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Abstract
The examination of primary risk assessment methodologies reveals a significant expan-
sion in recent years, particularly toward encompassing ecosystem preservation and predic-
tive models for environmental contaminant behavior. However, alongside this progress, 
new challenges have surfaced, such as engineered nanoparticles, cumulative impacts, and 
the risks associated with emerging contaminants of concern. This research aims to un-
cover fresh perspectives within the realm of global environmental risk assessment con-
cerning the stress on water resources. Based on the results, the directions for studying 
water pollution’s environmental risks are highlighted. Special attention is given to water 
multi-stressor challenges with significant impact and therefore to multi-risk assessment 
of aquatic ecosystem components and human health. The foundational framework for the 
primary phases of risk assessment was delineated, taking into account the existing body 
of prior research. Drawing from the current state of knowledge, the notion of evaluating 
cumulative ecological risks (termed multi-risk) stemming from pollutant exposure, en-
compassing emerging contaminants among other factors, is introduced. This encompasses 
the phases of contaminant migration, transformation, and accumulation within the various 
components of the hydrosphere, specifically in surface water bodies, groundwater, and 
their eventual discharge into the sea and ocean, within a unified global water system. 
Furthermore, alternative approaches for incorporating additional factors, such as climate 
change, into the overarching risk assessment framework have been pinpointed, offering 
novel perspectives for future research endeavors in this domain.
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1 Introduction

Nowadays, water ecosystems are threatened by water pollution problems (eutrophication, 
micropollutants, microplastics), increasing water demand, and increased probability of 
extraordinary events (e.g., fish poisoning, floods). To address these issues, various methods 
and technologies have been applied to identify the main risks and optimise the safe manage-
ment of water resources. When water bodies become contaminated, their value for fisheries 
diminishes, and they may no longer meet the requirements for agricultural use, thereby 
disrupting key ecosystem services (Dem et al., 2024).

Currently, risk assessment stands as a primary tool for informing management decisions 
across numerous countries globally, spanning from localized contexts (such as individual 
production facilities or other sources of environmental contamination) to regional and 
national scales (as highlighted by Barati et al. 2023). Assessing environmental risk in a river 
basin could start with modelling the changes in surface water status processes in the studied 
basin using the Geographic Information System (GIS) (Javadinejad et al. 2019; Tokatlı et 
al. 2024).

In the final stage of environmental risk assessment, pollutant exposure is integrated with 
exposure factors to assess the probability of adverse environmental effects associated with 
the stressor(s). The most important part of the assessment is the interpretation of risk accept-
ability (Carvalho et al. 2019).

Fridman et al. (2019) posit that the environmental impact on water quality encompasses 
the likelihood of events resulting from human activity and/or the interplay of human activ-
ity and natural hazards, which could lead to detrimental effects on the aquatic environment. 
Several pollutants released by human activities, their effects, and risks have been well stud-
ied, as in the case of total phosphorus, total nitrogen, and other organic matter (expressed 
as biochemical or chemical oxygen demands) (Li et al. 2023; Shi et al. 2023; Wang et al. 
2023a).

Numerous of these contaminants have been shown to have adverse effects on both human 
health and aquatic ecosystems (Yadav et al. 2021), with ongoing research exploring the 
impacts of others. The interest in assessing the risks associated with exposure to these con-
taminants is constantly increasing; therefore, innovative strategies are needed to overcome 
the challenges in comprehensive and reliable risk assessment presented by the sheer number 
of substances (Johnson et al. 2020).

As per the European Water Framework Directive (WFD), the precautionary principle 
should guide the identification of priority hazardous substances. This involves considering 
the potential adverse effects of exposure to a particular product and conducting scientific 
risk assessments (Carvalho et al. 2019). The European Parliament and the Council have 
implemented targeted measures to address water pollution caused by individual pollutants 
or pollutant groups that present a substantial risk to the aquatic environment, including 
threats to water resources used for drinking water production (Halleux 2023). Individual 
countries support projects to implement risk analysis in water management, an example for 
the Czech Republic in Jašíková et al. (2022).

In a study conducted by Lopez-Herguedas et al. (2023) aimed at identifying both known 
and unknown contaminants in wastewater samples collected from two wastewater treat-
ment plants (WWTPs). However, a limitation was noted in the prioritization strategy for 
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assessing environmental risk in the region, as it solely focused on compounds identified as 
significant by Lopez-Herguedas et al. (2023).

Bozorgi et al. (2021) focused on developing a novel multi-hazard risk assessment frame-
work utilizing a hybrid Bayesian network specifically tailored for agricultural water supply 
and distribution networks. Further research is warranted to enhance the real-time identifica-
tion of the causes and magnitude of system and component failures resulting from impend-
ing hazards. Terzi et al. (2019) put forth a multi-risk assessment approach encompassing the 
impacts of climate change on hydro systems and interconnected natural components (water, 
air, soil, and biota). However, in the case of a chain of influences of many negative factors 
with the estimation of their synergistic effect, many boundary constraints remain. (Terzi et 
al. 2019).

As indicated by Zhou et al. (2019), there is still a need to move towards a more accurate 
risk assessment by including the full exposure scenario, which increases the complexity of 
calculating the corresponding risks. It’s crucial to recognize that risk assessors in different 
regions may prioritize site-specific stressors, necessitating adaptable approaches to cumula-
tive risk assessment.

Thus, this endeavour is impeded by gaps in understanding basic physical phenomena, 
challenges in comparing hazards and risks across diverse types, and notably, as the focal 
point of the investigation, obstacles within risk management that hinder the successful exe-
cution of required risk reduction measures (Filho et al. 2024).

These obstacles encompass a range of issues, including the lack of standardized ter-
minology, inadequate expertise across multiple disciplines relevant to multi-risk reduction 
planning, limited resources, biases, and communication barriers among stakeholders from 
both the public and private sectors, as well as between researchers and policymakers (Spy-
cher et al. 2024; Shi et al. 2024).

It’s important to highlight that the potential “multi-risk” index might exceed the simple 
aggregation of single risk indices, as calculated under the assumption that each source oper-
ates independently of the others (Shafi et al. 2023; Zhang et al. 2024).

However, it is also important to note that the applicability of these models may not be 
easily extrapolated to regions experiencing more or less serious events.

This review centers on characterizing multi-risk assessment practices aimed at identify-
ing the impacts of various pollutant categories on the hydrosphere (including surface water, 
groundwater, and oceans) within the broader biogeochemical cycle of ecosystems. The 
objective is to advance beyond the current state-of-the-art by offering a systematic overview 
of environmental risk assessment research concerning water resources. This entails evaluat-
ing multi-risks and cumulative risks on ecosystem components and human health. As part 
of this endeavor, the following tasks have been undertaken:

i. Review the bibliometric analysis to identify trends and clusters’ modelling on the topic 
of the environmental risk assessment of water resources;

ii. Analyse current frameworks and the process of achieving new approaches to improve 
risk assessment.
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2 Materials and Methods

In this review, bibliometric data from the Scopus and WoS databases were used. To analyse 
the data in publications, online tools (to track, analyse and visualise research) were used to 
process the query results (Figure A1) for different combinations of keywords.

These online analysis tools are presented with an initial example of the results obtained.

i. Analysing publication sources identifies influential journals that affect the scientific dis-
semination environment in the field of water body pollution risk assessment.

ii. Examination of trends in publication activity over time provides an opportunity to 
observe the evolving dynamics of global interest in the field of study.

iii. The typological analysis of the articles allows for the categorical differentiation of a 
core range of publication formats.

iv. A systematic assessment of the application and direction of thematic distribution serves 
to further clarify sectoral developments within environmental risk assessment.

The top-down ranking of the keyword series was used (Table A1). We took into account the 
realisation of an integral approach to the consideration of migration of the totality of pol-
luting substances in different water systems as a single water body. One global water body 
includes surface water bodies, groundwater, and the ultimate outlet to the sea and ocean, i.e., 
it is considered as a single hydrosphere system. Therefore, the selection of keywords had 
such a character that took into account the migration of pollutants in different water bodies.

A VOSviewer analysis was conducted on word combinations and their co-occurrence, 
with a focus on visualizing semantic relationships between words. In addition, based on 
bibliometrics, an exhaustive exploration of literature was also used.

3 Results and Discussion

3.1 Review of Trends and Clusters Modelling on the Topic of Environmental Risk 
Assessment of Water Resources

The statement highlights the growing significance of risk assessment, evident from the 
exponential rise in publications over the last two decades. According to data obtained from 
the Scopus and Web of Science (WoS) databases, there was a substantial increase in the 
number of publications, reaching a total of 15,354 in Scopus and 9,965 in WoS as shown 
in Figure A2a. The topic is also relevant to different fields of research (Figures A1a and 
A2b). This is consistent with both Scopus and WoS databases. The Environmental Science 
research area accounts for 45–50% of the publications on this topic as searched in the two 
databases (Figures A2b and A2c).

In the analyzed publications, numerous studies have been dedicated to exploring the risks 
associated with contaminants of emerging concern (CEs), which comprise organic chemi-
cals currently not regulated by environmental legislation. These include pharmaceuticals, 
heavy metals, microplastics, illegal drugs, personal care products, and emerging organic 
pollutants, as highlighted by Geissen et al. (2015); Zhang et al. (2022); Oyege et al. (2024); 
Chen et al. (2024a).
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However, proposed revisions to the EU Urban Wastewater Treatment Directive aim to 
address this issue by mandating quaternary treatment in urban wastewater treatment plants, 
aimed at removing the “largest possible spectrum of micropollutants” (European Com-
mission 2022), including per- and polyfluoroalkyl substances (PFAS) (Bil et al. 2023) and 
pesticides (European Commission, Food Safety, 2023). Additionally, microplastics have 
garnered significant attention in recent years, as evidenced by studies conducted by Everaert 
et al. (2018), and Shi et al. (2023).

Indeed, traditional approaches to chemical analysis often involve low-resolution mass 
spectrometry with target chemical analysis. However, recent advancements in high-
resolution mass spectrometry, coupled with both target and non-target approaches, have 
significantly expanded the capabilities for identifying and screening a broader range of con-
taminants of emerging concern (CECs). This includes not only the parent compounds but 
also their various (bio)transformation products, providing a more comprehensive under-
standing of their presence and potential impacts on the environment (Starling et al. 2024; 
Nusair et al. 2024; Zhao et al. 2024).

However, the latter is more costly and time-consuming concerning data processing.
Geissen et al. (2015) highlight, based on data provided by the NORMAN network, that 

over 700 substances categorized into 20 classes have been detected in the aquatic environ-
ment of Europe. Similarly, a recent assessment conducted in 2019 within the Danube River 
basin, Europe’s second-largest river basin, identified 586 contaminants of emerging concern 
(CECs) present in its aquatic environment (Ng et al., 2023). New methodologies are needed 
to assess the cumulative risks stemming from the collective impacts of diverse stressors, 
encompassing mixtures of emerging contaminants, using a multi-step approach. The multi-
scale approach considers the impacts of chemical exposure across various levels.

It’s evident that individuals and ecosystems frequently face simultaneous exposure to 
multiple chemicals or stressors. Therefore, conducting a joint analysis and quantification of 
all anthropogenic and natural risks that may impact an area (adopting a multi-risk approach) 
is essential for achieving a comprehensive evaluation and promoting sustainable environ-
ments. This approach also facilitates effective water and land use planning and enables 
competent emergency management both before and during catastrophic events (Shafi et al. 
2023).

Furthermore, the combined effects of exposure to multiple stressors or hazards as in the 
case of pollutants must be also considered (cumulative-risk approach). However, gathering 
data on multiple exposures and their interactions is challenging, as it requires a significant 
amount of information about various stressors, their toxicity, and their exposure levels. The 
interactions and synergistic effects among different stressors are complex and their model-
ling provides uncertainties that make accurate risk estimation difficult (Nativio et al. 2022).

These examples highlight the complex challenges associated with emerging pollutants in 
aquatic ecosystems and the pressing need for innovative solutions:

1. Estrogens: Wojnarowski et al. (2021) underscore the limited understanding of estro-
gen’s negative effects on animal health, the challenges in removing them from the 
environment, and the ongoing development of suitable removal technologies. They 
advocate for identifying estrogens as new pollutants to prioritize scientific research on 
addressing their current threats.
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2. Fungicides: Zubrod et al. (2019) discuss the presence of fungicides in aquatic ecosys-
tems and the impracticality of empirically testing all species for individual fungicides, 
especially when considering mixtures. They propose enhancing efforts in effect model-
ing to predict toxicity under changing environmental conditions and minimize reliance 
on animal testing.

3. Perfluoroalkyl and Polyfluoroalkyl Substances (PFAS): Bil et al. (2023) suggest 
exploring modes of action and adverse outcome pathways to address data deficiencies 
and gain insights into species consistency regarding PFAS toxicity. As noted in (Xu et 
al. 2024), the Pielou uniformity index can be effectively used to quantify anomalous 
sources of PFAS pollution along rivers.

4. Dichlorophenolindophenol (DCIP): Wang et al. (2023a) studied the multi-risk aspects 
of health effects through oral and inhalation exposure in raw and treated water to this 
type of contaminant. Its presence as an industrial by-product and difficult removal by 
conventional treatment processes indicate the need to control sources of contamination 
in the aquatic environment (Wang et al. 2023a).

5. Pharmaceuticals: Richmond et al. (2018) acknowledge the detection of numerous bio-
logically active pharmaceuticals in surface waters worldwide but highlight the lack 
of understanding regarding their impacts and integration into aquatic food webs. The 
study conducted by Hanna et al. (2023) focused on identifying antibiotic residue levels 
that are prone to selecting for resistance and the relative contributions from various 
aquatic sources. This highlights the need for further research to assess the potential eco-
logical impacts of pharmaceutical residues in aquatic ecosystems (Castellano-Hinojosa 
et al. 2023).

6. Microplastics: Jeyasanta et al. (2023) conducted a risk assessment study on micro-
plastic pollution in Tamil Nadu, India, emphasizing the need to anticipate potential 
adverse effects on ecosystems. However, they did not perform a risk assessment using 
available predicted effect concentration values for aquatic and terrestrial environments. 
Everaert et al. (2018) also conducted an assessment of the environmental risk posed by 
microplastics in marine environments. However, additional ecotoxicological studies are 
needed to verify these conclusions. Rybalova and Artemiev (2017) introduce a method 
for evaluating the risk of impairing the condition of a water body. However, this method 
cannot be applied directly to assess the impact of pollution on a watercourse. The Ganie 
et al. (2024) study estimated the contamination and accumulation of microplastics in 
freshwater hydrobiotic systems.

These examples underscore the importance of advancing scientific research and developing 
effective strategies to mitigate the impacts of emerging pollutants on aquatic ecosystems 
and human health. However, they did not perform a risk assessment using the available 
predicted effect concentration values for aquatic and terrestrial environments.

To maintain good chemical and ecological status, EU Member States are mandated to 
monitor priority substances and chemicals flagged as substances of concern at both the Euro-
pean Union and local/basin/national levels in surface water bodies. They are also required to 
report any exceedances of environmental quality standards. However, there remains a gap 
in the classification of the ecological status of surface water bodies, as highlighted by previ-
ous studies (Freshwater 2023; Law and Environment Assistance Platform (UNEP-LEAP), 
2023).
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From the studies reviewed (Rybalova and Artemiev 2017; Chandellier and Malacain 
2021; Ullah Bhat and Qayoom 2022; Anthonj et al. 2022; Ullah et al. 2022; Barati et al. 
2023; Jonjev et al. 2024), two primary types of environmental risk can be summarized:

1. Risk of Ecosystem Disruption: This type of risk pertains to the potential disruption of 
the stability and functioning of ecosystems due to environmental pollution. It encom-
passes threats such as habitat degradation, loss of biodiversity, and disturbances to eco-
logical processes caused by various pollutants and stressors.

2. Risk to Public Health: This risk refers to the probability of adverse health effects 
occurring in human populations as a result of exposure to environmental contaminants. 
It encompasses risks associated with waterborne diseases, exposure to toxic chemicals, 
and other hazards that may compromise public health and well-being.

As evident from our analysis, significant emphasis is placed on assessing the risk of water 
pollution, particularly in countries with developed economies. A notable shift in focus is 
observed towards addressing pollution caused by Contaminants of Emerging Concern 
(CECs). However, it’s noteworthy that EU policy initiatives, such as the Urban Wastewater 
Treatment Directive, have primarily targeted inorganic pollutants like nutrients, indicating 
a gap in addressing the emerging challenge posed by CECs. This highlights the need for 
policy adaptation and regulatory frameworks to address evolving environmental risks asso-
ciated with emerging contaminants in water systems.

The cluster modelling is shown in Fig. 1.
Thus, clusters enable us to identify research trends in this area, and they are modelled 

using special software. Clustering is the identification of major trends in risk research based 
on keyword sampling in bibliometric analysis. In addition, we have considered the distribu-

Fig. 1 Cluster modelling (VOSviewer) of the environment risk assessment for water resources (items 968, 
clusters 6, links 188743, total link strength 649799)
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tion of risks, e.g. human or ecosystem, behind the object of research. This is not a cluster 
modelling, but an expert opinion based on the analysis of previous studies.

3.2 Existing Framework and the Process of Reaching a New Risk Assessment 
Approach

Various ecotoxicological methods have been developed to determine Predicted No-Effect 
Concentration (PNEC) values and construct dose-response curves, owing to the diverse 
ecotoxicological mechanisms and biological effects of chemicals on living organisms (Smid 
et al. 2006; Lian et al. 2021). The environmental behaviour of organophosphorus esters 
(OPEs) in water and sediment samples was investigated (Li et al. 2023) to identify their con-
centrations, spatial and temporal changes, and environmental risks. The relations between 
environmental risk assessment and the issues of climate change and greenhouse gas emis-
sions are discussed in another study (Barati et al. 2023).

The main approaches to risk assessment are summarised below (Table 1).
Analysis of publications indexed in Scopus and Web of Science (WoS) databases reveals 

a knowledge gap in assessing the effects of certain types of contaminants and in conducting 
multi-risk assessments across various categories of pollutants. Research commonly focuses 
on specific types of pollutants and subsequently evaluates the environmental risk associated 
with their release into water bodies on an individual basis. While multiple risk assessment 
approaches are prevalent, particularly in assessing the complex impacts of natural hazards.

3.3 Suggestion for Updating the Multi-Risk Assessment Approach

Figure 2 presents the concept of assessing the aggregate environmental risks (as multi-risk) 
of the impact of CECs during the stages of migration, transformation, and accumulation in 
the components of the hydrosphere, namely in surface water bodies, groundwater and the 
final entry into the sea and ocean, all in one global water system.

Risk-based water resource planning operates under the principle that water managers 
should allocate resources to mitigate risk until the marginal benefit of risk reduction equals 
the marginal cost of achieving it. Here, risk is quantified as the expected annual cost of water 
use restrictions, while reliability is understood as the capacity of a water resource system to 
sustain performance, measured as the acceptable risk of water use restrictions across vari-
ous future scenarios. By connecting risk attitudes to resilience, stakeholders can consciously 
balance incremental enhancements in resilience with investment expenses for a specified 
risk level (Borgomeo et al. 2018; Nusair et al. 2024; Fernandes et al. 2023).

Integrating climate considerations into risk assessment for aquatic contaminants involves 
several strategies:

1. Climate Scenario Analysis: Incorporating climate projections to anticipate alterations 
in climate variables over time and assessing their impact on the behavior and conse-
quences of contaminants in aquatic ecosystems during risk evaluation.

2. Modeling Approaches: Utilizing modeling techniques to forecast how climate change 
may influence the concentration, dispersion, and accessibility of contaminants in 
aquatic environments, allowing for a more comprehensive understanding of potential 
risks.
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Type of 
approach

Basic aspects

Ecological risk 
index (ERI)

ERI functions as a diagnostic tool for managing water pollution, aiding in the identifi-
cation of lakes or basins and substances that require specific attention and prioritization 
in pollution control endeavors. It is one of the diagnostic tools for aquatic ecosystem 
assessment (Ma and Han 2020; Suchi et al. 2024).
Key operational aspects of the Potential Ecological Risk Index (PERI) assessment, as 
outlined by Fiori et al. (2013), include:
• Collection of surface sediment samples from low-energy areas where sediment ac-
cumulation occurs.
• Determination of natural levels of toxic substances using geological landmarks or pre-
industrial levels identified through sediment cores.
• Inclusion of metals such in the model. Polychlorinated biphenyls and arsenic should 
also be included if possible.
• Utilization of a simple index with a limited number of variables as a tool for environ-
mental management in degraded areas.

Species 
sensitivity 
distribution and 
Probabilistic 
risk assessment

Insufficient chronic toxicity data are available for most chemicals to construct appropri-
ate sensitivity distributions. Conversely, acute toxicity data are more abundant. Species 
Sensitivity Distributions (SSDs) and assessing the effectiveness of estimated Hazardous 
Concentrations (HCs) in protecting freshwater aquatic ecosystems. A comprehensive 
analysis is used to construct SSD curves to collect data on the toxicity of a substance 
(Albarano et al. 2024).
Probabilistic risk assessment necessitates a wealth of data compared to other approach-
es. By utilizing existing distributions of exposure data collected at various locations 
and times and juxtaposing them with toxicological responses, it becomes possible to 
pinpoint locations or periods when risks are elevated. An extrapolation method is also 
used to overcome the lack of toxicity data to improve the reliability of deriving water 
quality criteria and reduce the uncertainty of the risk assessment (Zhou et al. 2024).

Multi-risk as-
sessment and 
cumulative risk 
assessment

Indeed, both multi-risk assessment and cumulative risk assessment are integral tools 
within the realm of risk assessment. Both provide information to support decision 
making and risk management and help policy makers and stakeholders prioritise actions 
to reduce risks, although they have different purposes. While multi-risk assessment 
assesses and compares risks from multiple hazards or stressors to prioritise and manage 
them effectively, cumulative risk assessment focuses on evaluating the combined effects 
of exposure to multiple stressors or hazards (e.g., chemicals, pollutants) on a specific 
population or environment (Shafi et al. 2023). Multi-risk assessment can encompass 
a wide range of risks, including natural hazards (e.g. floods, extreme climate events), 
technological hazards (e.g., chemical spills), and societal risks (e.g., economic instabil-
ity). An environmental risk assessment procedure that includes multi-hazard synergy 
risk (He and Weng 2020) can be illustrated by identifying the main steps that need to be 
followed to estimate a multi-risk index (Figure A3).
Cumulative risk assessment (Figure A4) is more focused on a specific endpoint (e.g. 
human health or environmental impact) (Chen et al. 2024a, b).
The first approach involves the independent evaluation of multiple distinct risks 
without necessarily considering their interactions to identify and rank risks based on 
their individual characteristics. The second approach considers additive, synergis-
tic, or antagonistic interactions between different stressors, and it often involves the 
summation or integration of risks from various sources to assess the overall risk. Both 
approaches can be complex because they need to deal with multiple stressors or hazards 
and require the integration of data and expertise from various disciplines. Consequently, 
the cumulative risk considered within this approach is not evaluated within the confines 
of conventional risk assessments. Furthermore, it allows for the possibility of a semi-
quantitative or qualitative analysis or result, unlike most previous assessments, which 
were predominantly quantitative in nature (Huang et al. 2024).
However, limitations in its applicability stem from factors such as insufficient data on 
combined effects, the complexity of the models involved, and the uncertainty associated 
with the intricacies of the interactions.

Table 1 Overview of risk assessment approaches
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3. Stressor Interaction Studies: Researching to explore additional stressors that may 
affect the vulnerability of aquatic organisms to contaminants, recognizing that climate 
change interacts with various environmental stressors to shape ecological responses.

By integrating these factors, risk assessments can provide a more holistic understanding of 
the potential impacts of contaminants in aquatic systems under changing climate conditions. 
Adaptation to climate change, including water risk management, is becoming an important 
consideration (Pham et al. 2023; Simeoni et al. 2023).

Therefore, the research conducted by Adib et al. (2023) examined how climate change 
affects runoff quality within the Maroun watershed, which is recognised as one of the most 
significant watersheds (Adib et al. 2023).

4 Conclusions

The conceptual apparatus of the main stages of risk assessment was formed, considering the 
available base of previous studies. We considered the realisation of an integral approach for 
the migration of the totality of polluting substances in different water systems as a single 
water body. The concept of assessment aggregate ecological risks (as multi-risk) of CEC 
pollutant exposure at the stages of migration, transformation, and accumulation in the com-
ponents of the hydrosphere, namely in surface water bodies, groundwater, and the final 
entrance to the sea and ocean, all in one global water body, was presented. Indeed, it’s 
crucial to acknowledge that risk assessors in different regions may encounter site-specific 

Type of 
approach

Basic aspects

Fuzzy logic 
based approach

Fuzzy logic is a mathematical framework that can be useful in risk assessment and deci-
sion-making processes where uncertainty and imprecision are present. This approach is 
based on fuzzy decision logic and is applicable to various case studies (Bahadur et al., 
2018). Traditional risk assessment methods often rely on crisp, binary values (e.g., true/
false, yes/no) which may not adequately capture the complexity and uncertainty of real-
world scenarios. Fuzzy logic, on the other hand, allows for a more flexible approach to 
risk assessment by representing variables and relationships with degrees of membership 
in fuzzy sets. Several methods exist for implementing fuzzy principles, with one of the 
most widely used being the Fuzzy Inference System (FIS). FIS enables the assignment 
of output variables to input variables using fuzzy logic, allowing for the modeling of 
complex systems with uncertain or imprecise inputs (Civan Çavuşoğlu et al. 2023). The 
basic steps for implementing a fuzzy model with FIS are depicted in Figure A5.
The main limitations of this approach are (Yadav et al. 2018): (i) lack of precision since 
it deals with uncertainties, (ii) subjectivity since fuzzy logic relies on variables, sets, 
and statements which are often subjectively defined, (iii) high data requirement, sensi-
tivity to parameter tuning, and (iv) limited modeling capabilities and scalability.

Toxic Unit As per the European chemicals legislation REACH, this information is summarized in a 
Predicted No Effect Concentration (PNEC) for the specific ecosystem under consider-
ation. The PNEC is derived by identifying the most sensitive biotest, which represents 
the most sensitive trophic level, and then applying an appropriate Assessment Factor 
(AF). A further study by Chepchirchir et al. (2024) investigated the processes of occur-
rence, removal, and potential risk of CECs found in rivers and wastewater treatment 
plants. Crustaceans were shown to have a significant potential risk of toxicity, which 
was mainly caused by diazinon and dichlorophos in rivers.

Table 1 (continued) 
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stressors. This requires flexible approaches to assess the ecological risk of aquatic ecosys-
tem pollution and its implications for biota, including human health. By adopting adaptable 
methodologies that can accommodate regional differences in stressors, we can better tailor 
risk assessment strategies to address the unique challenges facing by different ecosystems 
and communities. Further research will be aimed at improving the implementation of the 
approach to assessing environmental risks (under multi-risk assessment) on the synergistic 

Fig. 2 Approach to aggregation of environmental risks of hydrosphere pollution as a multi-risk assessment
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basis of the interaction of pollutants in the ecosystem with an impact on human health on a 
global scale.
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