of carbon capture and storage technology based on knowledge

mapping . Energies, 2018, 11(5): 1103
[24] Elliott M, Quintino V. The Estuarine Quality Paradox, Environmental Homeostasis and the difficulty of detecting

anthropogenic stress in naturally stressed areas . Marine Pollution Bulletin, 2007, 54(6): 640-645
[25] Borja A, Ranasinghe A, Weisberg S B. Assessing ecological integrity in marine waters, using multiple indices and

ecosystem components: Challenges for the future. Maine Pollution Bulletin, 2009, 59(1-3): 1-4
[26] Stevenson LH, Kennish M J. Ecology of estuaries: An-thropogenic effects. Estuaries, 1992, 15(3): 428
[27] Cloern JE, Abreu PC, Carstensen J. Human activi-ties and climate variability drive fast-paced change across the

world's estuarine-coastal ecosystems. Global Change Biology, 2016, 22(2): 513529
[28] Niu Mingxiang, Wang Jun. Research progress on estuarine ecosystem health assessment. Journal of Ecology, 2014,

33(7): 19771982
[29] Meng W, Liu L S. On approaches of estuarine ecosystems health studies. Estuarine, Coastal and Shelf Science,

2010, 86(3): 313-316
[30] O ’Brien A, Townsend K, Hale R. How is ecosystem health defined and measured? A critical review of freshwater

and estuarine studies . Ecological Indicators, 2016, 69: 722-729
[31] Gibson R, Atkinson R, Gordon J. Loss, status and trends for coastal marine habitats of Europe . Oceanography and

Marine Biology, 2007, 45: 345-405
[32] Zhang F, Peng G Y, Xu P. Ecological risk assessment of marine microplastics using the analytic hierarchy process:

A case study in the Yangtze River Estuary and adjacent marine areas . Journal of Hazardous Materials, 2022, 425:
127960

[33] Le Guen C, Tecchio S, Dauvin J C. Assessing the ecological status of an estuarine ecosystem: Linking biodiversity
and food-web indicators . Estuarine, Coastal and Shelf Science, 2019, 228: 106339

[34] Lin Hairong. Research on ecosystem integrity assessment methods in the Fujian Triangle region [D]. Fuzhou:
Fuzhou University, 2019: 3-6



Research and development of ecological integrity assessment techniques ...

Volume 2, Issue 2, Pp 4-14, 2024

13

[35] Liu Xueping, Lu Shuangfang, Tang Mingming. Numerical simulation of sedimentation dynamics of estuary bar
bodies under the control of river-tidal coupling. Earth Science, 2021, 46 (8): 2944-2957

[36] Galois R, Blanchard G, Seguignes M. Spatial distri-bution of sediment particulate organic matter on two estuary
intertidal mudflats: A comparison between Marennes-Oléron Bay (France) and the Humber Estuary (UK).
Continental Shelf Research, 2000, 20 (10/11): 11991217

[37] Smith SV, Hollibaugh J T. Coastal metabolism and the oceanic organic carbon balance . Reviews of Geophysics,
1993, 31(1): 75-89

[38] Xu Yutian. Fish species diversity and nutritional structure of intertidal salt marsh wetlands in Nanhui Dongtan,
Yangtze Estuary [D]. Shanghai: East China Normal University, 2019: 4-5

[39] Jiang MQ, Nakano S I. The crucial influence of trophic status on the relative requirement of nitrogen to phosphorus
for phytoplankton growth . Water Research, 2022, 222: 118868

[40] Liu Chuntao, Liu Xiuyang, Wang Lu. Preliminary study on ecosystem health assessment of Liaohe Estuary.
Marine Development and Management, 2009, 26(3): 43-48

[41] Chen Jing. Technical methods and applications of water ecological health assessment in estuary areas [D]. Qingdao:
Ocean University of China, 2013: 4-7

[42] Liu Yanxu, Peng Jian, Wang An. Research progress on ecosystem health. Acta Ecologica Sinica, 2015, 35(18):
5920-5930

[43] Niu Mingxiang, Wang Jun, Xu Binduo. Ecosystem health assessment in the Yellow River estuary area based on
PSR. Acta Ecologica Sinica, 2017, 37(3): 943-952

[44] Wang Jindong, Su Hailei, Li Huixian. Research progress on ecological integrity evaluation and application of
typical watersheds. Environmental Engineering, 2022, 40(10): 233-241

[45] Ye Shufeng, Liu Xing, Ding Dewen. Ecosystem health assessment index system and preliminary evaluation of the
Yangtze River Estuary Sea Area. Acta Oceanographica Sinica, 2007, 29(4): 128136

[46] Müller F, Lenz R. Ecological indicators: Theoretical fundamentals of consistent applications in environmental
management . Ecological Indicators, 2006, 6(1): 1-5

[47] Pinto R, Patrício J, Baeta A. Review and evaluation of estuarine biotic indices to assess benthic condition .
Ecological Indicators, 2009, 9(1): 1-25

[48] Ma Tingting, Fan Yamin, Li Kuanyi. Ecological health assessment of the main estuary of Taihu Lake based on
phytoplankton integrity index. Journal of Ecology and Rural Environment, 2021, 37(4): 501-508

[49] Hallett C S, Trayler K M, Valesini F J. The fish community index: A practical management tool for monitoring and
reporting estuarine ecological condition . Integrated Environmental Assessment and Management, 2019, 15(5):
726-738

[50] Kido M H. A native species-based index of biological integrity for Hawaiian stream environments. Environmental
Monitoring and Assessment, 2013, 185(5): 40634075

[51] Dauvin J C. Paradox of estuarine quality: Benthic indicators and indices, consensus or debate for the future .
Marine Pollution Bulletin, 2007, 55(1-6): 271-281

[52] Elliott M, Whitfield A K. Challenging paradigms in estuarine ecology and management. Estuarine, Coastal Shelf
Science, 2011, 94(4): 306-314

[53] Hess S, Alve E, Andersen T J. Defining ecological reference conditions in naturally stressed environments: How
difficult is it? . Marine Environmental Research, 2020, 156: 104885

[54] Rapport D J, Costanza R, McMichael A J. Assessing ecosystem health . Trends in Ecology & Evolution, 1998,
13(10): 397-402

[55] Arocena R, Castro M, Chalar G. Ecological integrity assessment of streams in the light of natural ecoregions and
anthropic land use . Environmental Monitoring and Assessment, 2022, 194(10): 748

[56] Barbier E, Hacker S, Kennedy C J. The value of estuarine and coastal ecosystem services. Ecological Monographs,
2011, 81: 169193

[57] Alongi D M. Mangrove forests: Resilience, protection from tsunamis, and responses to global climate change .
Estuarine, Coastal and Shelf Science, 2008, 76(1): 113

[58] Borja A, Bricker S B, Dauer D M. Overview of integrative tools and methods in assessing ecological integrity in
estuarine and coastal systems worldwide. Marine Pollution Bulletin, 2008, 56(9): 15191537

[59] Zhao C, Shao N, Yang S. Integrated assessment of ecosystem health using multiple indicator species . Ecological
Engineering, 2019, 130: 157168

[60] Lane C R, Brown M T. Diatoms as indicators of isolated herbaceous wetland condition in Florida, USA .
Ecological Indicators, 2007, 7(3): 521-540

[61] Kane D D, Gordon S I, Munawar M. The Planktonic Index of Biotic Integrity (P-IBI): An approach for assessing
lake ecosystem health . Ecological Indicators, 2009, 9(6): 12341247

[62] Li Z X, Ma C, Sun Y N. Ecological health evaluation of rivers based on phytoplankton biological integrity index
and water quality index on the impact of anthropogenic pollution: A case of Ashi River Basin . Frontiers in
Microbiology, 2022, 13: 942205

[63] Ruaro R, Gubiani É A. A scientometric assessment of 30 years of the Index of Biotic Integrity in aquatic
ecosystems: Applications and main flaws . Ecological Indicators, 2013, 29: 105110

[64] Zogaris S, Tachos V, Economou A N. A modelbased fish bioassessment index for Eastern Mediterranean Rivers:
Application in a biogeographically diverse area . The Science of the Total Environment, 2018, 622-623: 676-689



Pat T. Borja

Volume 2, Issue 2, Pp 4-14, 2024

14

[65] Li J, Li Y, Qian B. Development and validation of a bacteria-based index of biotic integrity for assessing the
ecological status of urban rivers: A case study of Qinhuai River Basin in Nanjing, China . Journal of
Environmental Management, 2017, 196: 161167

[66] Li T H, Huang X L, Jiang X H. Assessment of ecosystem health of the Yellow River with fish index of biotic
integrity . Hydrobiologia, 2018, 814(1): 31-43

[67] Guerrero E, Gili J M, Maynou F. Diversity and mesoscale spatial changes in the planktonic cnidarian community
under extreme warm summer conditions . Journal of Plankton Research, 2018, 40(2): 178196

[68] Diaz R J, Solan M, Valente R M. A review of approaches for classifying benthic habitats and evaluating habitat
quality . Journal of Environmental Management, 2004, 73(3): 165181

[69] Jiang MZ, Chen HY, Chen QH. Wetland ecosystem integrity and its variation in an estuary using the EBLE index.
Ecological Indicators, 2015, 48: 252-262

[70] Frashure KM, Bowen RE, Chen R F. An integrative management protocol for connecting human priorities with
ecosystem health in the Neponset River Estuary. Ocean & Coastal Management, 2012, 69: 255-264

[71] Li Yan, Ma Xiaoting, Hu Xiaohan. Ecological health assessment of typical watersheds in Xinjiang based on
entropy weight. Xinjiang Environmental Protection, 2015, 37(4): 39-43, 51

[72] Liu Huijun, Yan Xuqian, Lin Daze. Fuzzy comprehensive evaluation method of mining area ecosystem health
status [J]. Chinese Journal of Safety Science, 2009, 19(12): 154158

[73] Li Haixia, Han Lihua, Wei Qing. Evaluation of river water ecological health in Liaohe Reserve based on gray
relational analysis method. Journal of Environmental Engineering Technology, 2020, 10(4): 553-561, 531

[74] Dauvin J C, Ruellet T. The estuarine quality paradox: Is it possible to define an ecological quality status for
specific modified and naturally stressed estuarine ecosystems? . Marine Pollution Bulletin, 2009, 59(1-3): 38-47

[75] Ferreira J G. Development of an estuarine quality index based on key physical and biogeochemical features .
Ocean & Coastal Management, 2000, 43(1): 99122

[76] Borja A, Dauer D M. Assessing the environmental quality status in estuarine and coastal systems: Comparing
methodologies and indices . Ecological Indicators, 2008, 8 (4): 331-337

[77] Chiu G S, Wu M A, Lu L. Model-based assessment of estuary ecosystem health using the latent health factor index,
with application to the richibucto estuary. PLoS One, 2013, 8(6): e65697

[78] Shamaskin AC, Correa SB, Street GM. Considering the influence of land use/land cover on estuarine biot-ic
richness with Bayesian hierarchical models. Ecological Applications: A Publication of the Ecological Society of
America , 2022, 32(7): e2675

[79] Sun Tao, Yang Zhifeng. Research and application of estuary ecosystem restoration evaluation index system.
Chinese Environmental Science, 2004, 24(3): 381-384

[80] Hui Xiujuan, Yang Tao, Li Fayun. Health assessment of the Liaohe River water ecosystem in Liaoning Province.
Journal of Applied Ecology, 2011, 22(1): 181188

[81] Zhang Rui, Xu Binduo, Xue Ying. Evaluation of fish biological integrity in the Yellow River Estuary and its
adjacent waters. Chinese Fisheries Science, 2017, 24(5): 946-952

[82] Karr JR, Larson ER, Chu E W. Ecological integrity is both real and valuable. Conservation Science and Practice,
2022, 4(2): e583


