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In this review, prevailing international standards and state-of-the-art methodologies
for assessing port waters and aquatic ecosystems were systematically synthesised.
The application contexts for each approach were delineated, and the coherence of
respective frameworks was appraised through comparative analysis of strengths and
limitations. It was found that, although mature systems have been established for
water-quality and ecosystem-integrity assessment when applied independently,
these systems remain poorly integrated in practice, leading to partial environmental
diagnoses. Accordingly, future progress is considered to hinge on the development
of an integrated framework that explicitly couples water-quality metrics with
ecological-integrity indicators. This review provides a theoretical basis and practical
recommendations for comprehensive port aquatic environmental management and
pollution control.
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1. Introduction

Driven by the continuous expansion of the global shipping industry, ports are growing in both number and
scale. According to the 2022 China Shipping Development Report [1], China’s port cargo throughput and container
throughput in 2022 increased by 33% and 56%, respectively, compared with a decade earlier. By the end of 2022,
China’s shipping fleet capacity had reached 370 million deadweight tons (DWT), ranking second globally. For
instance, the Shanghai port recorded a container volume exceeding 47 million twenty-foot equivalent units (TEUs)
in 2021. Monthly container throughput at major US ports peaked at approximately 4.6 million TEUs, while Busan
Port in South Korea and Singapore handled record-breaking transshipment volumes in recent years [2].

Port construction and operation pose significant challenges to adjacent aquatic environments and aquatic
ecosystems. Changes in shoreline morphology, water quality, and hydrodynamic conditions negatively affect
aquatic biodiversity [3]. The discharge of oily wastewater and chemicals from port activities can lead to
eutrophication and harm aquatic life [4]. Furthermore, Ballast water discharge is a particularly well-documented
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pathway for alien species introduction, threatening native habitats and biodiversity [5,6]. The ecological impacts
of invasive species include altered community structure, local species extinction, disruption of food chains, and
direct impacts on human habitats and local economies [7]. Although the International Maritime Organization
(IMO) Ballast Water Management Convention established binding international standards in 2017, compliance
and enforcement remain inconsistent across flag states [8].

Due to their semi-enclosed nature, port environments are particularly vulnerable to the cumulative effects of
human activities [9]. Currently, the environmental impact assessment of port operations typically focuses on two
key domains: water quality and aquatic ecological integrity. Water quality assessment involves evaluating physical
and chemical parameters against specific regulatory criteria [10]. Conversely, ecological integrity assessment
involves dynamically monitoring biological elements to derive indices that reflect overall ecosystem health [11].
These two assessment domains are distinct yet mutually reinforcing: water quality focuses on resource utilization
and pollution prevention, while aquatic ecology emphasizes biodiversity and ecosystem resilience. The condition
of the aquatic environment directly influences aquatic habitats, just as the composition of aquatic communities reflects
long-term water quality conditions. Therefore, a comprehensive evaluation of port water bodies should integrate both
dimensions to support effective environmental management and sustainable port development [12,13].

Despite research on these impacts, the evaluation of water quality and ecological integrity is often conducted
separately. This separation results in incomplete diagnoses that do not meet the needs of modern port management.
Existing research often lists evaluation methods without providing a synthesis of their strengths and weaknesses.
This article aims to address this gap by reviewing existing methods and standards, analyzing the limitations of
each approach, identifying opportunities for integration, and proposing recommendations aligned with dual-carbon
policies and governance needs.

2. Methodology
2.1. Search Strategy

A systematic literature review was conducted following the PRISMA 2020 guidelines to identify and
synthesise prevailing standards, methodologies, and empirical findings relevant to port aquatic environment
assessment and management [14]. Three major academic databases were searched: Web of Science (WoS) Core
Collection, Scopus, and China National Knowledge Infrastructure (CNKI). The search strategy employed a
combination of Boolean operators with the following query structure, adapted for each database’s syntax: (“port”
OR “harbour” OR “harbor” OR “seaport” OR “marina”) AND (“water quality” OR “water pollution” OR “aquatic
environment” OR “ecological integrity” OR “ecological assessment” OR “biological integrity” OR
“environmental impact assessment”’) AND (“assessment” OR “evaluation” OR “monitoring” OR “standard” OR
“framework” OR “index”). Equivalent Chinese search terms were utilized for the CNKI database.

2.2. Selection Criteria

Studies were included if they met the following criteria: (1) focused on water quality assessment, ecological
integrity evaluation, or integrated environmental assessment in port, harbour, or adjacent coastal environments;
(2) described, evaluated, or proposed specific assessment methodologies, indices, or regulatory frameworks
applicable to port water management; (3) were peer-reviewed journal articles, official regulatory documents,
government reports, or international conventions; and (4) were published in English or Chinese. Exclusion criteria
comprised: (a) studies dealing exclusively with open-ocean or inland water bodies irrelevant to port environments;
(b) purely monitoring studies reporting raw data without methodological discussion; (c) conference abstracts,
editorials, and non-peer-reviewed grey literature; and (d) duplicate publications.

2.3. Screening Process and Results

The initial database searches yielded a total of 4276 records. After automated and manual removal of
duplicates across databases, 1914 unique records remained. Two independent reviewers screened all titles and
abstracts against the inclusion and exclusion criteria, with disagreements resolved through discussion. This
screening phase excluded 1701 records that were clearly outside the scope of this review. The remaining 213
records were retrieved for full-text assessment. Of these, 148 were excluded after full-text reading. An additional
12 relevant studies were identified through manual screening of reference lists of included articles and recent
reviews. The final review included 77 documents, 50 were published between 2020 and 2026, reflecting an
emphasis on the most recent literature.
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3. Impacts of Port Construction on Adjacent Aquatic Systems

The environmental impacts of ports on water quality and aquatic ecology are well documented, operating
through two principal pathways: degradation of water quality and disruption of ecological integrity. Port operations
generate substantial domestic sewage, industrial wastewater, and oily discharges, contributing to measurable
declines in water quality [15]. For example, high levels of Cd, Cr, Cu, and Pb were measured in the surface water
and sediment of Shanghai Port, exceeding marine water quality standards [16]. During port operations, emissions
of suspended solids, chemical oxygen demand (COD), total phosphorus, ammonia nitrogen, and petroleum
increase substantially relative to the construction phase [17]. Additionally, emerging contaminants such as
microplastics, pharmaceutical residues, and antifouling biocides have been found in port sediments at levels that
exceed ecological safety limits [18,19].

Regional data support these findings. According to the 2022 Shanghai Ecological Environment Status
Bulletin, the average COD concentration in seawater outside the Yangtze River estuary increased by 13.0%
compared to 2021 [20]. Similarly, single-factor evaluations at Tianjin Port found that levels of COD, oil, active
phosphate, and inorganic nitrogen were above recommended limits [21]. The discharge of ballast water also
changes the bacterial communities in port waters. Ballast water discharge has been found to lead to a dominance
of Bacteroidetes and Gamma-Proteobacteria [22]. Recent findings further suggest that specific microbial groups
act as key mediators of environmental change, reflecting the complex pollution dynamics within river basins and
coastal interfaces [23].

Port construction and operational activities also alter hydrodynamic conditions and shoreline resources,
disrupting aquatic habitats [24]. Large benthic communities are especially affected, with land reclamation and
ferry terminal operations diminishing invertebrate diversity, simplifying community structures, and reducing
secondary productivity [25,26]. Sediment disturbance caused by reclamation significantly changes the
composition of meiofaunal communities in subtidal habitats [27]. The combined effects of ballast water and human
activities put pressure on microbial communities, leading to eutrophication, heavy metal accumulation, and the
spread of pathogens [28]. Invasive species introduced from biofouling and ballast water make up 60-90% of
invasive aquatic organisms in receiving waters [7]. Therefore, an integrated assessment framework is needed to
manage these impacts (Figure 1).
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Figure 1. Schematic diagram of pollution pathways from port operations to aquatic systems.
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4. Water Quality Assessment
4.1. Regulatory Frameworks

Many countries employ legislative frameworks to assess port water quality through functional zone
classification. In China, the Environmental Quality Standards for Surface Water (GB 3838-2002), the Sea Water
Quality Standard (GB 3097-1997), and the Technical Specification for Surface Water Environmental Quality
Monitoring (HJ 91.2-2022) provide the primary national basis for single-factor evaluation [10,29,30]. Other
specific guidelines include the Environmental Impact Assessment Specification for Port Construction Projects
(JTS 105-1-2011) and its updated version (JTS/T 105-2021), which cover hydrodynamic conditions, sediment,
and groundwater [31,32]. The Technical Points for EIA of Port Master Plans also provides rules for managing oily
sewage and calculating total pollutant discharges [33].

Internationally, the US Clean Water Act(CWA) regulates the discharge of pollutants and sets surface water
standards for conventional and toxic substances [34]. Japan uses the Environmental Basic Law and the Water
Pollution Prevention and Control Law to monitor health and environmental indicators in nearshore waters [35,36].
The EU Water Framework Directive (WFD) is a comprehensive system that evaluates the ecological status of
water based on chemical, biological, and hydromorphological factors [37]. A comparison shows that while Chinese
standards focus on physicochemical parameters and COD thresholds, the EU WFD integrates biological elements,
and the US CWA focuses on technology-based effluent limits [37,38]. These differences can make it difficult to
compare port environments across different regions. The relevant standards and evaluation indicators for port
water environment management are shown in Table 1.

Table 1. Relevant standards and evaluation indicators for port water environment management.

Relevant Standards Evaluation Indicators

Water temperature, pH, DO, permanganate index, COD, five-day

biochemical oxygen demand, ammonia nitrogen, total nitrogen

Total phosphorus, petroleum, volatile phenols, cyanides, heavy metals, etc

The generation and discharge of port domestic and production

Technical Points for Environmental Impact wastewater, ship wastewater, estimation of oily wastewater, tank washing

Assessment of Port Overall Planning (2012) water, tank washing water and other wastewater, and calculation of the
total discharge of characteristic pollutants such as COD and petroleum

Environmental quality standards for surface water
(GB 3838-2002)

Specifications for Environmental Impact
Assessment of Port and Waterway Engineering
(JTS/T 105-2021)

Hydrodynamic environment, erosion and deposition environment, water
quality environment, sediment environment, groundwater environment

Technical Guidelines for the Preparation of Sewage collection and management rate, sewage standard treatment rate,

Regional Assessment (Environmental Impact) proportion of sea discharge outlet treatment, water quality standard rate of

Report (Trial Implementation) surface water and groundwater environmental functional zones
Biochemical oxygen demand, total suspended solids, Escherichia coli,

US Clean Water Act total phosphorus, total nitrogen, pathogenic microorganisms and other

conventional and toxic pollutants

Priority pollutants mainly composed of chemical pesticides, heavy metals,
EU Water Framework Directive and environmental hormones, as well as priority hazardous substances
mainly composed of POPs
27 health items including cadmium and total cyanide; 13 living
environment projects including BOD and COD; Necessary monitoring
items such as trichloromethane and phenol

Japan Environmental Basic Law / Water Pollution
Prevention and Control Law

Various methods are employed to evaluate port water quality. Single-factor evaluation involves monitoring
individual physicochemical parameters against specific criteria to identify water quality classes [39,40]. The
pollution index method calculates sub-indices by comparing results with standard values and statistically combines
them into an overall water pollution index [39]. Fuzzy comprehensive evaluation applies membership function
theory to assess each parameter’s probability of meeting a given quality standard, accommodating inherent
uncertainty in water quality classification [41].

Moreover, constructing evaluation models has become prevalent in assessing port water quality. For instance,
an EW-GRA-TOPSIS model integrating conventional physicochemical factors has been developed to evaluate
seawater quality in port waters [42]. Another proposed evaluation method is based on improved grey relational
analysis and a particle swarm optimisation multi-class support vector machine [43]. The DPSIR model has also
been applied to evaluate port water quality, proposing indicators that include sensitive water area characteristics,
pollution source trends, and sewage treatment rates [44,45]. Furthermore, the Delphi method and Analytic
Hierarchy Process have been utilized to identify factors influencing waterway water quality across natural, socio-
cultural, physical, and management dimensions [46]. More recently, machine-learning approaches—including
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random forests, support vector machines, and neural networks—are increasingly applied to water quality
classification and prediction, showing promise for real-time port water monitoring [47,48].

Overall, current assessments of port aquatic environments have integrated hydrological morphology and
pollutant evaluation indicators alongside conventional physical and chemical measures. There has been increased
focus on understanding pollution from human activities, particularly sewage discharge from port ships. Evaluation
methods have evolved from single-factor assessments to combining multiple methodologies, reflecting a more
comprehensive approach to safeguarding water quality.

4.2. Limitations of Current Port Water Environment Assessment

Various methods are used to evaluate port water quality, each with certain strengths and weaknesses. The
widely used single-factor evaluation method, while straightforward in calculation, tends to reflect only the most
severely polluted parameters, failing to capture overall pollution trends and changing water quality
characteristics [49]. The pollution index evaluation method offers quantitative descriptions and qualitative
comparisons over time or between water bodies, but it lacks standardization across different indices and between
index grades and environmental quality standards, impairing cross-study comparability [50]. The fuzzy
comprehensive evaluation method integrates various factors but is computationally complex and may obscure
primary pollution drivers, hindering the comparison of evaluation results across different water samples [41]. The
grey relational evaluation model handles small-sample data and explores interrelationships between indicators, but
it introduces subjectivity and uncertainty in setting indicator weights and membership degrees [43].

Among model-based approaches, the DPSIR framework categorizes and grades indicators logically and
systematically. However, its linear causal approach oversimplifies complex realities and reflects a traditional
responsive environmental protection concept [44,45]. The EW-GRA-TOPSIS model uses entropy weighting to
calculate objective weights, but it ignores the subjective preferences of decision-makers, which can lead to
discrepancies between weighted values and real-world priorities [42]. The Delphi-AHP method involves structured
expert input, but the independence of expert opinions can introduce subjective biases [43].

A critical shared deficiency among these methodologies is their almost exclusive focus on physicochemical
parameters, which leads to incomplete environmental assessments. This methodological narrowness is problematic
for three reasons: (i) chemical concentrations reflect only instantaneous pollution loads, whereas biological
communities integrate exposure over time, providing a more ecologically meaningful signal of cumulative stress;
(i) aquatic ecosystems possess inherent self-regulatory capacity—relatively minor or transient chemical
perturbations may produce detectable biological responses before exceeding physicochemical thresholds; and (iii)
port-specific pollutants such as petroleum hydrocarbons, heavy metals, and antifouling biocides exert sublethal
biological effects that are invisible to conventional chemical monitoring but detectable through bioassays and
ecological integrity indices [12]. Relying solely on these chemical-based evaluation systems creates significant
economic risks. Because these methodologies fail to detect long-term ecological degradation or sublethal toxicity,
the resulting environmental diagnosis is often incomplete. Such an incomplete diagnosis can lead to delayed or
ineffective management responses, which in turn result in fishery closures, high remediation expenditures, and
damage to port reputation [51,52]. Therefore, adopting an integrated evaluation methodology that includes
biological elements is a more cost-effective long-term strategy. Analyzing changes in the species composition,
abundance, and physiological behaviors of aquatic organisms provides insights into ecological risks that chemical
methods miss, offering a more comprehensive evaluation grounded in ecosystem properties (Table 2).
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Table 2. Common methods for evaluating the water environment of ports.

Evaluation Method Usage Scenario Evaluating Indicator Advantage Disadvantage The Benefits of Integrating with Aquatic Ecology
Incorporating ecosystem factors into evaluations
allows for a comprehensive assessment of various
.Co_nventlonal physical and chemical Unable to reflect the overall pollution 1nﬂuenges and the broade_r ecological 1mpacts of
indicators such as water temperature, . . . . N . pollution through material flow analysis. For
. identify water quality categories situation and changing . . i L
pH, dissolved oxygen, fecal characteristics of water qualit instance, focusing on algae can mitigate limitations
coliforms, harmful substances, etc. quatity associated with momentary conditions and provide
insights into long-term changes in water quality and
biological conditions.

Single factor

. Ri lit luati
evaluation method iver water quality evaluation

It can quantitatively describe and

oo Analyzing the pollution index from an ecosystem
L qualitatively evaluate overall o >
. Based on the evaluation indicators . L Lack of comparability between perspective enables not only the assessment of
Pollution Index . . . . water quality, providing an easy- .. R . . . . .
. River water quality evaluation in the Surface Water different indices, index grading, and  environmental pollution but also a deeper analysis
Evaluation Method . . to-calculate method for - . . - .
Environmental Quality Standards . - environmental quality standards  of inherent ecosystem properties, thereby enhancing
comparing pollution statuses ;
. . the accuracy of evaluation results.
across water bodies over time.
The evaluation process is relatively
. . complex, lacks operability, and Ecosystems can stabilize water environments
Suitable for evaluating and . . . S ; . L
- . Integrating various evaluation struggles to pinpoint the primary through their regulatory effects, maintaining a
making decisions on L . : T . . g
. . Based on the evaluation indicators ~ factors to assess water quality  pollution factors. This limitation may relatively stable state. Aquatic ecosystems exhibit
Fuzzy environmental water quality,

evaluation method oundwater resources. urban in the Surface Water enables the determination of ~ obscure the impact of pollutants that  corresponding ecological responses under varying
gwa ter resources. and ;vater Environmental Quality Standards each factor’s likelihood of  pose significant threats to human health hydrological conditions, which can be reflected in
environr;lent meeting quality standards. and the ecological environment, and water quality assessments using biological

hinders the comparison of evaluation =~ monitoring indicators in ecological assessments
results across different water samples.

The calculation method is
simple, does not require a large

. . Based on the evaluation indicators amount of sample data, makes it There is subjectivity and uncertainty in
Grey correlation Water quality assessment of . . . L .
. : in the Surface Water easier to explore the the setting of indicator weights and
evaluation model rivers and lakes . . . . : . .
Environmental Quality Standards interrelationships between interval membership degrees

indicators, and can handle
incomplete information

Sewage discharge per 10000 tons

Mainly used for decision- throughput, annual dls.charge of )
. . .. water pollutants, per capita domestic
making and implementation in . . . .
. sewage discharge, water quality This method classifies and . . s
water, marine resources, . L .. The linear causal relationship in this
DPSIR . compliance rate of water grades the indicator system, with e L
coastal organisms, . . . - model simplifies the actual situation
. . environment functional zones, strong logic and systematicity
soil, and environmental .
. sewage treatment and compliance
management science .
discharge rate, urban sewage . s . . .
pipe acceptance rate The selection of indicators is more logical, which
—— — - - — — i 11 fi
Evaluation indicators for salinity, ~This evaluation model employs ~ Decision makers have subjective Sa:; tsait;lr;e a;SviC;:rtsr;E s:r;l; iﬁ?é:ﬁ:;gog“;sn dor
Evaluate the ecological suspended solids, dissolved oxygen, the entropy weight method to preferences when assigning importance facilitates i_l utual su ogrt throueh com a’risons
EW-GRA-TOPSIS . & chemical oxygen demand, calculate weights, effectively to evaluation indicators, which can lead pp & P ’
quality status of port waters . e T ’ .. L .
inorganic nitrogen, utilizing actual data to determine  to deviations in indicator weights
active phosphate, petroleum, etc. precise weight values. from actual circumstances.
Widely used in fields such as

. . Four primary indicators: natural
prediction, risk assessment, P Y

. - Each expert’s opinion is When determining the weight of
. L environment, socio-cultural, . L. LS
Delphi -AHP decision support, . . independent and not evaluation indicators, it will be
. . physical environment, . . L
technical evaluation, and influenced by each other influenced by subjective factors
and management factors

expert opinion solicitation
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5. Aquatic Ecological Integrity Assessment
5.1. Assessment Standards and Tools

The evaluation of aquatic ecological integrity in port waters currently relies on methodologies developed for
general aquatic environments, as few specific indicators have been tailored for the unique conditions of port systems.
The Index of Biological Integrity (IBI) remains the most widely endorsed approach, integrating metrics such as
taxonomic composition, species richness, and individual health to measure ecosystem condition relative to undisturbed
reference sites [53]. This method is widely applied across various watersheds, such as in the EPA Rapid Biological
Assessment Program in the United States [54]. In China, the Guidelines for Environmental Impact Assessment of Water
Transport Engineering Construction Projects (JTS/T 105-2021) categorise aquatic ecology evaluations into rivers, lakes,
and marine environments [32]. These guidelines are supported by the Chinese Technical Guidelines for Evaluating
Water Ecological Carrying Capacity, which utilize sub-indicators such as the aquatic habitat index and the aquatic
organism index to assess shoreline vegetation, connectivity, and the integrity of fish, algae, and benthic communities.

The EU Water Framework Directive (WFD) evaluates ecological status through a combination of biological,
hydromorphological, and physicochemical elements [55]. This framework is complemented by the Marine
Strategy Framework Directive (MSFD; 2008/56/EC), which addresses biodiversity, non-indigenous species, and
seafloor integrity in marine systems [56]. In recent years, several countries have introduced standards and
regulations specifically for assessing port aquatic ecology. China’s Environmental Impact Assessment
Specification for Port Construction Projects (JTS 105-1-2011) highlights the importance of evaluating ecological
status based on port type, with indicators encompassing biomass, population, productivity, diversity of aquatic
plants, plankton, swimming animals, fish, protected species, and intertidal and benthic organisms [31]. The
European Sea Ports Organisation (ESPO) initiated the Eco-Ports Programme, concentrating on indicators spanning
port environment, biology, management, and economic benefit dimensions [57].

Researchers have also developed innovative port-specific approaches. A holistic port environmental condition
index was established to characterize benthic habitat conditions in Canadian port communities, utilizing remote
sensing to evaluate coastal vegetation distribution [S1]. Comprehensive approaches combining non-biological and
biological data have been adopted to assess the ecological status of ports in the southern Iberian Peninsula [58].
Furthermore, a semi-quantitative global harbour environmental risk mapping method has been proposed [52]. The
ecological status of Mediterranean ports has been compared using the benthic macrofauna index from the WFD [59].
More recently, a multi-metric ecological quality index specifically calibrated for Mediterranean port environments
was developed, representing an important advance in port-specific assessment tools [60].

A range of methodological approaches has been applied to assess ecological integrity. Beyond the IBI, the
River Invertebrate Prediction and Classification System (RIVPACS) compares observed to expected
macroinvertebrate communities as a measure of ecological departure from reference conditions [61]. The AZTI
Marine Biotic Index (AMBI) assesses soft-bottom benthic community composition across ecological groups
ranging from sensitive to opportunistic taxa, and it has been widely applied in European port assessments [62].
Composite frameworks such as the Pressure-State-Response (PSR) model, the DPSIR model, and the more recent
SPIR hybrid provide structured approaches for integrating multiple indicator types [63,64]. Additionally, the EW-
GRA-TOPSIS model applies objective entropy-based weighting to marine biological indicators—including
phytoplankton diversity and abundance, zooplankton diversity and abundance, and benthic biodiversity and
abundance—for port sea area ecological quality assessment [42].

Currently, countries evaluate port water ecological quality by adapting assessments from broader water body
evaluations, focusing on indicators such as port environment, biology, and habitat. Evaluation methods have
evolved from single indicator assessments to comprehensive evaluations considering both biological and habitat
conditions. The selection of evaluation indicators remains flexible, tailored to the specific environmental
characteristics of each port (Table 3).

Table 3. Relevant standards and evaluation indicators for port water ecological management.

Relevant Standards Evaluation Indicators

The biomass, population, productivity, diversity of aquatic plants, plankton,
swimming animals and fish, as well as protected species, and intertidal

and benthic organisms

Coastal vegetation coverage, water area index, river connectivity, ecological rapids
protection rate, fish integrity index, algae integrity index, and large benthic animal
integrity index

Assess the scope and degree of impact of each operational stage of the port on
protected species and fishery resources, as well as the scope and degree of impact of
land occupation on animals, protected species, and habitats

Specifications for Environmental Impact
Assessment of Port Engineering (JTS105-1-2011).

Technical guidelines for hydro-ecological carrying
capacity evaluation

EIA of Port and Waterway Engineering
(JTS/T 105-2021)
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Table 3. Cont.

Relevant Standards Evaluation Indicators
EU MSFD (2008/56/EC) 11 descrlptors:.blodlver51ty, non-indigenous species, food webs, eutrophication,
seafloor integrity, etc.
US Clean Water Act/EPA Rapid Biological Assessment  Biological habitats, species diversity, and ecosystem services

5.2. Limitations of Current Methods for Assessing Ecological Integrity in Port Waters

Evaluating aquatic ecological integrity presents several ongoing challenges related to methodological sensitivity,
data collection, and analytical subjectivity. The Index of Biological Integrity (IBI) provides valuable insights into the
diversity of biological groups, but its sensitivity to environmental changes varies considerably. Natural variations across
watersheds can lead to inconsistencies in evaluations, necessitating the careful selection of indicator species, parameters,
and standards appropriate for local environmental conditions [11]. This reference condition problem is particularly acute
for ports located in estuarine transition zones. In these areas, heavily urbanized settings make truly undisturbed reference
sites unavailable, and natural abiotic variability confounds biological signal detection [65]. Consequently, IBI metrics
developed for pristine riverine conditions may produce systematically biased results when applied to port environments
without recalibration [66].

Establishing critical indicator values based on local conditions is crucial but requires high technical expertise.
While this process ensures accurate assessments of aquatic ecology, the absence of standardized protocols for
determining local thresholds creates inconsistency across studies and regions [12]. For example, the European
intercalibration exercise under the Water Framework Directive has attempted to harmonize ecological status boundaries
across member states, but substantial methodological diversity persists [55,66]. Furthermore, assessing aquatic
ecological integrity demands strict adherence to monitoring schedules and robust data collection, relying heavily on
comprehensive baseline data and consistent reference conditions, which can pose logistical challenges [67]. The
temporal resolution of most ecological assessments is also frequently inadequate. Port ecological conditions vary
seasonally and in response to episodic events like storm runoff and vessel accidents, yet most assessments are
conducted at annual or biennial intervals. This sampling frequency is insufficient to detect transient perturbations
or early-warning signals of ecosystem regime shifts [51,68].

The selection of monitoring taxa introduces inherent trade-offs among ecological sensitivity, taxonomic
expertise requirements, and practical costs [66]. While benthic invertebrates are effective for assessing specific
environmental types, their utility may be limited if changes in other species are not adequately reflected, potentially
leading to incomplete assessments of port aquatic environments [61]. Benthic macroinvertebrates are widely used
owing to their sedentary lifestyle and well-characterized pollution tolerance spectra, but they may miss impacts
primarily expressed through pelagic or epibenthic communities [65]. Fish-based metrics are more visible to
stakeholders but require greater survey effort and are subject to migratory variability [53]. Similarly, the AZTI
Marine Biotic Index (AMBI), while efficient for soft-bottom marine environments, requires regional calibration
and has limited applicability outside European contexts [62,69].

When developing evaluation models for aquatic ecological integrity, the selection of indicators and the
determination of their weights are often influenced by subjective factors. Various comprehensive models have been
developed to evaluate ecological security and adaptability, including the Pressure-State-Response (PSR) model
integrated with the Analytic Hierarchy Process (AHP), the Entropy Weight-Grey Relational Analysis-TOPSIS (EW-
GRA-TOPSIS) model, and the System-Pressure-Impact-Response (SPIR) model for waterway engineering [42,63,70].
While these models encompass indicators related to humanities, society, and nature, they often lack consideration of
the response relationships between environmental factors and ecosystems [13]. The assignment of weights through
AHP or expert elicitation introduces bias that can lead to divergence between modeled assessments and observed
ecological conditions. Quantitative approaches such as EW-GRA-TOPSIS mitigate this subjectivity to some extent
but introduce their own assumptions about the linearity and independence of indicator contributions [42].

From an economic standpoint, aquatic ecological integrity assessments are generally more resource-intensive
than water quality monitoring, as they involve multi-taxon sampling, laboratory processing, and expert
identification [51,52]. This cost differential can discourage port operators from voluntarily adopting integrated
biological monitoring. Policy mechanisms, such as the EU WFD’s binding ecological status classification
requirements or the ESPO Eco-Ports voluntary certification scheme, are important drivers for adoption and should
be considered in national regulatory design [55,71]. Future approaches to assessing aquatic ecosystem integrity
should integrate water quality assessment methods, analyze interactions between environmental factors and
selected monitoring targets, evaluate the impacts of diverse environments on aquatic biological communities and
shoreline ecosystems, and assess organismal performance in varied environments to enhance monitoring indicators
and standard systems [12] (Table 4).
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Table 4. Common methods for evaluating the integrity of port water ecosystems.
Method Scenario Evaluating Indicator Advantages Limitations Integration Benefits with Water Quality
Environmental Context and Organism Selection:
. B hensively reflecti Th i tal back: ignificantl
Number of fish species, resource y comprehensively reflecting . . [he environmenta bac ground significantly
. . the biological status of water ~ The response relationship influences species selection. Ignoring water
abundance, dominant families, . . . . .
o . bodies through multiple between this method and environment background values when selecting
nutritional structure, proportion of | . . X . . . . .
. . . biological parameters, it better environmental factors is weak, organisms may unfairly bias assessments towards
adult fish, composition of invasive . . . . PSR .
Evaluate the health . . . illustrates the advantages and ~ and the impact of certain ~ species thriving in highly polluted environments.
. alien species, fish status index; Key . s . . .
status of river, lake . . disadvantages of water natural or human activities on Water Environment Quality Evaluation: Conduct
IBI protected species and regional . . . L . . I .
and wetland . . . environmental conditions. This aquatic biological groups is qualitative and quantitative analyses of water
representative species composition e . . . . . ..
water ecosystem : . approach intuitively reflects  difficult to quantify; Need to  pollution to assess its quality. By examining the
important species index; Water L. . . . o . . . .
o . . the diversity and integrity of determine reasonable indicator interrelationships between water environment
connectivity, shoreline hardening, and . . . . . .
. . different functional groups or species, evaluation parameters, disturbances and the reproduction and
habitat condition index of fishery .. P . o . . .
. .\ communities within and evaluation criteria development of aquatic organisms, one can gain
water quality composition . . .
the water bodies. deeper insights into ecosystem health and
resilience.
Taking into account the environmental background
. . . . Can analyze the overall quality It is necessary to determine the helps accurately portray the pollution status within
Diagnostic Analyze the overall River hydrology, morphological Yz M quality It 1 Y ! P urate’y p y the poiu us wi

of the watershed and critical values of indicators in
the trend of environmental

quality changes

indicators for  quality or functional characteristics, riparian conditions,

watershed health level of the watershed water quality, and aquatic organisms ; ..
environmental conditions

a timely manner based on local

the watershed. Coupled with detailed analysis of
water pollution, this approach allows for the

identification of patterns in pollutant migration and

transformation over time.

Physical and chemical quality This evaluation method
elements of water bodies; Biological requires a rigorous integration
quality factors, including: composition  of physical and chemical
and quantity of phytoplankton, evaluation outcomes with

There is a strong subjectivity

Evaluate the and a lack of quantitative

Combining environmental factors for analysis can

reflect the long-term cumulative effect of human

WFD . ccological . composition and quantity of large biological findings. Itis a Judgment bas}ls, Th.e ACCUTACY 3 terference on habitat destruction and predict the
environment quality . o . of its evaluation is influenced . . .
. benthic invertebrates, composition, comprehensive approach that . harmful biological effects under multiple
of water bodies . . . by the amount of basic data .
quantity, and age structure of fish;  considers multiple factors to " pollution stresses
. . . and reference conditions
Quality elements of provide a holistic assessment
hydrological morphology of the environment.
. . Water environment quality assessment evaluates
Using benthic invertebrates as . quaity ass
> . . pollution levels caused by environmental factors
monitoring objects simplifies X . .
. o affecting water quality. It examines how these
the selection of indicators. . .
Can accurately evaluate . factors relate to selected monitoring objects, such
Evaluate the health Biodiversity and functional specific types of environments; However, if the health of the as aquatic biological communities, and analyzes
RIVPACS y P yp > river is damaged and reflected d g ’ Y

Can be used for long-term
monitoring and evaluation

status of rivers monitoring of large invertebrates

only in changes to other
species, it may not accurately
reflect the true condition
of the river.

relationships and differences among ecological
indicators, such as species, across various
environmental gradients. This analysis aids in
understanding the performance of environmental
organisms under varying conditions.
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Table 4. Cont.
Method Scenario Evaluating Indicator Advantages Limitations Integration Benefits with Water Quality
Beginning with the mutual
influence and correlation
between social development
Annual wastewater discharge, annual and the natural environment,
total industrial wastewater discharge, accurately reflecting the
Evaluate ecological total COD discharge in 1I}du§tr1a1 1nterrelat%onsh1ps among water . . ted scope of use; When
. wastewater, annual ammonia nitrogen  ecological security factors . .
environment ) L . . . . using the AHP method, there is
. discharge in industrial wastewater, involves integrating the o
protection, natural . e - Lo less quantitative data and more
PSR e agricultural fertilizer and pesticide ~ Analytic Hierarchy Process .
resource utilization, . . qualitative components,
. use, annual total water consumption, (AHP) and Entropy Weight R
and sustainable . making it difficult to
surface water and groundwater Method (EWM). This >
development . . o o convince people
resources, water use qualification rate approach mitigates subjective
in water functional areas, and soil ~ preferences and addresses the
erosion control in the region limitations of EWM caused by
data bias in dependent
variables, ensuring alignment
with actual situations. Evaluating the integrity of aquatic ecosystems
Simplified methods for ~ based on the construction of evaluation models can
The primary indicator is marine Avoiding the subjectivity of determining evaluation level  save time and cost to a certain extent, obtain a
organisms, and the secondary data, being able to draw the intervals can influence the ~ broader amount of information, and support each
indicators include phytoplankton comprehensive impact of evaluation results to some other through comparison
Evaluate the . . S - -
EW-GRA- . . diversity index, phytoplankton ~ multiple influencing indicators, extent. Additionally, decision
ecological quality L L . AR
TOPSIS abundance, zooplankton diversity  determining indicator weights makers’ subjective preferences
status of port waters . . D . R
index, zooplankton abundance, through objective weighting  in assigning importance to
benthic biodiversity index, and benthic methods, and avoiding bias evaluation indicators may lead
animal abundance caused by human factors to deviations in indicator
weights from actual situations.
Selecting water flow and river
Ecological and COI.meC.tlvny as hydrological . Ability to systematically L .
. . evaluation indicators; comprehensive o There is still a certain
environmental impact o . analyze and quantitatively Lo .
water quality index, suspended solids . subjectivity in the selection of
assessment of the . . . evaluate the ecological effects .. .
. concentration, and sediment quality as . indicators and the formulation
SPIR Yangtze River generated after taking - -
of standards, which can bring

environmental indicators; species
diversity as a biological indicator; and
bank slope form, riparian zone status,
beach surface status, and river status
as habitat indicators.

measures in engineering
design, construction, and
operation processes

downstream
navigation
channel project

uncertainty to the
evaluation results
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6. Towards an Integrated Assessment Framework
6.1. The Case for Integration

Individual assessments of water quality and aquatic ecological integrity, applied in isolation, are insufficient to
characterize the complex environmental impacts of port operations. The two assessment domains are mutually dependent.
Water quality conditions fundamentally constrain ecological outcomes, while biological community composition
provides information on cumulative and chronic stressor effects that chemistry alone cannot capture [12,13]. The benefits
of integration operate bidirectionally. Incorporating biological indicators into water quality assessment enables the
evaluation of long-term pollutant trends and chronic exposure effects, which mitigates instantaneous-condition
bias. Conversely, incorporating water quality data into aquatic ecological integrity assessment provides an
environmental baseline context, supports dose-response characterization, and enables a more accurate
interpretation of biotic index scores under high natural variability.

A key advantage of technical integration relates to algae-based monitoring. Evaluating algal community
composition can mitigate instantaneous condition biases and provide insights into long-term water and biological
conditions [19]. Invertebrates and plankton used in ecological assessments possess high diversity and sensitivity
to environmental factors, playing vital roles in material cycling and energy flow. Changes in their population
numbers indicate water quality conditions and the pace of species community disruption and recovery. These
processes are inherently gradual and invisible to chemical snapshot monitoring.

6.2. Invasive Species as a Cross-Cutting Challenge

Ports serve as primary gateways for non-native species through biofouling and ballast water discharge.
Species introduced via these pathways account for 60-90% of invasive aquatic organisms globally [7]. The
ecological impacts range from individual-level stress to population declines, local extinctions, and the restructuring
of community composition [72]. The economic costs are substantial. Biological invasions facilitated by shipping
impose measurable ecological, economic, and health damages, including fishery losses, elevated maintenance
costs, and public health risks from pathogens such as Vibrio cholerae [73,74].

Current assessment frameworks are poorly equipped to detect early-stage invasions. Conventional
physicochemical monitoring provides no information on biological community composition, while ecological
assessments conducted at annual intervals may lag invasion events by years. Therefore, future port assessment
systems should incorporate environmental DNA (eDNA) metabarcoding as a complementary early-warning tool
for invasive species detection [75,76].

6.3. Role in Global Climate Mitigation and Carbon Neutrality

The integration of water quality and aquatic ecological integrity assessments aligns with international climate
agreements and global targets for achieving carbon neutrality. Aquatic ecosystems function as vital carbon
reservoirs, and changes in their structure driven by port pollution and infrastructure development can significantly
alter net carbon fluxes [77]. Evaluating aquatic ecological integrity is therefore essential for quantifying and
preserving the carbon sequestration and cycling capacity of port waters [78]. Such integration supports
international maritime initiatives, including the International Maritime Organization (IMO) 2023 Strategy on the
Reduction of GHG Emissions from Ships, which seeks a pathway toward net-zero emissions [79]. Monitoring the
relationship between pollutant concentrations and biological health helps clarify how environmental management
influences carbon emission patterns, providing a scientific basis for integrated strategies that simultaneously reduce
pollution and mitigate carbon emissions [80]. A comprehensive evaluation system encompassing both dimensions is
necessary to optimize the carbon balance and enhance the overall sustainability of port-influenced systems.

6.4. Future Recommendations

Based on the critical analysis presented in this review, several priority actions are recommended to improve
port environmental management. First, port-specific integrated assessment standards should be developed because
existing frameworks were not designed for the semi-enclosed, multi-stressor environments of commercial ports.
Dedicated standards should couple physicochemical thresholds with biological integrity indices and address port-
specific reference condition challenges. Second, a tiered, risk-based monitoring approach should be adopted. This
approach involves routine physicochemical monitoring for regulatory compliance, periodic biological status
assessments using multi-taxon biological indices at least biannually, and intensive assessments triggered by major
pollution events or invasive species alerts. Third, emerging molecular and remote sensing tools should be
integrated. Environmental DNA metabarcoding enables rapid, cost-effective biodiversity assessment without
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physical specimen collection [75]. Additionally, satellite remote sensing can monitor large-scale changes in water
color, turbidity, and coastal vegetation at intervals impractical for field monitoring [81]. Fourth, the economic
valuation of port environmental impacts should be standardized. Adopting ecosystem service valuation
methodologies would enable cost-benefit analyses of monitoring investments and support evidence-based policy
decisions. Fifth, international coordination should be strengthened. Divergent national frameworks limit cross-
border comparability, so an international port ecological assessment standard coordinated by the International
Maritime Organization, building on the EU Water Framework Directive model, would advance global port
environmental governance. Finally, data fragmentation must be addressed. The development of open, interoperable
port environmental data platforms aligned with FAIR (Findable, Accessible, Interoperable, Reusable) principles
would accelerate research and enable meta-analyses of global port environmental trends.

7. Conclusions

This review has systematically examined global standards and methodologies for port water quality
assessment and aquatic ecological integrity evaluation. Both domains have evolved from single-indicator to
comprehensive multi-criteria systems, but they remain poorly integrated in practice, producing partial
environmental diagnoses inadequate for holistic port management. A critical analysis reveals that physicochemical
water quality monitoring is limited by its inability to capture cumulative biological effects, while aquatic ecological
integrity assessments suffer from reference condition challenges, temporal resolution constraints, and indicator
weighting subjectivity. Each domain’s weaknesses are substantially addressable through integration with the other.
Furthermore, invasive species represent a cross-cutting challenge inadequately addressed by existing assessment
domains. Future frameworks must incorporate biological surveillance tools such as eDNA metabarcoding.
Alignment with dual-carbon policy goals provides additional rationale for an integrated assessment approach. The
recommendations proposed in this review—port-specific standards, tiered monitoring, molecular and remote
sensing tools, economic valuation, international coordination, and data infrastructure—provide a roadmap for
advancing port environmental assessment into a more comprehensive and effective era.

Author Contributions

J.F.: conceptualization, methodology, writing—original draft preparation; X.Y.: data curation, investigation,
writing—original draft preparation; Y.K.: visualization, formal analysis; E.M.M.: writing—reviewing and editing;
L.W.: investigation, data curation; S.S.: validation; X.C.: formal analysis; G.W.: writing—reviewing and editing;
C.G.: conceptualization, project administration, supervision; J.X.: project administration, funding acquisition,
writing—reviewing and editing. All authors have read and agreed to the published version of the manuscript.

Funding

This research was funded by Jing-Jin-Ji Regional Integrated Environmental Improvement-National Science
and Technology Major Project of Ministry of Ecology and Environment of China, grant number 2025ZD1200805.
The APC was funded by Jing-Jin-Ji Regional Integrated Environmental Improvement-National Science and
Technology Major Project of Ministry of Ecology and Environment of China.

Institutional Review Board Statement

Not applicable.

Informed Consent Statement

Not applicable.

Data Availability Statement

No new data were created or analyzed in this study.

Conlflicts of Interest

The authors declare no conflict of interest.

https://doi.org/10.53941/eesus.2026.100018 277



Fan et al. Earth Environ. Sustain. 2026, 2(2), 266-280

Use of AI and AI-Assisted Technologies

During the preparation of this work, the authors used large language models to assist with English language

polishing, grammar correction, and improving the overall readability of the manuscript. After using this tool, the
authors reviewed and edited the content as needed and take full responsibility for the content of the published article.

References

1. 2022 China Shipping Development Report; Ministry of Transport of the PRC: Beijing, China, 2023.

2. United Nations Trade & Development (UNCTAD). Review of Maritime Transport 2025: Staying the Course in Turbulent
Waters; Stylus Publishing, LLC: Sterling, VA, USA, 2025.

3. Zhou, J; Li, Y.; Lyu, T.; et al. Environmental Determinants of Aquatic Plant Diversity Differ between Growth Forms and
Range Sizes. Ecol. Indic. 2023, 157, 111280.
Agarwala, N.; Saengsupavanich, C. Oceanic Environmental Impact in Seaports. Oceans 2023, 4, 360-380.
Ng, C.; Le, T.H.; Goh, S.G.; et al. A Comparison of Microbial Water Quality and Diversity for Ballast and Tropical Harbor
Waters. PLoS ONE 2015, 10, ¢0143123.

6. Ruiz, G.M.; Rawlings, T.K.; Dobbs, F.C.; et al. Global Spread of Microorganisms by Ships. Nature 2000, 408, 49-50.

7. Wan, Z.; Shi, Z.; Nie, A.; et al. Risk Assessment of Marine Invasive Species in Chinese Ports Introduced by the Global
Shipping Network. Mar. Pollut. Bull. 2021, 173, 112950.

8. Gollasch, S.; David, M. Ballast Water Management Convention Implementation Challenges. Ocean. Yearb. Online 2018, 32,
456-476.

9. Tempesti, J.; Langeneck, J.; Maltagliati, F.; et al. Macrobenthic Fouling Assemblages and NIS Success in a Mediterranean
Port: The Role of Use Destination. Mar. Pollut. Bull. 2020, 150, 110768.

10. GB 3838-2002; Environmental Quality Standards for Surface Water. Ministry of Ecology and Environment of the PRC:
Beijing, China, 2002.

11.  Cao, J.L.; Zhang, Y.H.; Zhang, J.; et al. Research Progress of Water Ecological Health Assessment at Home and Abroad. J.
Environ. Eng. Technol. 2022, 12, 1402-1410. (In Chinese)

12.  Borja, A.; Dauer, D.M.; Grémare, A. The Importance of Setting Targets and Reference Conditions in Assessing Marine
Ecosystem Quality. Ecol. Indic. 2012, 12, 1-7.

13.  Elliott, M. Marine Science and Management Means Tackling Exogenic Unmanaged Pressures and Endogenic Managed
Pressures—A Numbered Guide. Mar. Pollut. Bull. 2011, 62, 651-655.

14.  Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; et al. The PRISMA 2020 Statement: An Updated Guideline for Reporting
Systematic Reviews. BMJ 2021, 372, n71.

15.  Siroka, M.; Pili¢i¢, S.; Milogevié, T.; et al. A Novel Approach for Assessing the Ports’ Environmental Impacts in Real Time—
The IoT Based Port Environmental Index. Ecol. Indic. 2021, 120, 106949.

16.  Chen, J.; Zhang, H.; Xue, J.; et al. Study on Spatial Distribution, Potential Sources and Ecological Risk of Heavy Metals in
the Surface Water and Sediments at Shanghai Port, China. Mar. Pollut. Bull. 2022, 181, 113923.

17.  Teuchies, J.; Cox, T.J.; Van Itterbeeck, K.; et al. The Impact of Scrubber Discharge on the Water Quality in Estuaries and
Ports. Environ. Sci. Eur. 2020, 32, 103.

18.  Supe Tulcan, R.X.; Lu, X. Microplastics in Ports Worldwide: Environmental Concerns or Overestimated Pollution Levels?
Crit. Rev. Environ. Sci. Technol. 2024, 54, 1803—1826.

19. Ma, M.; Wu, Z.; An, L.; et al. Microplastics Transferring from Abiotic to Biotic in Aquatic Ecosystem: A Mini Review. Sci.
Total Environ. 2023, 893, 164686.

20. 2022 Report on the State of Ecology and Environment in Shanghai Municipality; Shanghai Municipal Bureau of Ecology and
Environment: Shanghai, China, 2023. (In Chinese)

21.  Sun, L.; Qi, B.; Zhang, W. An Analysis of the Environmental Pollution of a Specialized Coal Terminal in Tianjin Port. JOP
Conf. Ser. Earth Environ. Sci. 2021, 621, 012095.

22.  Kuchi, N.; Khandeparker, L.; Anil, A.C.; et al. Changes in the Bacterial Community in Port Waters during Ship’s Ballast
Water Discharge. Biol. Invasions 2023, 25, 1071-1086.

23. Li, X.; Zhang, Z.; Chen, D.; et al. Microbial Mediators of Environmental Change in the Yellow River Basin: Flavobacterium
and Pollution Dynamics during the Dry Season. Environ. Res. 2025, 124, 123509.

24.  Purushothaman, A.; Desai, D.V.; Anil, A.C. Implications of Benthic Ecological Quality in Structuring Macrobenthos
Community in a Tropical Monsoon Influenced Port, New Mangalore, India. Mar. Pollut. Bull. 2023, 187, 114532.

25.  Pitacco, V.; Mavri¢, B.; Lipej, L. A Preliminary Study of Soft Bottom Benthic Communities in an Area Affected by Intense
Maritime Traffic (Slovenian Sea, Northern Adriatic). Mar. Pollut. Bull. 2023, 188, 114672.

26. Zhang, M.; Liu, C.; Zhang, C.; et al. Response of Macrofaunal Assemblages to Different Pollution Pressures of Two Types of

Ports. Ecol. Indic. 2023, 146, 109858.

https://doi.org/10.53941/eesus.2026.100018 278



Fan et al. Earth Environ. Sustain. 2026, 2(2), 266-280

27.
28.

29.
30.

31
32.

33.

34.
35.

36.
37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.
54.

55.

56.

Sherman, K.M.; Coull, B.C. The Response of Meiofauna to Sediment Disturbance. J. Exp. Mar. Biol. Ecol. 1980, 46, 59-71.
Nogales, B.; Lanfranconi, M.P.; Pifia-Villalonga, J.M.; et al. Anthropogenic Perturbations in Marine Microbial Communities.
FEMS Microbiol. Rev. 2011, 35, 275-298.

GB 3097-1997; Sea Water Quality Standard. Ministry of Ecology and Environment of the PRC: Beijing, China, 1997.

HJ 91.2-2022; Technical Specification for Surface Water Environmental Quality Monitoring. Ministry of Ecology and
Environment of the PRC: Beijing, China, 2022.

JTS 105-1-2011; Specifications for EIA of Port Engineering. Ministry of Transport of the PRC: Beijing, China, 2011.

JTS/T 105-2021; Specifications for EIA of Port and Waterway Engineering. Ministry of Transport of the PRC: Beijing,
China, 2021.

Technical Points for EIA of Port Master Plan; Ministry of Ecology and Environment of the PRC; Ministry of Transport:
Beijing, China, 2022.

Sheaffer, J.R. Clean Water Act. Environment 1993, 35, 44.

Seta, M. Japanese Law and Policy on Marine. In Implementation of the United Nations Convention on the Law of the Sea:
State Practice of China and Japan; Springer Singapore: 2021; p. 179.

Environmental Basic Law; Ministry of the Environment: Tokyo, Japan, 1993.

Brack, W.; Dulio, V.; Agerstrand, M.; et al. Towards the Review of the European Union Water Framework Management of
Chemical Contamination in European Surface Water Resources. Sci. Total Environ. 2017, 576, 720-7377.

Makowsky, K.G. The Right to Clean Water: An Analysis of the Clean Water Act and the Safe Drinking Water Act and a
Proposal for Water Regulation Reform. Loy. J. Pub. Int. L. 2023, 25, 63.

Deng, J.M. Water Quality Level Index (WLI) and Its Application in Water Quality Assessment and Early Warning in Coastal
Areas of Southern Guangxi. Yangtze River 2021, 52, 18-24. (In Chinese)

Qiao, Z.; He, B.H.; Li, T.Y ; et al. Comprehensive Assessment of Water Quality in Hanfeng Lake Using Multivariate Analysis.
J. Agric. Resour. Environ. 2020, 32, 1-12. (In Chinese)

Cui, Y.; Xie, S.Y; Liu, F.; et al. Fuzzy Evaluation of Sustainable Utilisation of Water Resources in Chongqing. J. Southwest
Univ. 2017, 39, 115-123. (In Chinese)

Lang, K.; Gu, L.; Chen, Z.; et al. Ecological Quality Status Evaluation of Port Sea Areas Based on EW-GRA-TOPSIS Model.
Sustainability 2023, 15, 8809.

Gai, R.; Guo, Z. A Water Quality Assessment Method Based on an Improved Grey Relational Analysis and Particle Swarm
Optimization Multi-Classification Support Vector Machine. Front. Plant Sci. 2023, 14, 1099668.

Zhang, L.G.; Zhang, Y.L.; Cheng, J.X_; et al. Study on environmental impact assessment index system of port master plans.
J. Environ. Eng. Technol. 2022, 12, 1809-1816.

Li, C.Y.; Hu, C.Y.; Chen, Y.S.; et al. Application of the DPSIR model in marine ecological environmental assessment. Water
Policy 2025, 27, 579-595.

Marselina, M.; Afifa, R.; Wulandari, S. Integrating analytical hierarchy process and Delphi technique in enhancing water
quality assessment: Development of a tailored water quality index for the Upper Citarum River, West Java, Indonesia. Environ.
Monit. Assess. 2025, 197, 708.

Wang, J.; Xue, B.; Wang, Y_; et al. Identification of Pollution Source and Prediction of Water Quality Based on Deep Learning
Techniques. J. Contam. Hydrol. 2024, 261, 104287.

Zhu, M.; Wang, J.; Yang, X.; et al. A Review of the Application of Machine Learning in Water Quality Evaluation. Eco-
Environ. Health 2022, 1, 107-116.

Shang, B.X.; Lv, Z.N.; Li, J.N.; et al. Application of Fuzzy Mathematics and Single Factor Index in Water Quality Evaluation.
J. Hebei Univ. Environ. Eng. 2013, 23, 1-4.

Li, R.; Zou, Z.; An, Y. Water Quality Assessment in Qu River Based on Fuzzy Water Pollution Index Method. J. Environ. Sci.
2016, 50, 87-92.

Ferrario, F.; Araujo, C.A.; Belanger, S.; et al. Holistic Environmental Monitoring in Ports as an Opportunity to Advance
Sustainable Development, Marine Science, and Social Inclusiveness. Elem. Sci. Anthr. 2022, 10, 00061.

Valdor, P.F.; Gémez, A.G.; Steinberg, P.; et al. A Global Approach to Mapping the Environmental Risk of Harbours on
Aquatic Systems. Mar. Policy 2020, 119, 104051.

Karr, J.R. Assessment of Biotic Integrity Using Fish Communities. Fisheries 1981, 6, 21-27.

Wessell, K.J.; Merritt, R-W.; Wilhelm, J.G.; et al. Biological Evaluation of Michigan’s Non-Wadeable Rivers Using
Macroinvertebrates. Aquat. Ecosyst. Health Manag. 2008, 11,335-351.

Tao, Y.; Su, H.; Li, H.; et al. Surface water environment management system in EU water framework directive and its
enlightenment to China. Res. Environ. Sci. 2021, 34, 1267-1276.

Abramic, A.; Nogueira, N.; Sepulveda, P.; et al. Implementation of the Marine Strategy Framework Directive in Macaronesia
and Synergies with the Maritime Spatial Planning Process. Mar. Policy 2020, 122, 104273.

https://doi.org/10.53941/eesus.2026.100018 279



Fan et al. Earth Environ. Sustain. 2026, 2(2), 266-280

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

Shen, J.; Ren, X.; Feng, Z.; et al. The impact of public environmental concerns on port sustainability: Evidence from 44 port
cities in China. Front. Mar. Sci. 2025, 11, 1454242,

Guerra-Garcia, J.M.; Navarro-Barranco, C.; Ros, M.; et al. Ecological Quality Assessement of Marinas: An Integrative
Approach Combining Biological and Environmental Data. J. Environ. Manag. 2021, 286, 112237.

Dimitriou, P.D.; Chatzinikolaou, E.; Arvanitidis, C. Ecological Status Assessment Based on Benthic Macrofauna of Three
Mediterranean Ports: Comparisons across Seasons, Activities and Regions. Mar. Pollut. Bull. 2020, 153, 110997.
Tamburini, E.; Doni, L.; Lussu, R.; et al. Impacts of Anthropogenic Pollutants on Benthic Prokaryotic Communities in
Mediterranean Touristic Ports. Front. Microbiol. 2020, 11, 1234.

Hargett, E.G.; ZumBerge, J.R.; Hawkins, C.P.; et al. Development of a RIVPACS-Type Predictive Model for Bioassessment
of Wadeable Streams in Wyoming. Ecol. Indic. 2007, 7, 807-826.

Borja, A.; Franco, J.; Pérez, V. A Marine Biotic Index to Establish the Ecological Quality of Soft-Bottom Benthos within
European Estuarine and Coastal Environments. Mar. Pollut. Bull. 2000, 40, 1100-1114.

Shen, X.; Wang, H.; Wang, P.; et al. Quantitative Evaluation Method for Construction Disturbance and Ecological Restoration
of Waterway Engineering and Its Application. Water 2023, 15, 460.

Wu, X.H.; Wang, P.; Shen, H. Ecological Effect Evaluation of Waterway Engineering Based on SPIR Model. China Harb.
Eng. 2021, 41, 1-6. (In Chinese)

Dauvin, J.C. Paradox of Estuarine Quality: Benthic Indicators and Indices, Consensus or Debate for the Future. Mar. Pollut.
Bull. 2007, 55,271-281.

Birk, S.; Bonne, W.; Borja, A.; et al. Three Hundred Ways to Assess Europe’s Surface Waters: An Almost Complete Overview
of Biological Methods to Implement the Water Framework Directive. Ecol. Indic. 2012, 18, 31-41.

Hou, Y.; Zhang, M.; Wei, X,; et al. Quantification of Ecohydrological Sensitivities and Their Influencing Factors at the
Seasonal Scale. Hydrol. Earth Syst. Sci. Discuss. 2021, 25, 1447-1466.

Borja, A.; Elliott, M.; Andersen, J.H.; et al. Good Environmental Status of Marine Ecosystems: What Is It and How Do We
Know When We Have Attained It? Mar. Pollut. Bull. 2013, 76, 16-27.

Muxika, I.; Borja, A.; Bald, J. Using Historical Data, Expert Judgement and Multivariate Analysis in Assessing Reference
Conditions and Benthic Ecological Status, according to the European Water Framework Directive. Mar. Pollut. Bull. 2007,
55,16-29.

Wang, D.; Yu, M.; Mo, W.; et al. Ecological Safety Evaluation for Water Resources of China Based on Pressure-State-
Response Model: A Case from Zhoushan Archipelago. Nat. Environ. Pollut. Technol. 2021, 20, 601-612.

Puig, M.; Wooldridge, C.; Michail, A.; et al. Current Status and Trends of the Environmental Performance in European Ports.
Environ. Sci. Policy 20185, 48, 57-66.

Katsanevakis, S.; Tempera, F.; Teixeira, H. Mapping the Impact of Alien Species on Marine Ecosystems: The Mediterranean
Sea Case Study. Divers. Distrib. 2016, 22, 694-707.

Cohen, N.J; Slaten, D.D.; Marano, N.; et al. Preventing Maritime Transfer of Toxigenic Vibrio cholerae. Emerg. Infect. Dis.
2012, 18, 1680-1632.

Bariche, M.; Al-Mabruk, S.; Ates, M.; et al. New Alien Mediterranean Biodiversity Records (2020). Mediterr. Mar. Sci. 2020,
21,129-145.

Rey, A.; Carney, K.J.; Quinones, L.E.; et al. Environmental DNA Metabarcoding: A Promising Tool for Ballast Water
Monitoring. Environ. Sci. Technol. 2019, 53, 11849—11859.

Borrell, Y.J.; Miralles, L.; Do Huu, H.; et al. DNA in a Bottle—Rapid Metabarcoding Survey for Early Alerts of Invasive
Species in Ports. PLoS ONE 2017, 12, ¢0183347.

Zhou, Y.; Su, X.Y.; Ying, L.X. Priority Areas and Technical Strategies for Ecosystem Protection and Restoration with Dual-
Carbon Goals. Acta Ecol. Sin. 2023, 43, 3371-3383. (In Chinese)

Xia, H.; Xu, X.; Xu, J.; et al. Warming, Rather than Drought, Remains the Primary Factor Limiting Carbon Sequestration. Sci.
Total Environ. 2024, 907, 167755.

International Maritime Organization. 2023 IMO Strategy on Reduction of GHG Emissions from Ships; Resolution
MEPC.377(80); IMO: London, UK, 2023.

Chen, S.; Tan, Z.; Mu, S.; et al. Synergy Level of Pollution and Carbon Reduction in the Yangtze River Economic Belt:
Spatial-Temporal Evolution Characteristics and Driving Factors. Sustain. Cities Soc. 2023, 98, 104859.

Yang, H.; Kong, J.; Hu, H.; et al. A Review of Remote Sensing for Water Quality Retrieval: Progress and Challenges. Remote
Sens. 2022, 14, 1770.

https://doi.org/10.53941/eesus.2026.100018 280



