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ARTICLE INFO ABSTRACT
Keywords: Climate change-induced hazards and their impacts on the socio-economic and ecological system are a major
Climate change impacts global concern, particularly significant in transitional environments with high susceptibility to modifications,
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and exposure to multiple land, marine, and atmospheric hazards. These factors can lead to the deterioration
of water quality and the ecosystem services they support. Despite the availability of studies that link climate
change hazards with water quality parameters, this is the first attempt to provide a literature review that
synthesizes these impacts from a multi-hazard perspective. Therefore, the present review provides an analysis
and synthesis of publications of the last 20 years that analyzed climate hazard-induced alterations of water
quality in transitional environments with a particular focus on eutrophication processes. The analysis revealed
that multiple climate change hazards (including flood, storm surge, drought, tidal flooding and variation in
wind regime) can influence the quality of transitional waters with flood and drought being the most prominent
ones investigated in 74% and 44% of the studies respectively. These hazards and their interactions can alter
the dynamics of water quality constituents through their influence on the hydrodynamic, morphodynamic, and
biogeochemical processes of transitional ecosystems. This involves a variety of mechanisms and interdependent
processes such as the mobilization and transport of sediments, nutrients, and other pollutants, the interaction of
water masses with different characteristics, and the changes in water residence time. Nutrient concentration,
salinity, turbidity, water temperature, and Chlorophyll-a (Chl-a) and primary productivity are the principal
eutrophication-related parameters altered by different hazards. Besides, the interactions among different water
quality indicators play a significant role in determining the overall water quality dynamics and the tendency
of eutrophication. To illustrate these complex interactions, a conceptual framework was developed which
can assist the understanding and analysis of climate change multi-hazard impacts on transitional waters.
Finally, this work highlights that innovative observational and modeling tools are crucial for addressing the
complex and dynamic interactions among climate change-related stressors, ecosystem processes, water quality
constituents, site-specific morphological features and management interventions. Hence, the advancement of
methodologies capable of integrating high-resolution remote and in-situ data collection technologies, alongside
advanced physics-based and Al-driven models, leveraging their combined strengths, are required to deepen the
understanding of complex system dynamics under multiple pressures, providing critical insights for informed
decision-making on adaptation strategies.
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1. Introduction

Climate change is a major global threat resulting in multiple haz-
ards, such as floods, droughts, storm surges, tidal flooding, and other
extreme events, affecting both the biophysical and socioeconomic en-
vironment. Global warming reaching 1.5 °C in the near future would
lead to an unavoidable increase in multiple hazards and present various
risks to ecosystems and humans (IPCC, 2022). Besides the impacts
of individual hazards, interactions among multi-hazards through si-
multaneous occurrence or causal interdependencies can exacerbate the
impacts of climate change. With predictions indicating an increasing
frequency and magnitude of various climate change-related extreme
events (Alfieri et al., 2017; Arnell and Gosling, 2016; Kirezci et al.,
2020; Vousdoukas et al., 2018; Zeppetello et al., 2022), associated
pressure and risks from multiple hazards are of great concern.

The impacts of climate change multi-hazards are particularly sig-
nificant at the land-sea interface in coastal and transitional environ-
ments (Burden et al., 2020; Singh et al., 2021). Transitional environ-
ments are highly productive ecosystems supporting important functions
and processes that provide a unique habitat for flora and fauna di-
versity (Castro et al., 2009; Gupta et al., 2019). Moreover, they are
socioeconomically significant, supporting human well-being and local
economies through the provision of invaluable ecosystem goods and
services, including food provisioning, and recreational and touristic
activities (Anthony et al., 2009; Newton et al., 2018; Velasco et al.,
2018). Despite their productive and protective role, these ecosystems
are highly vulnerable to multiple pressures from climate change and
human activities (Anthony et al., 2009). Due to their location at the
land-sea interface, they are subject to the influence of atmospheric,
oceanic, and land hazards interacting among each other and contribut-
ing in concert towards the alteration of water quality, ecosystem state,
functions, and the services they provide. Climate change hazards can
lead to the release, transport, supply, and redistribution of nutrients
and contaminants (e.g., Cozzani et al.,, 2010; Santella et al., 2010;
Zhang, 2022; Didoné et al., 2021), as well as changes to variables
such as water temperature and salinity. These conditions can lead to
the degradation of water quality, and in particular, to eutrophication
which is the enrichment of water by nutrients (especially nitrogen
and phosphorus), causing an accelerated growth of algae and higher
forms of plant life to produce an undesirable disturbance to the balance
of organisms present in the water and to the quality of concerned
water (Akinnawo, 2023; European Commission, 1991). Besides, the
interactions among hazards occurring simultaneously, or as a sequence
of temporally compounding events can amplify the magnitude of cu-
mulative impacts (Furlan et al.,, 2018, 2019), leading to enhanced
eutrophication and consequent cascade effects.

Hence, the design and implementation of effective and innovative
response measures based on the integrated assessment of impacts due to

multiple hazards (and their interactions) under both present and future
scenarios is necessary. In this respect, multi-hazard risk management
approaches rather than focusing on a single hazard, has also been
underlined as an opportunity to effectively reduce risks from complex
and compound hazards (IPCC, 2022; UNDRR, 2019). However, such
management approaches need to be founded on information from long-
term monitoring and assessments of the impacts of such events under
present and future climate change scenarios. This entails establishing
a comprehensive knowledge base on multi-hazard impacts on water
quality, frameworks for multi-hazard impact assessment, as well as
data and information needs, which can aid decision-making regarding
impact mitigation and adaptation.

Drawing on this, the aim of this work is to review the state-of-the-art
knowledge and research on climate change impacts on water quality in
transitional environments from the multi-hazard viewpoint and identify
challenges and further development needs based on the analysis of
available literature. Despite the availability of review papers focused
on the impact of climate change on water quality in general (e.g.,
Ahmed et al., 2020; Delpla et al., 2009; Nijhawan and Howard, 2022;
Whitehead et al., 2009), this review provides a synthesis of climate
change impacts on transitional waters from multi-hazard perspective
while focusing on processes related to eutrophication. Specifically,
the review addresses the impacts of a wide range of climate change
hazards, the mechanisms and interactions that alter water quality,
and the main water quality indicators that can be used to evalu-
ate these impacts. In addition, based on the result of the literature
analysis, a conceptual framework illustrating the complex intercon-
nections between climate change multi-hazard, multiple ecosystem
processes, and water quality indicators was developed. Furthermore, a
synthesis regarding the assessment and/or modeling of water quality
under changing climate is provided, highlighting current challenges
and future development needs.

2. Literature data and review method

A systematic review was performed following the Preferred Re-
porting Items for Systematic Reviews and Meta-Analyses (PRISMA)
approach (Page et al., 2021). This systematic review guideline enables
transparent and complete reporting of literature review results, ensur-
ing that the processes can be replicated to obtain identical outcomes.
The procedure followed in this review consists of three stages including
(i) document identification, (ii) screening and eligibility assessment,
and (iii) information extraction and synthesis of results. The general
methodological approach with the keywords and the details of the
screening performed within the present review is depicted in Fig. 1.
Within the document identification step, a literature search was per-
formed in June 2023 using Scopus and Web of Science (WoS) databases.
To fulfill the review’s objectives, a query (reported in Supplementary
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Material Appendix A) was formulated using a combination of terms
expected to be present in the title, abstract, or keywords. These terms
were organized into distinct groups and employed to identify relevant
literature from both databases. The first group of words was intended
to focus on climate change as the main driver and identify papers
dealing with the assessment of multi-hazard impacts. Then, a list of
potential climate change-related hazards (i.e., flood, intense precipi-
tation, storm surge, coastal erosion, heat wave, cold wave, drought,
fire, lightning, wind regime, tidal speed) was included in the query,
with a primary focus on immediate hazards that directly impact water
quality. Terminologies on water quality (specifically, water quality,
transitional water quality) and list of water quality parameters related
to eutrophication, as well as selected physical and chemical parameters
(e.g., nitrogen, phosphorus, turbidity, dissolved oxygen, temperature,
salinity, pH) were used to restrict the scope of the search. Furthermore,
in order to limit the search results to those focused on transitional
ecosystems, words that define these environments (i.e., coastal lagoon,
delta, estuary, bay) were included. The query returned a total of 416
results of which 210 were from Scopus and 206 from WoS.

Concerning the screening and eligibility assessment, the collection
of papers obtained from the two databases were combined and checked
for duplicates. Ninety-three duplicate articles were excluded leaving
323 of them. The remaining papers were considered for screening
based on the title, abstract, and author’s keywords to identify the most
relevant articles to the objective of the review. A set of screening
criteria was used, such that a publication was considered relevant if:
(i) it includes climate change or at least one climate change-related
hazard as the main pressure, (ii) it focuses on the evaluation of impacts
on water quality parameters related to eutrophication, (iii) it focuses
on transitional ecosystems including coastal watershed and/or river-
sea connections, coastal lagoon, estuary and bay. The screening process
was carried out by a multidisciplinary team of researchers using the
Rayyan web application (https://www.rayyan.ai/) for systematic re-
views (Ouzzani et al., 2016). This process resulted in a selection of
40 pertinent documents. Following the initial screening, the selected
papers were further assessed for eligibility by reviewing their full text
to ensure alignment with the review’s scope and to exclude studies that,
despite meeting the initial criteria, were not fully relevant. Eligibility
of the articles was evaluated based on: (i) geographical relevance,
requiring a focus on transitional water systems while excluding studies
focused on coastal or marine waters unless directly linked to transi-
tional ecosystems; (ii) relevance to climate change hazards, including
only studies investigating the impacts of climate-related hazards and
excluding those focused on other stressors such as land use; (iii) impact-
specific relevance, requiring studies to address water quality impacts,
particularly eutrophication processes, while excluding those focused
on physical impacts (e.g., bed level changes, lagoon extent); and (iv)
alignment with the core issue of the review, excluding studies that
mentioned related topics but did not specifically address the rela-
tionship between climate hazards and water quality parameters. This
rigorous eligibility assessment resulted in the exclusion of six articles.
The remaining 34 papers were included in the analysis and synthesis.

To understand the trends, collaboration networks, and spatial dis-
tribution of scientific production, a scientometric analysis of the biblio-
metric data associated with the selected documents was performed. A
scientometric analysis is a technique that measures research impact and
citation processes and maps the current knowledge and its evolution
in a domain based on large academic datasets (Martinez et al., 2019).
In particular, Biblioshiny, a web interface for bibliometrix (R package
for bibliometric analysis) (Aria and Cuccurullo, 2017) was used in
the frame of this study. The result of the Scientometric analysis of
the selected documents is presented in the supplementary material
(Appendix A-SM2).

Concerning the information extraction and synthesis step, a detailed
analysis of the selected 34 publications was performed by extracting
relevant information using specific comparison criteria. These include
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general information about the article, the aim of the study, study area
typology, type of investigation and methodologies employed, climate
change hazards considered, water quality parameters studied, and the
main results of the investigation including relationships between haz-
ards and water quality parameters as well as cascade trophic impacts
(Appendix A-Table SM3.1). This information was analyzed and syn-
thesized to explore and construct the complex interactions between
different hazards, mechanisms that lead to water quality degrada-
tion under the influence of multiple hazards. Moreover, a conceptual
framework that depicts these cause—effect relationships among different
components was developed based on the information extracted.

3. Results
3.1. Overview of the selected publications

The publication period of the 34 selected articles ranged from 2000
to 2023, with an increasing number of publications in recent years (Ap-
pendix A-Figure SM2.1). Indeed, the majority of the documents were
published after 2010, with the exception of three documents (namely,
Attrill and Power, 2000; Onodera et al., 2007; Paerl et al., 2006).
Furthermore, 25 of the total selected documents were published in
the last eight years (since 2015). This indicates that there has been
increasing attention towards the assessment of the impacts of climate
change hazards on transitional water quality in recent years. Among
the earliest publications, Attrill and Power (2000) focused on drought
impact on estuarine water quality, Paerl et al. (2006) looked into
the implication of catchment-scale nutrient management on estuarine
water quality under frequent extreme flooding conditions and Onodera
et al. (2007) examined nutrient discharge due to frequent storms while
considering drought periods.

The studies reviewed covered a variety of transitional water ecosys-
tems in different countries worldwide. Most of the study sites were
located in the USA with 14 studies, followed by Australia with 7 stud-
ies. The typology of the transitional environments considered varied
among studies which included coastal lagoons, estuaries, bays, coastal
wetlands, and catchment-sea connections, with a higher proportion of
estuaries accounting for more than 50% of the studies (Fig. 2).

The majority of the reviewed studies employed observation data
that included both in-situ and remote sensing data. In-situ data col-
lected before, during, and after a hazard event, as well as long-term
monitoring time series data were used to detect changes in water
quality parameters in relation to the occurrences of hazardous events or
long-term trends of climate variables such as hydrometeorological vari-
abilities. Various approaches were followed to collect the in-situ data
including stationary automatic-recording monitoring stations which
provide continuous measurement of water quality parameters (e.g.,
Voynova et al., 2017), mobile automatic monitoring systems installed
on ships and boats (Lee et al., 2011; Voynova et al., 2017), Imaging
FlowCytobot (IFCB) deployed to continuously capture images of phy-
toplankton communities (Angles et al., 2015), as well as manual water
and sediment sampling and laboratory analysis to determine water
quality parameters. Remote sensing data used in the studies comprised
both satellite data and aerial surveys with helicopters (e.g., Auricht
et al., 2018; Howley et al., 2018; Scanes et al., 2020). However, the
application of remote sensing was limited to certain water quality vari-
ables, namely Chl-a (Auricht et al., 2018; Wetz et al., 2011), turbidity
and/or plume extent (Howley et al., 2018), sea surface temperature
(SST) and organic matter such as particulate organic carbon (POC) and
particulate inorganic carbon (PIC) (Auricht et al., 2018).

Concerning the methods applied, a variety of statistical approaches
were employed in the analysis of the observation data (such as re-
gression, correlation, principal component analysis, and analysis of
variance) to evaluate the impacts and map relationships between cli-
mate hazard and water quality parameters. On the other hand, four
studies implemented numerical modeling, namely (i) the Soil and Water
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Assessment Tool (SWAT) for estimating sediment and nutrient fluxes
from a catchment to coastal environment based on observed precip-
itation and flood events (Shimizu et al., 2011); (ii) Delft3D coupled
hydrodynamic and water quality model to simulate the impact of
extreme river discharge on nutrient dynamics and dissolved oxygen
(DO) considering drought and flood scenarios (Oliveira et al., 2019);
(iii) the Environmental Fluid Dynamic Code (EFDC) model which is
a hydrodynamic and conservative dye-tracer transport model, to in-
vestigate the effect of extreme drought on pollutant transport (Yang
etal., 2015) and (iv) coupled physical-biogeochemical model consisting

of Finite-Volume Community Ocean Model (FVCOM) and European
Regional Seas Ecosystem Model (ERSEM) to simulate the influence of
flood event on the physical and biogeochemical dynamics in estuary-sea
continuum (Zhou et al., 2023).

3.2. Climate change hazards and their impacts on water quality

Due to their locations at the land-sea interface, transitional ecosys-
tems are predisposed to multiple climate change-related stressors which
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can influence the dynamics of water quality. These include marine
hydrometeorological conditions, catchment hydrology as well as varia-
tions in meteo-climatic conditions. Hazard-induced alteration of water
quality involves several interlinked processes and mechanisms that
alters the spatiotemporal variability of different water quality con-
stituents (Fig. 3). The diagram illustrates the interconnectedness of
climate change-related hazards and their cascading effects on wa-
ter quality parameters. The key components and relationships de-
picted in the diagram were derived from the reviewed literature, based
on cause—effect relationships between hazards, intermediate processes,
and water quality parameters reported. The mechanisms and outcomes
highlighted in the literature were mapped to show the connections
between these elements. The diagram demonstrates that each hazard
can influence multiple intermediate processes, and multiple hazards
can interact to affect a single process. For example, flood events im-
pact processes such as sediment suspension, hydrodynamic mixing,
stratification, flushing, and nutrient loading. Conversely, processes like
sediment suspension can be triggered by hazards such as tidal flooding,
strong winds, floods, and storm surges. Similarly, a single process
can alter multiple water quality parameters, while multiple processes
can converge to affect one parameter. For instance, coastal sediment
suspension caused by one or more hazards may lead to changes in
turbidity, DO, and nutrient concentrations. Meanwhile, changes in
nutrient concentrations can result from processes such as sediment
suspension, shifts in nutrient load, and hydrodynamic mixing. The
simultaneous or temporally staggered interactions of these hazards and
processes can exacerbate water quality deterioration, leading to higher
cumulative impacts. This diagram is a conceptual representation of
these relationships rather than a quantitative model, and the strength
and directionality of the relationships may vary depending on regional
contexts, specific study conditions, and temporal scales.

3.2.1. Climate change multi-hazards that affect water quality

The literature review revealed that several hazards can affect the
water quality dynamics in transitional ecosystems. The types of hazards
and the number of events considered varied among studies. River
flooding and increased freshwater discharge/runoff from catchment to
transitional waters (flood or flooding hereafter) was the most studied
hazard, indeed it was considered in 25 (74%) of the publications,
followed by drought investigated in 15 (44%) studies (Fig. 2). Even
though most of the studies were focused on a single hazard type, 12
studies also considered multiple hazards. For instance, Anglés et al.
(2015) analyzed the impact of both flooding and storm surge re-
sulting from tropical cyclones on the composition of phytoplankton
communities. Similarly, other studies evaluated water quality changes
in response to variations in runoff, tide, and wind (Uncles et al.,
2018), and flood and strong wind events (Schaffelke et al., 2012).
Moreover, eight studies considered the impact of hydrological variabil-
ity resulting from the cycle of alternating drought and flood periods,
investigating water quality variability through the drought-transition-
flood cycle (e.g., Gordon et al., 2016; Harding et al., 2015; Lee et al.,
2011; Lehman et al., 2013, 2017, 2018; Oliveira et al., 2019).

This indicates that various climate change hazards can affect the
spatiotemporal dynamics of water quality in transitional ecosystems.
Besides the impacts from individual hazards, their interactions over
temporal and spatial scales can exacerbate the impacts on the long-
term and short-term water quality dynamics of transitional ecosystems.
Several climate change hazards can interact in a complex manner,
influencing different ecosystem processes and altering water quality
constituents. These interactions can arise from compound hazards that
occur simultaneously as a result of the same large-scale environmental
conditions, hazards arising from independent physical processes, or
hazards that occur one after the other in a successive way, where the
impacts of one hazard can amplify those of another. These interaction
mechanisms can be classified into different categories as presented in
box 1 (see Tilloy et al. (2019), Liu et al. (2016), Kappes et al. (2010)).
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Compound/Parallel relationship: is a type of interaction
among hazards generated by the same primary event (large-
scale process) that occurs simultaneously. A particular exam-
ple is the interaction between storm surge and flood events
occurring as a result of a tropical storm.

Independent relationship: refers to the interactions between
hazards generated by independent physical processes that
occur either simultaneously or within a short time frame
resulting in compound effects that may be greater than the
sum of their parts. Such examples of hazards that can affect
transitional water quality may include strong wind events,
tidal flooding, and flood events occurring at the same location
simultaneously or as temporally compounding events.
Change conditions: this arises in situations where the occur-
rence of one hazard influences the environmental condition,
which may affect the magnitude of another hazard that occurs
later in time and its impacts. The occurrence of one hazard can
lead to changes in the general environmental setting and thus
its disposition to another hazard amplifying the impacts from
the second event. For example, the occurrence of hazards such
as wildfire can alter the environmental conditions by removing
vegetation and loosening soil, which increases the magnitude
of runoff, erosion, and the transport of contaminants during
post-fire precipitation events.

Consecutive/successive interaction: Events that occur one
after the other in succession repeating a cycle leading to dif-
ferent processes and impacts. A particular example of this type
of interactions is the alternating drought-flood cycle which can
affect water quality through their influence on the temporal
variability in catchment hydrology, meteo-climatic conditions
as well as hydrodynamic conditions of transitional water with
implications on the biogeochemical dynamics.

3.2.2. Water quality constituents potentially affected

The analyzed publications examined various physical, chemical, and
biological water quality parameters. Variations in the concentrations
of nutrients (such as different species of nitrogen and phosphorus as
well as silicates) in transitional waters as a result of different climate
change hazards was reported in majority (79%) of the reviewed studies
followed by salinity and Chlorophyll-a (Chl-a), investigated in 76% and
71% of the publications respectively. In addition, several studies iden-
tified turbidity (53%), Organic matter concentration (35%), dissolved
oxygen (DO, 32%), and water temperature (29%), as the main water
quality constituents affected by climate change hazards (Appendix
A-SM4). The hazard-induced change in these parameters and their
interactions results in various ecological and trophic cascade effects
such as changes in phytoplankton biomass and composition, habitat
condition, zooplankton, and fish productivity (e.g., Angleés et al., 2015;
Lehman et al., 2017; Voynova et al., 2017; Wetz et al., 2011).

3.3. Hazard-induced processes and mechanisms of water quality alteration

3.3.1. Hydro-morphological processes

The hydrodynamics of transitional ecosystems is determined by
catchment hydrological conditions (e.g., flood and drought), marine
hydro-meteorological conditions (storm surge and tides) and atmo-
spheric conditions such as wind patterns (see Fig. 3). The influence
of these hazards on the hydrodynamic circulation and the interaction
with morphological processes can influence the physical, geochemical,
and biological conditions of transitional ecosystems. For instance, flood
events resulting in increased discharge of freshwater can influence the
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hydrodynamic mixing and circulation of transitional ecosystems lead-
ing to reduced salinity and increased water temperature (Gaspar et al.,
2018; Howley et al., 2018; Paerl et al., 2010; Voynova et al., 2017).
On the other hand, hazards related to marine hydro-meteorological
conditions, such as storm surges or tidal flooding tends to increase the
influence of saline, high-density marine water on the hydrodynamics of
transitional waters (Uncles et al., 2018). This mixing and interactions of
water masses with different properties can lead to stratification of the
water column with the denser saline water overlayed by lighter fresh-
water. This inhibits vertical mixing and circulation which can affect
the physical and biogeochemical dynamics. Strong wind events acting
on the surface of transitional waters can also play an important role
in the circulation patterns and transport processes influencing salinity
and density gradients as well as stratification processes. Furthermore,
depending on the chemical properties of the water masses supplied
by different hazards, the mixing and circulation process can affect
other parameters such as pH and Alkalinity. For instance, different
studies indicated that increased freshwater discharge could lead to low
alkalinity and pH in transitional waters (Gaspar et al., 2018; Glibert
et al., 2023; Voynova et al., 2017).

Multiple hazards can also affect the residence/retention time with
consequent impact on the physical and biogeochemical dynamics of
transitional ecosystems. Residence time depends on both marine hydro-
dynamic conditions and catchment hydrology, which are often influ-
enced by climate change-induced hazards. The variations in catchment
hydrology through drought-flood cycles play an important role in
determining the retention time of transitional ecosystems. Frequent
flood events reduce the retention time leading to increased dilution and
flushing rates (e.g., Voynova et al., 2017), while drought can lead to
extended residence time (Paerl et al., 2010; Yang et al., 2015). Hazards
related to marine hydrometeorology such as tides and storm surges can
result in excessive marine water flux and increased exchange with the
open sea leading to increased tidal flushing and dilution.

Moreover, the hazard-induced variations in hydrological/
hydrodynamic processes and their interactions with morphological
processes can contribute to the mobilization/suspension, and transport
of sediments and particulate matters from different sources as well as
within transitional waters with subsequent effect on the water quality
dynamics. Flood events can carry a significant quantity of suspended
sediments from coastal catchments (Butler et al., 2015; Trefry and
Fox, 2021; Voynova et al., 2017). Besides, other hazards such as
wildfires that occur prior to flood events can enhance the erosion
rate and the sediment load into transitional ecosystems (Bracewell
et al., 2023). Storm surges from tropical cyclones, hurricanes, and tidal
flooding amplified by global sea-level rise, can increase concentration
of suspended particulate matter in transitional waters through supply
of marine sediments and introduction of materials during inundation of
low-lying coastal areas. Strong wind events can also be responsible for
the transport and atmospheric deposition of fine sediments and other
particulate matters. Moreover, the combination of these hazards (flood,
storm, tide, wind) and their influence on the hydro-morphodynamics
of transitional waters can lead to the suspension of coastal sedi-
ment (Howley et al., 2018; Paerl et al., 2010; Schaffelke et al., 2012;
Uncles et al., 2018). This can affect turbidity and subsequently other
water quality constituents including temperature and DO (Uncles et al.,
2018).

3.3.2. Biogeochemical processes

Hazard induced changes in biogeochemical constituents arise
mainly through the mobilization and transport of nutrients, organic
matter, and other pollutants. Multiple climate change hazards, includ-
ing storm surge (Angles et al.,, 2015), flooding (Chen et al., 2018;
Jaegge et al., 2022; Oviatt et al., 2022; Sapkota et al., 2023; Regier
et al., 2020; Zhou et al., 2023), drought (Paerl et al., 2010; Yang et al.,
2015; Wetz et al., 2011) as well as wind and tidal variations (Schaffelke
et al., 2012; Uncles et al., 2018), can contribute to the temporal and
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spatial variations of the concentration and composition of nutrients
and organic matter. For example, flood events can transport a sig-
nificant amount of nutrients and allochthonous organic matter from
catchments. Majority of the studies reviewed have shown increased
concentrations of phosphorus, nitrogen, silicates, and organic matter
in transitional waters associated with flood events (Gaspar et al., 2018;
Howley et al., 2018; Trefry and Fox, 2021; Voynova et al., 2017).
However, a reduction in the load and concentrations of nutrients during
periods of frequent flood events has been reported, for example at the
Neuse River Estuary, USA (Paerl et al.,, 2006). This was mainly due
to enhanced nutrient retention and cycling in the watershed result-
ing from increased flushing and scouring as well as catchment-scale
nutrient management interventions.

Additionally, variations in nutrient concretions can also result from
hazards such as storm surge, tidal flooding and drought. For instance,
net flux of nutrients from the sea to the Shuidong Bay has been
documented by Fu et al. (2023), which could be attributed to the supply
of nutrient rich marine sediments. Marine hydrometeorological hazards
can also lead to the inundation of low-lying coastal areas and intro-
duction of nutrients and other constituents as flood water recedes. The
influence of different hazards (including flood, wind, storm surge, tidal
variations) on the hydro-morphodynamic processes can lead to local
suspension of nutrients from sediments, increasing the concentrations
in the water column (Howley et al., 2018; Schaffelke et al., 2012).
Drought can influence biogeochemical dynamics of transitional waters
through its impacts on catchment hydrology which reduces nutrient
supply to transitional waters with consequent impact on primary pro-
ductivity and higher trophic level (Clark et al., 2022; Wetz et al., 2011).
For instance, Wetz et al. (2011) reported elevated fish mortality during
drought period linked to diminished food availability (zooplankton),
resulting from reduced nutrient availability and consequent decline in
primary productivity.

Furthermore, the hazard-induced variations in the hydrodynamic
conditions of transitional environments such as residence time and con-
sequent dilution and flushing rates can affect several biogeochemical
constituents including concentration of nutrients, and primary produc-
tivity (Paerl et al., 2010; Scanes et al., 2020; Voynova et al., 2017; Yang
et al., 2015). Shorter residence time resulting from flood events and
excessive marine water influence (e.g., storm surge, tide) can lead to
reduced concentrations of nutrients and other pollutants (e.g., Fu et al.,
2023; Voynova et al., 2017). On the other hand, drought can lead to
extended residence time, reducing the flushing rate, and contributing
to the accumulation of pollutants in transitional waters (Paerl et al.,
2010; Yang et al., 2015). This is particularly important in ecosystems
with limited exchange with the open sea, such as choked coastal
lagoons. Longer residence time during drought periods accompanied by
drought-induced changes in atmospheric conditions such as prolonged
high temperatures can lead to deterioration of water quality including
enhanced eutrophication, and shift in trophic status of transitional
water ecosystems (Jaegge et al., 2022; Paerl et al., 2010; Scanes et al.,
2020). Similarly, other hydrodynamic processes such as stratification
can hinder the vertical exchange of gasses (e.g. oxygen) which leads to
bottom DO depletion and consequent bottom water hypoxia and anoxia
conditions (Paerl et al., 2010; Voynova et al., 2017).

4. Discussion

4.1. Conceptual framework depicting climate change multi-hazard impacts
on water quality

The systematic review showed that a wide range of climate change
hazards can influence transitional water quality, either directly or indi-
rectly, with subsequent cascading effects on upper trophic levels. The
cause—effect relationship between multiple hazards and water quality
parameters are described in a novel conceptual framework (Fig. 4)
which can aid the visualization, conceptualization, and understanding
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of the interactions between different components. The framework is
organized into four components containing a list of items describing
hazards, processes, and water quality parameters. The first block (top
part of the chart) comprises a list of different hazards related to
climate change that affect water quality. The second component (blue
boxes) consists of the mechanisms and/or processes that alter water
quality under the influence of hazard events. The third block provides
a list of eutrophication-related parameters affected by climate change
hazards. The last block presents examples of eutrophication indicators
and cascade trophic effects.

The conceptual framework can serve as a basis for comprehensive
assessments of the impacts of multiple hazards occurring individually
or as compound events, and their interactions. The interactions among
these hazards over temporal and spatial scales can exacerbate the
impacts on water quality dynamics. Furthermore, the interplay among
water quality parameters can have a significant role in determining
the water quality dynamics of transitional environments. Changes to
water quality parameters due to climate change hazards can alter the
state of other parameters. For instance, an increased concentration of
organic matter can influence biological oxygen demand (BOD) which in
turn affects DO concentration, or changes in temperature and salinity
which affect DO concentration as depicted by the arrows in Fig. 4.
Therefore, the consideration of the interactions among different haz-
ards, ecosystem processes, and multiple water quality indicators in
the assessment of climate change multi-hazard impacts would provide
insight into the whole picture of the complex systems of water quality
dynamics and the ecological state of transitional waters. In general
the framework synthesizes and visually represents the current state of
knowledge as revealed through the systematic review, providing an
evidence-based overview that highlights the current research, pinpoints
gaps, and identifies areas of limited understanding. These include:

Narrow focus on certain hazards: Although a wide range of
climate hazards can potentially affect water quality, most of
the reviewed studies focused primarily on floods and droughts.
This limited scope constrains a comprehensive understanding of
how diverse climate factors impact water quality in transitional
ecosystems.

Underrepresented water quality parameters: The review re-
veals limited evidence on specific water quality parameters in
relation to climate hazards, highlighting areas that require further
investigation, as depicted in Fig. 4.

Limited consideration of hazard interactions: Although haz-
ards could occur simultaneously or sequentially and interact in
influencing different processes which exacerbate impacts on wa-
ter quality, most of the studies reviewed focus on individual
hazards. This underscores a critical gap in the literature in the
application of multi-hazard approaches in the assessment of cli-
mate change impacts on water quality, which is also explored in
Section 4.2.2.

Implications for research and practice: By summarizing the
state of current research/knowledge, Fig. 4 serves as a concep-
tual framework to identify key interconnections and prioritiz-
ing research. This is vital for designing comprehensive assess-
ments and developing effective mitigation strategies to address
the multifaceted impacts of climate change on water quality.

4.2. Assessment of multi-hazard impacts: current state, challenges, and way
forward

The complexity of the transitional ecosystems in terms of hydro-
dynamics, morphodynamics, and biogeochemical processes as well as
the interplay between climate change multi-hazards requires innovative
and site-specific studies. Assessment and modeling approaches have to
be capable of capturing these complexities to assist full understand-
ing of the water quality and ecosystem dynamics under both present
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and future climate change scenarios. The results of these assessments
can provide information for the planning and decision-making regard-
ing appropriate responses to the impacts from current and predicted
climate hazards. Descriptions of the main shortcomings in the cur-
rent assessment approaches and future improvements that should be
considered by the research community are provided below.

4.2.1. Observation-based analysis

The literature review showed that current methodological
approaches to evaluate the impacts of climate change hazards on water
quality are dominated by the analysis of in-situ field observations.
In-situ monitoring data subject to statistical analysis are essential for
documenting and understanding the trends in water quality thereby
constructing cause—effect relationships between climate hazards and
water quality indicators. Analysis of hazard impacts using in-situ ob-
servations, involving comparison of the state of water quality before,
during, and after hazard event (e.g., Howley et al., 2018; Sapkota et al.,
2023; Voynova et al., 2017), comparison of changes in water quality
during different hazard events such as drought and flood (e.g., Glibert
et al., 2023; Lee et al., 2011; Lehman et al., 2013), and flood and
storm surge (Angles et al., 2015), as well as comparison of changes
during hazard event to long-term trends (Jaegge et al., 2022; Voynova
et al., 2017) has been demonstrated within the reviewed studies. In this
regard, the limited availability of continuous monitoring data remains
one of the main challenges in the evaluation of the long-term water
quality dynamics and cumulative impacts of climate change multi-
hazards, leading to analyses focused on episodic events (Trefry and Fox,
2021; Voynova et al., 2017). Hence, improvements in long-term and
continuous monitoring of water quality parameters with high spatial
and temporal resolution have been stressed in the literature (e.g.,
Angles et al., 2015; Paerl et al., 2006; Trefry and Fox, 2021). This could
be achieved by increasing the frequency of sampling, employing mod-
ern monitoring technologies such as stationary automatic recording

stations (Voynova et al., 2017), mobile monitoring systems mounted on
ships and boats (Lee et al., 2011; Voynova et al., 2017), and deployment
of IFCB to continuously capture images of phytoplankton (Anglés et al.,
2015). Such long-term and continuous monitoring can facilitate the
identification of gradual trends and cumulative impacts driven by
climate-related events, while also capturing the interplay of multiple
stressors over time that may not be detectable in short-term studies.
High spatial resolution allows for the detection of local variability and
hotspots of water quality degradation resulting from individual hazard
events or their interactions. Similarly, high temporal resolution aids
in identifying short-term anomalies, seasonal variability, and gradual
trends in water quality parameters associated with hazard evolution, as
well as alterations linked to multiple hazards occurring simultaneously
or as temporally compounding events (e.g., floods and storm surges).
Integrating these observations with data on the timing and character-
istics of climate hazards enables the assessment of cumulative impacts,
such as nutrient accumulation, eutrophication, and ecosystem shifts,
arising from repeated or compound hazard events. Furthermore, the
availability of such long-term data can assist in the development of
models that predict future changes in water quality associated with
projected climate change hazards.

Besides in-situ measurements, the emerging use of airborne and
satellite remote sensing data was noted. Such data can provide long-
term, continuous information that can be related to different hazard
events and detect the relationships between hazards and water quality
indicators. Nevertheless, the application of such data is limited to a few
water quality parameters principally related to primary productivity
and turbidity (e.g., Chl-a, POC, PIC, plume extent) (Auricht et al., 2018;
Howley et al., 2018; Wetz et al., 2011) with few or no applications to
other parameters such as nutrients concentrations. This could be be-
cause nutrients are soluble and optically inactive, making them difficult
to detect from remote-sensing spectral features (Ahmed et al., 2022).
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Nevertheless, through the implementation of machine learning (ML)
models, recent studies demonstrated that optically inactive parameters
can be estimated indirectly using optically active water quality parame-
ters that have high correlations with nutrient concentrations, i.e., Chl-a
and total suspended solids (e.g., Ahmed et al., 2022; Li et al., 2022;
Vakili and Amanollahi, 2020). Hence, expanding the use of remote
sensing in multi-hazard impact assessment for several variables such
as nutrient concentrations, can be achieved by employing different
ML algorithms and exploiting the available long time series data in
combination with in-situ measurements.

4.2.2. Numerical modeling

In recent years numerical modeling applications to simulate water
quality alterations resulting from climate change hazards have been
increasing. Modeling approaches which are physics-based approaches
solve equations that describe physical processes and enables to capture
the feedback among different complex processes that affect water qual-
ity under the influence of hazard events. Numerical model applications
in the reviewed studies were mostly focused on the hydrological regime
such as flood, and drought events or changes in catchment hydrology
through the cycle of drought-flood (Oliveira et al., 2019; Yang et al.,
2015; Zhou et al.,, 2023). The reason for such focus could be due
to the fact that flood and/or discharge plays an important role in
nutrient load and the hydrodynamics of transitional waters which de-
termines processes such as residence time, stratification, and dilution.
However, other hazards including marine hydrometeorological hazards
also play a significant role in determining the hydro-morphodynamics
and biogeochemical processes. In addition to the impacts from indi-
vidual hazards, the interactions among multiple hazards can intensify
the impacts on the short-and long-term state of water and ecological
quality. Even though multi-hazard approaches have been considered
advantageous over single-hazard-based approaches for comprehensive
climate risk and impact analysis (Forzieri et al., 2016; IPCC, 2022;
UNDRR, 2019), there is still limited application of such approaches to
the assessment of impacts on transitional water quality.

Understanding the impacts of climate change on water quality
necessitates integrated assessment employing modeling approaches
that incorporate components representing several ecosystem processes.
However, existing modeling approaches focus on a single or subset
of the diverse ecological process lacking comprehensiveness and the
integration of various components. A recent study by Baustian et al.
(2018) implemented a Delft3D-based biophysical model integrating
hydrodynamics, morphodynamics, nutrient dynamics, and vegetation
dynamics while allowing feedback and information transfer among
model components. Hence, advancing such integrated modeling of
multiple processes either through the integration of different model
components or as a chain of models (in which the output from one
model can be used as input for successive models) is essential for a
comprehensive assessment of climate change impacts on transitional
water quality.

4.2.3. Future predictions under climate change scenarios

Prediction of water quality under future climate change scenar-
ios through dynamic and/or statistical downscaling of Global Climate
Models (GCMs) or Regional Climate Models (RCMs) could aid early
identification of possible impacts associated with future extreme events
and support planning and decision making regarding future adapta-
tion. As numerical models are simplified representations of real-world
processes, predictions and modeling approaches could be subject to
various sources of uncertainty. Those may include model uncertain-
ties, scenario uncertainties, uncertainties related to internal climate
fluctuation (Hawkins and Sutton, 2011; Wu et al., 2022) as well as
downscaling related uncertainties (Chen et al., 2011). Furthermore,
additional uncertainties in the prediction of water quality may arise
from static assumptions of certain climate-related stressors (focusing on
a few climate hazards while maintaining static assumptions for others)
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and incomplete representation of ecological processes that influence
water quality.

Such sources of uncertainties could be narrowed down by consid-
ering multiple GCM-RCM ensembles, and scenarios for all the possible
emission pathways incorporating the five future scenarios in the IPCC
report - AR6 (IPCC, 2023). This would allow a thorough analysis of
uncertainties arising from scenario construction, model parametriza-
tion, and sensitivity of ecological parameters to climate drivers. The
use of multiple climate change scenarios also allows the examination
of all possible pathways with respect to the evolution of water quality
under a wide range of potential conditions. In parallel, with the ad-
vancement of Artificial Intelligence (AI), approaches such as ML have
been reported to be effective tools to disentangle relationships between
environmental variables that determine water quality (Aslan et al.,
2022; Zennaro et al., 2023; Zhu et al., 2022). As a result, the scientific
community is progressing with the application of sophisticated ML-
based algorithms allowing to increase the performance of models and
thereby reduce the uncertainty of risk scenarios. Moreover, hybrid
strategies that combine physical and biogeochemical-based simulations
with ML models could provide greater flexibility and synergy in the
modeling process and scenario design. This integration can optimize
model performance by leveraging the strengths of process-based models
to understand complex physical processes and interactions, capturing
the fundamental principles governing the system, while also capital-
izing on the efficiency of ML models in mapping complex patterns of
relationships between environmental variables. Such an approach can
improve predictive accuracy, enhance computational efficiency, and
reduce uncertainty in modeling complex systems. Practical applications
include using ML models to correct errors or predict residuals in
process-based models (e.g., Jeong et al., 2024; Wu and Wang, 2022),
employing surrogate models to replace or complement computationally
expensive simulation components (e.g., Daniel et al., 2023; Payne et al.,
2023), adopting hybrid ensemble approaches that integrate outputs
from both models to enhance robustness and predictive accuracy (e.g.,
Jose and Yasala, 2024), and employing ML models trained on historical
data to predict future water quality parameters, using input features
derived from process-based model predictions (e.g., Zennaro et al.,
2023, 2024).

Furthermore, the impacts of different hazards on water quality
depends on human activities such as land use, water management and
adaptation interventions (e.g., Onodera et al., 2007; Paerl et al., 2006).
Human activities are expected to evolve with climate change and an
associated increase in hazard events due to the need for adaptation,
which may include interventions at river basin scale, restoration of
morphological features within transitional environments, and changes
in sea defenses. This may influence the hydrodynamic, morphody-
namic, and biogeochemical responses of transitional waters to hazard
events. Such human-induced modifications can affect water quality
dynamics, as well as the magnitude of the impacts from future climate
change hazards. Therefore, in addition to climate change scenarios,
the integration of land use and adaptation scenarios in the modeling
of climate change impacts on water quality is crucial, which can
aid in evaluating the effectiveness of adaptation measures, thereby
informing decision-making regarding the design and implementation
of adaptation responses.

5. Conclusion

Given the predisposition of transitional ecosystems to multiple land-
sea and atmospheric hazards, along with the complexity of hydrody-
namic, morphodynamic, and biogeochemical processes that character-
ize these environments, this review highlights that a variety of climate
change-induced extreme events and their interactions pose a risk to
water quality deterioration. Furthermore, the increasing frequency and
magnitude of multiple hazards from future climate change will strongly
impact water quality in transitional environments. Based on the results
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of the analysis, a conceptual framework was proposed to support the
assessment, understanding, and decision-making processes regarding
multi-hazard impacts on water quality. The framework synthesizes
current knowledge to illustrate the complex interactions, cause—effect
relationships, and mechanisms through which multiple hazards impact
water quality constituents. The review underscores the disproportion-
ate focus on certain climate hazards, underrepresented water quality
parameters, and insufficient consideration of multi-hazard interactions
as key challenges, limiting a comprehensive understanding of the in-
terconnected impacts of climate change on water quality in transitional
ecosystems. This requires the adoption of multi-hazard approaches that
integrate multiple stressors in assessing the impacts of climate change
on transitional water quality. Innovative observational and modeling
tools are crucial to address complex and dynamic interactions among
climate change-related stressors, ecosystem processes, water quality
constituents, and site-specific morphological features. Advancements in
long-term, high-resolution monitoring, alongside the development of
sophisticated process-based and data-driven Al models, as well as hy-
brid strategies, should be a central focus of future research, to address
knowledge gaps, enhance predictive capabilities, and reduce uncertain-
ties. In addition, considering human-driven factors such as land use
and adaptation measures is vital to unravel complex system dynamics
under multiple pressures. Furthermore, future work could be enhanced
by more accessible (low-cost and user-friendly) initiatives that involve
citizens in data collection efforts, such as reporting visual indicators
of poor water quality to alert local authorities. These initiatives could
be further supported by smart modeling chains implemented within
regional environmental agencies. This integrated approach would fos-
ter more participatory, collaborative, and community-driven research,
enhancing the scientific and social understanding of complex system
dynamics under multiple pressures. Ultimately, this would provide crit-
ical insights to support informed decision-making and the development
of effective adaptation strategies.
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