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Abstract

Aquatic environments have been a critical source of nutrition for millennia, with wild capture
fisheries supplying protein and essential nutrients to populations worldwide. In recent decades,
however, a notable shift has occurred with the expansion of aquaculture, which now represents one
of the fastest-growing sectors in food production. Aquaculture plays a key role in mitigating the
depletion of wild fish stocks and addressing issues related to overfishing. Despite its potential
benefits, the sustainability of both wild and farmed aquatic food systems is increasingly challenged
by anthropogenic pollution. Contaminants originating from agricultural runoff, industrial
discharges, and domestic effluents enter freshwater systems and eventually reach marine
environments, where they may be transported globally through ocean currents. Water is an
indispensable input not only for the cultivation of aquatic organisms but also across the broader agri-
food sector. Consequently, maintaining water quality is paramount to food safety, environmental
integrity, and long-term food security. In addition to conventional seafood products such as fish and
shellfish, foods such as those derived from microalgae are gaining attention in Western markets for
their high nutritional value and potential functional properties. These organisms have been
consumed traditionally in Asia for generations and are now being explored as sustainable foods and
ingredients as an alternative source of protein. Contaminants of concern in aquatic food products
include residues of agrochemicals (e.g., pesticides, veterinary pharmaceuticals), persistent organic
pollutants (POPs) such as dioxins, polychlorinated biphenyls (PCBs), and per- and polyfluoroalkyl
substances (PFAS), as well as brominated flame retardants, heavy metals (e.g., mercury, cadmium,
lead), and inorganic arsenic. In parallel, public and scientific attention has intensified around plastic
pollution, particularly microplastics and nanoplastics, which are increasingly detected in aquatic
organisms and are the subject of ongoing toxicological and ecological risk assessments. While the
presence of these chemical hazards necessitates robust risk assessment and regulatory oversight, it is
essential to balance these concerns against the documented health benefits of aquatic foods, which
are rich in omega-3 fatty acids, high-quality proteins, vitamins, and trace elements. Furthermore,
beyond direct human health implications, the environmental impact of pollutant sources must be
addressed through integrated management approaches to ensure the long-term sustainability of
aquatic ecosystems and the food systems they support.

Keywords: fish; seafood; risk assessment; residues and contaminants; aquaculture; radionuclides;
micro- and nano-plastics; climate change

Introduction:

The acceleration of global demand for aquatic-derived foods, alongside the proliferation of
aquaculture activities and anthropogenic pressures, has led to a complex scenario of chemical
contamination in aquatic environments (FAO, 2022; Boyd et al,, 2020). The broad spectrum of
pollutants and contaminants found in wild and farmed fishery products —including microplastics,
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nanoplastics, veterinary pharmaceuticals, pesticides, persistent organic pollutants (POPs), heavy
metals, and compounds arising from eutrophication —demonstrates the intricate interplay of natural
and human-driven processes (Barboza et al, 2018; Hermsen et al., 2017). Changing climatic
conditions, such as rising sea temperatures and more frequent flooding events, further accelerate the
spread and transformation of hazardous compounds in aquatic ecosystems, intensifying risks to food
safety and public health (Doney et al., 2012; Schellnhuber et al., 2016).

This review provides an overview of key contaminants, their sources, environmental fate, and
mechanisms of bioaccumulation and trophic transfer (Wang et al., 2016). The emerging risks
associated with microplastics and nanoplastics are discussed with reference to their prevalence and
poorly understood toxicity, which together present significant research challenges (Wright & Kelly,
2017; Galloway et al., 2017). Notable knowledge gaps remain regarding plastic identification and
behaviour in environmental mixtures, their interaction with adsorbed chemical pollutants, and the
influence this exerts on bioavailability to aquatic organisms and humans (Koelmans et al., 2016).
Similarly, the growing recognition of algae as a resource for sustainable animal feeds and human
foods requires comprehensive scientific scrutiny to guarantee the safety and functionality of derived
products (Wells et al., 2017).

The impact of climate change is particularly significant for the biogeochemical cycling of
mercury and the increased mobilisation of contaminants during flooding events (Driscoll et al., 2013;
Schuster et al.,, 2018). Elevated sea surface temperatures catalyse the methylation of inorganic
mercury, raising levels of more toxic methylmercury in food webs and heightening the risk of human
exposure via consumption (Polunas et al., 2017). Floodwaters act as vectors for the redistribution of
pollutants —including dioxins, heavy metals, and hydrocarbons —from contaminated to previously
unaffected areas, as documented in case studies such as the flooding of the Elbe and Mulde rivers
and the aftermath of Hurricane Katrina (Heininger et al., 2006; Presley et al., 2006). Increased
contaminant concentrations in agricultural products, such as floodplain-produced milk, highlight the
interconnectedness of environmental and food safety (Fiedler et al., 2000).

The management of aquatic resources is challenged by the transboundary nature of principal
river systems, which cross multiple nations and regulatory regimes (Wolf et al., 1999). The movement
of pollutants across borders, combined with disparate environmental policies, increases diplomatic
complexity and the risk of international conflict regarding water purity and scarcity (Zeitoun &
Mirumachi, 2008). Large-scale infrastructure projects such as dams and irrigation can reduce supplies
for downstream users, especially as populations grow and demand for clean water increases (Gleick,
2003). Robust international agreements and collaborative management frameworks are therefore
essential to mitigate drought risk, ensure fair resource allocation, and prevent disputes (United
Nations, 1997).

By analysing the multifactorial nature of aquatic contamination and its effects on ecosystem
integrity, food safety, and public health, this review provides a basis for understanding the
importance of integrated risk assessment, adaptive policy development, and sustainable
management of aquatic environments (Rockstrom et al., 2009).

Pollutants and Contaminants

Pesticides and Veterinary Medicines

Pesticides

Pesticide residues in foods sourced from both marine and freshwater environments, including
those produced through aquaculture, have emerged as a matter of increasing concern for food safety,
public health, and environmental integrity. The widespread use of pesticides in terrestrial agriculture
means that these chemicals often find their way into aquatic systems, either through direct
application in aquaculture or, more commonly, via indirect pathways such as surface runoff,
leaching, and atmospheric deposition. Once introduced into rivers, lakes, and coastal waters,
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pesticides can persist, accumulate, and ultimately enter the food web, affecting a wide range of
organisms from plankton to top predators, including humans who consume aquatic-derived foods.
(Wang et al., 2016; Wright & Kelly, 2017)

In freshwater environments, agricultural runoff is a primary conduit for pesticide
contamination. During rainfall events, excess pesticides applied to crops are washed from fields into
adjacent water bodies. These compounds may include organophosphates, carbamates, pyrethroids,
and persistent organic pollutants (POPs) such as DDT, lindane, and chlordane. The persistence and
toxicity of these chemicals are influenced by factors such as water temperature, pH, and organic
matter content, which can vary widely between freshwater and marine settings. Once in the aquatic
environment, pesticides may adsorb to sediments, dissolve in water, or bind to organic material,
affecting their bioavailability and potential for uptake by aquatic organisms. (Schuster et al., 2018;
Wang et al., 2016)

In marine ecosystems, the transport of pesticides from land to sea is facilitated by riverine
discharge and estuarine mixing. Coastal areas, especially those adjacent to intensive agricultural
zones, are particularly vulnerable to contamination. Pesticides introduced into the marine
environment can impact not only wild fish populations but also shellfish, crustaceans, and other
seafood species harvested for human consumption. Certain pesticides, such as organochlorines, are
highly persistent and lipophilic, leading to bioaccumulation in fatty tissues and biomagnification
through the food chain. This is of particular concern for apex predators and humans, who may be
exposed to higher concentrations of residues via dietary intake. (Wang et al., 2016)

Aquaculture systems are also at risk of pesticide contamination, even when pesticides are not
directly applied. Aquaculture ponds, cages, and pens may be situated in environments receiving
agricultural runoff, thereby exposing farmed species to a range of agrochemicals. Additionally, some
pesticides are intentionally used within aquaculture operations as therapeutic agents to control
parasites and disease outbreaks, such as the employment of organophosphates and pyrethroids for
sea lice management in salmon farming. In these cases, the compounds are reclassified as veterinary
medicinal products, but their residue profiles and potential impacts on food safety remain significant.
The use of such chemicals must be carefully regulated and monitored, as improper application can
result in excessive residue accumulation in edible tissues, posing risks to consumers and leading to
trade restrictions or economic losses. (FAO, 2019 a; Hanekamp et al., 2003)

Residues of pesticides in aquatic foods are typically monitored through national and
international food safety programmes, with established maximum residue limits (MRLs) for various
compounds. However, the diversity of pesticides, environmental conditions, and species involved
complicates the assessment and management of risks. Chronic exposure to low levels of pesticide
residues has been associated with a range of adverse health outcomes, including endocrine
disruption, neurotoxicity, carcinogenicity, and developmental effects. Vulnerable populations, such
as children, pregnant women, and communities with high seafood consumption, may be at
heightened risk. (Wright & Kelly, 2017)

Mitigating pesticide residues in foods from aquatic environments requires a multifaceted
approach. This includes reducing pesticide use in agriculture through integrated pest management
(IPM), promoting buffer zones and riparian vegetation to limit runoff, and strengthening regulatory
oversight of pesticide application in aquaculture. Advances in analytical techniques have improved
the detection and quantification of pesticide residues, but continued research is needed to better
understand the fate, transport, and transformation of these chemicals in complex aquatic systems.
Moreover, public awareness and education are essential to promote responsible consumption and
support policy development aimed at safeguarding food safety and environmental health. (FAQ,
2019 b; Wang et al., 2016)

Veterinary Medicines

Veterinary medicines play a critical role in both terrestrial and aquatic animal production
systems, but their use also raises complex challenges for environmental and food safety.
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Pharmaceuticals administered to livestock are often excreted and end up deposited on agricultural
land, from where they can be transported into freshwater environments. Human pharmaceuticals
also contribute, entering aquatic systems via discharges from wastewater treatment plants, which are
frequently unable to remove these compounds entirely. (FAO, 2019 b)

In aquaculture, certain chemicals initially classified as pesticides—such as organophosphates
and pyrethroids—are deliberately used as therapeutic agents to control ectoparasites like sea lice in
salmonids. When used in this context, these compounds are reclassified as veterinary medicinal
products (VMPs). (FAO, 2019 b; Hanekamp et al., 2003)

Veterinary medicines in both terrestrial and aquatic systems are used for a range of purposes:
disease prevention (e.g., vaccines), therapeutic interventions (e.g., antimicrobials and antiparasitics),
and husbandry practices (e.g., anaesthetics, reproductive hormones, and disinfectants). While
terrestrial farming typically focuses on a few species, aquaculture is highly diverse, involving over
500 cultured organisms including finfish, crustaceans, molluscs, amphibians, invertebrates, and
macroalgae. This diversity complicates pharmaceutical development, as efficacy and safety data are
often species-specific and insufficient, particularly for species with limited commercial value, which
further restricts investment in drug development and regulatory approval. (FAO, 2019 b)

As in terrestrial farming, VMPs in aquaculture are mainly used for the prophylaxis and
treatment of infectious diseases. Antimicrobials are generally administered via medicated feed or
bath immersion. Disease outbreaks often include both visibly ill and subclinical carriers, so
metaphylactic treatment—where the entire population is medicated to treat existing infections and
prevent further spread —is common. (FAO, 2019 b)

Unlike terrestrial livestock production, where antimicrobials have historically been used at low
doses to promote growth by altering gut microbiota (Hernandez, 2005), there is little evidence to
support such effects in aquatic species. Growth promotion via antimicrobials is not a standard
practice in aquaculture. (Smith, 2012)

The rapid global expansion of aquaculture over the past thirty years has been supported by the
use of veterinary medicines. However, the antimicrobials used in aquaculture are generally the same
as those in human medicine, with no antibiotics developed exclusively for aquatic use. High drug
development costs and limited market opportunities hinder innovation in this area. (FAO, 2019 b)

With rising awareness of biosecurity and health management, the use of veterinary medicines
in aquaculture has increased, but stewardship has not always been optimal. Residues of veterinary
drugs have, at times, led to trade restrictions and economic losses when import regulations are
breached (for example, Koonse, 2016). The detection of chloramphenicol residues in shrimp since
2001 has triggered stricter regulation and oversight of antimicrobial use. (Hanekamp et al., 2003)

While essential for disease control, veterinary medicines have limitations. The development of
vaccines has reduced reliance on antimicrobials in some aquaculture sectors. Nevertheless, misuse of
VMPs can result in toxicological effects, antimicrobial resistance, environmental contamination,
residue accumulation, and potential risks to public health. Environmental factors such as water
temperature, salinity, and organic load can influence drug effectiveness and persistence,
complicating treatment and risk assessments. (FAO, 2019 b)

Maintaining the health of aquatic animals in intensive culture systems requires access to
effective VMPs to optimise survival, reduce disease-linked losses, and improve feed efficiency. There
is broad agreement that veterinary medicines contribute significantly to aquaculture productivity,
but a transition towards judicious, evidence-based use is vital. Strengthening regulations, improving
farmer education and extension services, and promoting best practices in antimicrobial stewardship
are key steps for sustainable aquaculture development. (FAO, 2019 b)

The application of veterinary medicines in aquaculture, much like in terrestrial livestock and
poultry systems, underpins the efficiency and sustainability of industrial-scale aquatic food
production. Their strategic use boosts production efficiency by maximising the use of land, water,
and feed resources per unit biomass, thereby supporting food security and economic viability. (FAO,
2019 a)
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e Veterinary pharmaceuticals are integral to modern aquaculture in several ways:

¢ Enhancing biosecurity and husbandry: Vaccines, disinfectants, and prophylactic agents form the
foundation of robust health management, helping to prevent disease introduction and spread.

e Treating production-limiting diseases: Therapeutic interventions minimise losses from reduced
growth, poor feed conversion, and increased mortality caused by infections and parasites.

e Managing epizootic disease outbreaks: Swift, effective use of veterinary medicines is crucial for
controlling large-scale outbreaks and averting the collapse of operations or even entire industry
sectors. (FAO, 2019 a)

e Early cultivation of new species, where pathogen-host interactions are not fully understood.

e Situations where preventive measures such as vaccination or optimal husbandry fail to prevent
disease.

¢ Managing emerging or re-emerging diseases in changing production environments.

¢ Responding to environmental and climatic shifts that affect pathogen distribution and virulence.

¢ Ensuring animal welfare, meeting evolving standards for the health and treatment of cultured
species. (FAQ, 2019 a)

Overall, veterinary medicines are a cornerstone of sustainable, resilient, and welfare-conscious
aquaculture, enabling stable production and ensuring the sector’s long-term viability. (FAO, 2019 a
and b)

Concerns regarding the overuse or misuse of veterinary medicines in aquaculture can be
grouped into four main categories:

e Diagnostic challenges: Effective disease control depends on accurate, timely diagnosis before
administering medicines. Without rapid diagnostics, treatments are often empirical or
prophylactic, increasing risk of misuse and antimicrobial resistance (AMR).

¢ Human and animal health risks: The emergence and spread of AMR among bacteria in aquatic
environments and humans is a serious concern. Residues of banned or unregulated substances
in aquaculture products may also pose direct health risks, such as toxic or allergic reactions.
Concentrations exceeding established Maximum Residue Limits (MRLs) are hazardous, and
residues can disrupt human gut flora and promote resistance in enteric pathogens. (FAO, 2019b
; Hanekamp et al., 2003)

e Environmental and ecological impacts: Veterinary medicines can enter the environment through
uneaten medicated feed, effluent discharge, or excreted residues, accumulating in sediments and
aquatic ecosystems. Consequences include changes in microbial communities, toxicity to non-
target species, and the spread of AMR genes among aquatic bacteria. (FAO, 2019 b)

e Legislative and regulatory limitations: Sustainable use of veterinary medicines requires strong
legal and regulatory frameworks. National authorities must regulate drug registration,
prescription, licensing, and record-keeping, and ensure enforcement through adequate capacity
and resources. The absence of such frameworks contributes to misuse and overuse of veterinary
medicines in aquaculture. (FAO, 2019 b)

Persistent Organic Pollutants (POPs)

Persistent Organic Pollutants (POPs) are a class of organic compounds characterised by their
resistance to environmental degradation through chemical, biological, and photolytic processes. Due
to their inherent physicochemical stability, these substances persist in the environment for extended
periods following their release, often spanning decades. POPs exhibit long-range environmental
transport via atmospheric, aquatic, and terrestrial pathways, leading to global dispersion and
deposition far from their original sources. (Stockholm Convention, 2009; Tanabe, 2002)

Most POPs are lipophilic and exhibit low water solubility, which facilitates their partitioning
into biological lipid compartments. Consequently, they bioaccumulate in the adipose tissues of
organisms and biomagnify through trophic levels, resulting in exponentially elevated concentrations
(up to 70,000 times background levels) in top level predators such as some species of fish, birds of
prey, marine mammals, and humans. POPs have been detected in biota and humans even in remote
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regions such as the Arctic, underscoring their capacity for long-range atmospheric and oceanic
transport. (AMAP, 2004; Tanabe, 2002)

Chronic exposures to POPs have been linked to a spectrum of toxicological outcomes, including
carcinogenicity, immunotoxicity, neurotoxicity, reproductive and developmental toxicity, and
hypersensitivity reactions. Several POPs act as endocrine-disrupting chemicals (EDCs), perturbing
hormonal homeostasis and thereby inducing adverse effects on reproductive capacity, immune
function, and offspring development. (Carpenter, 2006; Diamanti-Kandarakis et al., 2009)

Origins and Global Impact

Environmental contamination by POPs has primarily resulted from industrial production,
agricultural applications, and combustion processes over the decades following industrialisation. The
persistence and bioaccumulative nature of these substances have led to sustained exposure across
generations through contaminated food chains, particularly via consumption of fish and other lipid-
rich foodstuffs. (Stockholm Convention, 2009; Tanabe, 2002)

The Stockholm Convention

The Stockholm Convention on Persistent Organic Pollutants is an international environmental
treaty established to protect human health and the environment from POPs (www.pops.int ).
Adopted in 2001 and entering into force in 2004, the Convention initially targeted twelve chemicals —
commonly referred to as the “Dirty Dozen” —classified into three functional categories: Pesticides:
aldrin, chlordane, DDT, dieldrin, endrin, heptachlor, hexachlorobenzene, mirex, and toxaphene;
Industrial chemicals: hexachlorobenzene and polychlorinated biphenyls (PCBs); Unintentional by-
products: hexachlorobenzene, polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated
dibenzofurans (PCDFs), and PCBs. In 2009, the Convention expanded to include an additional 17
substances across the same three categories. Among these were brominated flame retardants (BFRs),
such as polybrominated diphenyl ethers (PBDEs), and perfluorooctane sulfonic acid (PFOS), along
with its salts and perfluorooctane sulfonyl fluoride (PFOSF), which belong to the broader group of
per- and polyfluoroalkyl substances (PFASs), often referred to as “forever chemicals.” (Stockholm
Convention, 2009; Giesy & Kannan, 2001; Kissa, 2001)

PFQOS is both an intentionally produced compound and an unintentional degradation product
of other fluorinated substances. It has been widely used in electronic components, fire-fighting foams,
photographic processes, hydraulic fluids, and textiles. Although restrictions on PFOS production and
use have increased globally, it continues to be manufactured in several countries. Industry has
increasingly shifted toward shorter-chain PFAS analogues, which, despite reduced bioaccumulative
potential, retain significant persistence, mobility, and toxicity. (Giesy & Kannan, 2001; Kissa, 2001)

Unlike traditional POPs, many PFASs do not preferentially partition into lipids but instead bind
strongly to serum proteins and hepatic tissues. This alternative mechanism of bioaccumulation
nonetheless leads to sustained internal exposure and biomagnification through food webs. Given
their extreme environmental persistence, potential for long-range transport, and demonstrated
toxicity, certain PFASs meet the Annex D criteria for inclusion under the Stockholm Convention.
(Stockholm Convention, 2009; Giesy & Kannan, 2001)

POPs in Fish and Seafood

The principal source of persistent organic pollutants (POPs) in aquaculture-derived fish and
seafood products is contaminated feed, whereas in wild-caught seafood, primary inputs originate
directly from anthropogenic activities, including industrial emissions, improper disposal of POP-
containing materials, and the use of POP-contaminated by-products. These compounds are
introduced into aquatic environments through multiple pathways, such as surface runoff from
agricultural and industrial lands, atmospheric deposition, effluent discharge from industrial
processes, and leaching from landfills. (Rose, 2016; She et al., 2016 a; Tanabe, 2002)
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To assess the environmental behaviour and biological impacts of POPs, extensive monitoring
and analytical studies have been conducted across trophic levels ranging from invertebrates to higher
vertebrates, in diverse geographic regions including the Arctic, North America, Asia, and Europe.
Over several decades, these investigations have elucidated the bioaccumulation dynamics, sources,
metabolic transformations, and toxicological effects of POPs in aquatic organisms. (AMAP, 2004;
Rose, 2016)

Trophic transfer processes, including bioaccumulation and biomagnification, result in elevated
POP concentrations in apex (top-level) predators. Numerous studies have documented a spectrum
of adverse effects associated with these contaminants, such as endocrine disruption, developmental
and reproductive toxicity, and immunotoxic responses, particularly in species occupying the highest
trophic positions (e.g., marine mammals, predatory fish, and lipid-rich pelagic fish). (Carpenter, 2006;
Rose, 2016; She et al., 2016 b)

Furthermore, climate change has been identified as a compounding stressor for contaminant-
exposed populations, influencing POP distribution, environmental persistence, and toxicity through
alterations in food web structure, temperature regimes, and biogeochemical cycling. (Rose, 2016; She
etal., 2016 a)

Consequently, fish and seafood consumption represents a major pathway for human dietary
exposure to POPs in many populations worldwide. (AMAP, 2004; Tanabe, 2002; Carpenter, 2006)

Metal(oid)s in Fish

Metal(oid)s are ubiquitous in aquatic environments due to both natural geochemical processes
and anthropogenic activities, including industrial discharge, mining, and agricultural runoff (Wang
et al., 2022). Fish can accumulate these elements directly from water and sediments or indirectly
through dietary intake in both wild and aquaculture settings (Jezierska & Witeska, 2006). Dissolved
metal ions are absorbed primarily through the gill epithelium and other permeable tissues, while
particle-bound metals are ingested, dissociated within the digestive tract, and absorbed via the
intestinal epithelium (Handy et al., 2002).

Tissue-specific accumulation varies considerably, with hepatic concentrations generally
exceeding those in muscle tissue (Canli & Atli, 2003). Several trace elements, including Fe, Zn, Cu,
Co, Mn, Cr, Se, and Ni, are essential micronutrients required for normal physiological and metabolic
processes in fish (Kumar et al., 2020). However, excessive accumulation can induce toxicity, resulting
in increased mortality, developmental deformities in rainbow trout (Oncorhynchus mykiss)
(Woodward et al.,, 1994), growth inhibition in European sea bass (Dicentrarchus labrax) (Morcillo et
al., 2017), and reduced hatching success and deformities in common carp (Cyprinus carpio) larvae
(Kondera et al., 2020).

The toxicological effects of heavy metals in fish and higher organisms are diverse and element-
specific. Lead (Pb), cadmium (Cd), and mercury (Hg) are known to impair renal function, while Pb
and Cd can cause hepatic damage (Tchounwou et al., 2012). Exposure to Pb and Hg may lead to
neurological deficits and cognitive impairment, and Cd and Pb are associated with reduced
reproductive performance (Satarug et al., 2003). Additional effects include hypertension (Cd),
teratogenicity (Hg), and carcinogenicity (Cd) (Jaishankar et al., 2014). From a human health
perspective, mercury and arsenic represent the most significant risks associated with the
consumption of contaminated fish and seafood (EFSA, 2012).

Mercury, particularly in its organic form methylmercury (MeHg), poses a major environmental
and public health concern due to its lipid solubility, biological persistence, and propensity for
bioaccumulation and biomagnification in aquatic food webs (Boening, 2000). Methylmercury toxicity
exceeds that of inorganic mercury due to its efficient absorption and slow elimination. Human
exposure occurs primarily through consumption of fish and shellfish containing bioaccumulated
MeHg. Neurological manifestations of methylmercury poisoning include paresthesia, ataxia,
tremors, and impaired coordination (Celine et al., 2016).
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In contrast to terrestrial organisms, marine biota exhibit a remarkable capacity to biotransform
inorganic arsenic into organoarsenic compounds. Over 70 distinct organic arsenic species have been
identified in marine systems (Francesconi, 2010). Arsenobetaine is the predominant arsenic
compound in marine animals, while arsenosugars dominate in marine algae. Elevated arsenic
concentrations in marine organisms are likely linked to the chemical similarity of arsenic with
phosphorus and nitrogen —elements that share group 15 periodic properties (Zhu et al., 2014). Marine
algae take up arsenate via phosphate transport pathways; the toxic arsenate is detoxified through
conversion into organic arsenicals, mainly arsenosugars (Miyashita et al., 2020). The biosynthetic
pathway of arsenobetaine remains unresolved, although its accumulation may relate to its structural
analogy with glycine betaine (Francesconi & Edmonds, 1998).

Radionuclides

Radioactive elements, both naturally occurring and anthropogenic, are present in the food
supply. These radionuclides typically enter the food chain through widespread environmental
contamination (WHO, 2023). As with stable isotopes, radioactive species may be deposited onto
terrestrial and aquatic environments via atmospheric fallout or from contaminated water sources.
This leads to direct exposure of livestock and aquatic organisms, or alternatively, results in the uptake
of radionuclides by plants from contaminated soils or surface deposition (UNSCEAR, 2000).
Consumption of such contaminated vegetation by farm animals subsequently leads to the presence
of radionuclides in animal-derived food products, including meat.

Health Risks from Dietary Exposure to Radionuclides

Dietary exposure to radionuclides poses a range of potential health risks, primarily dependent
on the type, dose, and duration of exposure as well as the chemical and radiological properties of the
specific isotopes involved (WHO, 2023). Ingested radionuclides can accumulate in various tissues
and organs, where they emit ionising radiation that may damage cellular structures and DNA,
thereby increasing the risk of cancer and other health disorders (IAEA, 2015). For example, caesium-
137 is distributed throughout soft tissues, while strontium-90 tends to concentrate in bones,
potentially elevating the risk of leukaemia and bone cancers (Hayashida and Horiguchi, 2024).
Iodine-131, on the other hand, accumulates in the thyroid gland and has been linked to an increased
incidence of thyroid cancer, particularly in children (WHO, 2023). Chronic low-level exposure may
also contribute to broader systemic effects, such as impaired immune function and increased rates of
genetic mutations (UNSCEAR, 2000). Although routine monitoring has thus far found limited
evidence of adverse health outcomes from biomagnification of radionuclides in aquatic food webs,
accidental releases and localised contamination events can result in significant, acute health hazards
for exposed populations (IAEA, 2015).

Natural Radioisotopes

There are three types of natural radioactive elements in food: long-lived elements like uranium-
238, thorium-232, and potassium-40; their daughter products such as radium-226, which can decay
further into substances like radon, lead-210, and polonium-210; and isotopes created by cosmic rays,
like carbon-14 from nitrogen (UNSCEAR, 2000). Natural radioisotopes make up about a quarter of
our background radiation exposure (IAEA, 2015).

Artificial Radioisotopes

The prevalence of artificial radioisotopes in foodstuffs has markedly increased since the
detonation of the Hiroshima atomic bomb in 1945, with further pronounced rises during the 1960s
due to extensive atmospheric nuclear testing (UNSCEAR, 2000). Additional sources include
emissions from nuclear power stations, waste processing facilities, and medical and research
activities (IAEA, 2015). Atomic detonations and operational reactors generate a complex mixture of
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radioactive elements, including uranium-235 and plutonium-239, as well as fission products like
strontium-90, cobalt-60, ruthenium-106, caesium-137, and iodine-131 (WHO, 2023). Activation
products such as zinc-65 and carbon-14 are formed through neutron interactions with naturally
present elements. Neutron bombardment in reactors also facilitates the production of radioisotopes
for medicine and industry (IAEA, 2015).

Differential uptake of radioactive isotopes is critical in assessing contamination. Plutonium
compounds, though hazardous, have low plant uptake due to poor solubility, unlike caesium or
strontium (UNSCEAR, 2000). However, surface contamination and ingestion remain concerns.
Aquatic discharges can lead to bioaccumulation in marine organisms—flatfish may concentrate
caesium-137 by a factor of 20, and zinc-65 has been found in oysters near nuclear effluent outlets
(WHO, 2023). Surveillance programmes focus on fish and marine products, though no
biomagnification-related health effects have been confirmed to date (IAEA, 2015).

Incidents Involving Food Contamination by Radionuclides

(i) Chernobyl

The Chernobyl accident in April 1986 released a substantial radioactive plume due to reactor
containment failure. Over 30 immediate fatalities occurred, and 135,000 people were evacuated
(UNSCEAR, 2000). Elevated caesium-137 levels were found in fish and sheep in the UK and Norway.
Although levels declined significantly in the first five years, reductions slowed thereafter. By 2011,
UK movement controls on sheep were lifted due to negligible consumer risk, though restrictions on
berries, mushrooms, and fish from parts of the former USSR remain (WHO, 2023).

(ii) Fukushima

On 11 March 2011, a magnitude 9.0 earthquake and tsunami caused reactor meltdowns at
Fukushima, releasing radionuclides into the environment (Hayashida and Horiguchi, 2024).
Regulatory limits were set to cap effective doses at 5 mSv/year and thyroid doses at 50 mSv/year.
Contamination was found in water, milk, vegetables, and fish. Although beef generally remained
below thresholds, livestock grazing and feed use were restricted. Trace radionuclides appeared
globally, but contamination was mostly localised. Japan implemented extensive monitoring, and
some import restrictions remain (Food Safety Institute, 2024).

Natural Toxicants and Contaminants

Natural toxicants are also present in fish and other foods sourced from aquatic environments.
These include biotoxins produced by certain algae, such as saxitoxins, domoic acid, and ciguatoxins,
which can accumulate in shellfish and finfish through the food web. Consumption of seafood
contaminated with these substances can lead to a range of illnesses, including paralytic, amnesic, and
ciguatera fish poisoning, characterised by neurological and gastrointestinal symptoms (Landsberg,
2002; Friedman et al., 2017). Additionally, some fish species naturally contain high levels of histamine
or tetrodotoxin, the latter being particularly associated with pufferfish and capable of causing severe
or even fatal poisoning if ingested (Noguchi & Arakawa, 2008; EFSA, 2011). The occurrence of these
toxicants is influenced by environmental factors such as water temperature, nutrient availability, and
the presence of specific algal blooms, making ongoing monitoring essential to safeguard public health
(Botana, 2014).

Concerns regarding mycotoxins in fish and seafood have been growing, particularly as
aquaculture expands and the use of plant-derived feed ingredients increases. Mycotoxins, toxic
secondary metabolites produced by certain fungi (mainly Aspergillus, Fusarium, and Penicillium
species), can contaminate feedstuffs such as cereals, oilseeds, and other plant-based materials
commonly incorporated into aquafeeds (Tacon & Metian, 2008; Pietsch et al., 2013). When fish and
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shellfish consume contaminated feed, mycotoxins may accumulate in their tissues, potentially posing
risks to both aquatic animal health and human consumers (Matejova et al., 2017).

Exposure to mycotoxins in fish can lead to impaired growth, weakened immune response, and
increased susceptibility to disease, thereby impacting aquaculture productivity and sustainability
(Pietsch et al., 2013). For humans, the main concern is the potential transfer of these toxins through
the food chain, as some mycotoxins are stable under typical cooking and processing conditions (Zhao
et al.,, 2016). Chronic intake of contaminated seafood could contribute to adverse health effects,
including immunosuppression, carcinogenicity, and organ toxicity (Matejova et al., 2017; EFSA,
2011). As such, continuous monitoring of mycotoxin levels in aquafeeds and seafood products,
alongside good storage and handling practices, is essential to minimise risks and safeguard public
health (Tacon & Metian, 2008).

Eutrophication

Eutrophication refers to the enrichment of surface waters with nutrients, primarily those that
stimulate plant and algal growth. Although this process can occur naturally, it is most commonly
associated with anthropogenic nutrient inputs, particularly from agricultural activities (Anderson et
al., 2002). The ‘trophic status’ of a lake, defined as the relationship between its nutrient concentration
and the resulting production of organic matter, is a key parameter in lake management and ecological
assessment. Eutrophication represents a transition from a lower to a higher trophic state, driven by
increased nutrient availability (Lan et al., 2024).

Agricultural practices are a major contributor to eutrophication, as both nitrogen (N) and
phosphorus (P) from fertilizers can be transported into surface waters through runoff and leaching.
While both nutrients play a role, the classification of trophic status generally focuses on the limiting
nutrient, typically phosphorus (Anderson et al., 2002). The influx of agricultural fertilizers into
aquatic systems promotes excessive algal growth, leading to oxygen depletion and the formation of
hypoxic or anoxic “dead zones” in downstream environments. In severe cases, such conditions can
render aquatic habitats unsuitable for fish and other marine organisms (Ongley, 1996; Lan et al.,
2024).

Eutrophication also facilitates the proliferation of harmful algal bloom (HAB) species, many of
which produce potent biotoxins that pose risks to human and animal health. These toxins can
accumulate in marine food webs, particularly in shellfish, leading to conditions such as paralytic,
neurotoxic, and diarrhoeic shellfish poisoning. Finfish may also serve as vectors, as observed in
ciguatera fish poisoning, where predatory species bioaccumulate toxins initially produced by
dinoflagellates (Anderson et al., 2002). Consumption of contaminated seafood by humans can result
in a range of gastrointestinal and neurological symptoms, underscoring the broader ecological and
public health implications of eutrophication (Lan et al., 2024).

Microplastics and Nanoplastics

It is estimated that approximately 70-80% of plastics entering the marine environment are
transported via riverine systems, which act as major conduits between terrestrial sources and the
ocean (Xia et al.,, 2024). The primary contributors to this flux include industrial and agricultural
activities, as well as effluent discharged from wastewater treatment plants (Waring et al., 2018; Alimi
et al., 2018; Owowenu et al., 2023).

Synthetic microfibres and microplastics are also generated during domestic laundering
processes; for instance, a standard 5 kg wash load of polyester textiles can release up to 6 x 10¢
microfibres (Alimi et al., 2018). Although over 95% of these fibres are typically retained within sewage
sludge (biosolids), the subsequent application of these biosolids to agricultural land facilitates the re-
emission of microplastics into the environment (Waring et al., 2018). Through aeolian dispersion or
surface water runoff, these particles can re-enter fluvial systems and eventually reach marine
environments (Owowenu et al., 2023).
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In contrast, marine-derived plastics originate from sources such as shipping, offshore oil and gas
platforms, fishing activities, and recreational maritime pursuits (e.g., discarded fishing nets)
(Mattsson et al., 2023). Additionally, a substantial proportion of marine microplastics is derived from
tyre wear particles, which are transported from roads into aquatic systems through stormwater
drainage (Mattsson et al., 2023). Many microplastic particles exhibit sizes and optical properties
similar to planktonic organisms, increasing their likelihood of ingestion by marine biota (Xia et al.,
2024).

Bioaccumulation and Trophic Transfer

The ingestion of microplastics by fish and shellfish represents a key route of entry into the
human food chain, as these organisms serve as important dietary protein sources globally (McHale
and Sheehan, 2024). Comparative studies have indicated that pelagic fish species, such as North Sea
fish and Atlantic cod (Gadus morhua) from Newfoundland, exhibit relatively low microplastic
burdens, whereas estuarine and freshwater species show higher levels of contamination (Cafién-
Bastidas et al., 2025). For instance, a study of fish from a South American river found widespread
presence of plastic debris in the gastrointestinal tract (Cafién-Bastidas et al., 2025). In the River
Thames (London, UK), microplastics were detected in 75% of European flounder (Platichthys flesus),
a demersal species, compared with 20% of European smelt (Osmerus eperlanus), a piscivorous species
(McHale and Sheehan, 2024). Similarly, zooplanktivorous species such as anchovy, pilchard, and
herring have demonstrated the presence of microplastic particles in hepatic tissues (Dey et al., 2024).
Although microplastics tend to accumulate in the gills, liver, and gastrointestinal tract —tissues not
generally consumed by humans— their presence in edible shellfish presents a more direct exposure
route (McHale and Sheehan, 2024).

Uptake in Filter Feeders and Human Exposure

Filter-feeding organisms appear particularly susceptible to microplastic uptake due to the
comparable size of microplastics and their natural food particles. Laboratory studies have shown that
blue mussels (Mytilus edulis) exposed to nanoplastics (30-100 nm) exhibit significant intestinal
absorption (Fraissinet et al., 2024). Furthermore, the trophic transfer of nanoplastics has been
demonstrated from phytoplankton to zooplankton and subsequently to fish (Gaur et al., 2025).
Analysis of soft tissues from commercially cultivated blue mussels and Pacific oysters (Crassostrea
gigas) revealed microplastic concentrations of 36 + 7 and 47 + 16 particles per 100 g wet weight,
respectively (Landrigan et al., 2023). Since these organisms are typically consumed whole, it has been
estimated that consumers of European shellfish may ingest approximately 11,000 microplastic
particles annually, although this estimate likely overrepresents exposure for individuals who
consume shellfish infrequently (Landrigan et al., 2023). Experimental evidence suggests that 10 pm
represents the upper size threshold for microplastic translocation into the circulatory system of
mussels, providing an indicative size range that is likely to be relevant for potential human
absorption (Fraissinet et al., 2024).

Adsorption of Pollutants and Ecotoxicological Implications

Microplastic particles possess a high surface area-to-volume ratio, facilitating the adsorption of
hydrophobic contaminants such as persistent organic pollutants (POPs)—including dioxins,
polychlorinated biphenyls (PCBs), and brominated flame retardants. These interactions can result in
the formation of microplastic-associated contaminant aggregates, effectively creating chemical sinks
within the marine environment that concentrate pollutants to levels substantially exceeding ambient
concentrations (Rochman et al., 2013; Teuten et al., 2009). The bioavailability of such complexes raises
concerns regarding toxicological effects, including carcinogenicity and endocrine disruption
(Koelmans et al., 2016 b).
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The aggregation of plastic debris also leads to the formation of a “plastisphere”, a term
describing the microbially active surface communities that develop on marine plastic substrates. This
niche ecosystem can facilitate the transport of pathogenic microorganisms, chemical contaminants,
harmful algal species, and faecal indicator bacteria, thereby amplifying ecological and public health
risks (Zettler et al., 2013; Zhai et al., 2023). As many wastewater treatment facilities discharge partially
treated effluents into coastal waters, these environments often represent hotspots for pathogen
concentration and dissemination (Dey et al., 2022). Consequently, the combined presence of chemical
and microbial contaminants on plastic particles may enhance the risk of human exposure through
the consumption of contaminated fish, crustaceans, and shellfish. Conversely, if these particles are
too large to be bio-available, they may actually act to some extent to reduce exposure (Tang & Li,
2025).

Food Chemical Risk Assessment

While biological hazards often pose a greater short-term risk to consumer health, chemical hazards
are generally regarded as the predominant food safety concern (World Health Organization, 2009).
Chemical hazards can be broadly classified into two major categories: (i) residues of agricultural
chemicals applied during food production, such as pesticides and veterinary pharmaceuticals, and
(ii) chemical contaminants. The latter may originate from natural biological processes (e.g.,
mycotoxins), industrial or anthropogenic activities (e.g., polychlorinated biphenyls [PCBs], dioxins,
flame retardants, per- and polyfluoroalkyl substances [PFAS]), or from the geochemical
characteristics of the production environment (e.g., lead, arsenic) (European Food Safety Authority,
2025; Committee on Toxicity, 2020).

The principle that the toxicity of a substance depends solely on its dose (“sola dosis facit
venenum” —only the dose makes the poison) was first articulated by Paracelsus (1493-1541). Building
upon this foundation, contemporary food safety authorities worldwide have established standardized, science-
based risk assessment frameworks to evaluate the potential hazards associated with chemical and
biological agents in food (World Health Organization, 2009; Committee on Toxicity, 2020).

Risk assessment encompasses several key stages: hazard identification, hazard characterisation,
exposure assessment, and risk characterisation. Hazard identification and characterisation involve
determining the nature and toxicological properties of the agent, whereas exposure assessment
estimates the extent and frequency of human exposure. The integration of these components through
risk characterisation provides a quantitative or qualitative estimate of the overall risk to the
population (Benford, 2013a; Benford, 2013b World Health Organization, 2009).

Risk managers subsequently interpret the outcomes of scientific risk assessments in the context
of economic, social, and political considerations to inform risk management decisions and implement
appropriate mitigation measures. Importantly, such management decisions should also account for
the nutritional benefits of food consumption; for instance, fish represents a significant source of essential
nutrients, and thus, the potential health risks associated with its consumption should be weighed
against its demonstrated dietary benefits (Committee on Toxicity, 2020).

Foods Produced from Aquatic Environments

Fish, Shellfish, and Other Aquatic Animal Species

A fundamental distinction between animal foods derived from terrestrial and aquatic
environments lies in the diversity of consumable species. Whereas terrestrial food production is
dominated by a limited number of livestock species, aquatic systems provide a much broader range
of edible organisms, including numerous fish and shellfish species (FAO, 2019 a). Although
aquaculture increasingly contributes to the global supply of aquatic foods, the majority of production
is concentrated among a relatively small number of farmed species (Visciano, 2024).

Food safety concerns associated with fish are often species-specific. Oily or fatty fish tend to
accumulate higher concentrations of lipophilic contaminants such as persistent organic pollutants
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(POPs), including dioxins, polychlorinated biphenyls (PCBs), brominated flame retardants, and
legacy pesticides such as DDT (Visciano, 2024). Toxic metals and metalloids, notably mercury and
arsenic, bioaccumulate through trophic transfer and are therefore detected at elevated concentrations
in predatory fish such as shark, swordfish, and marlin. Both pelagic (surface-feeding) and benthic
(bottom-feeding) fish can accumulate contaminants through dietary intake and direct uptake from
the surrounding water. However, contamination levels are influenced by local environmental
conditions, with benthic species particularly affected by pollutants present in sediments (Zhihua et
al., 2018; EFSA, 2023).

Shellfish differ markedly from finfish in their physiology and feeding behavior. Many species,
including oysters, clams, and mussels, are filter feeders that play an ecological role in nitrogen
removal by incorporating it into their tissue and shells during growth (Mill et al., 2012). However,
filter-feeding shellfish are prone to accumulation of polycyclic aromatic hydrocarbons (PAHs), a
diverse group of combustion-derived compounds of which several are known to be genotoxic and
carcinogenic (Visciano, 2024). While most vertebrate species can metabolize PAHs, shellfish generally
lack this capability, resulting in bioaccumulation. PAHs are also associated with thermally processed
foods, such as smoked or charred products, e.g. barbecued foods (Rose et al., 2015).

Marine mammals including cetaceans (e.g., porpoises, dolphins, whales), pinnipeds (e.g., seals,
sea lions), sea otters, and sirenians (e.g., manatees, dugongs) occupy high trophic levels and
consequently accumulate substantial body burdens of POPs and other bioaccumulative
contaminants. These substances can be transferred maternally via placental or lactational pathways
(Kibria et al., 2022). Although such species are primarily studied as indicators of marine pollution,
they remain a dietary component in certain human populations. Similarly, reptiles such as sea turtles
serve as sentinel species for marine contamination, and both their tissues and eggs are consumed in
some regions. Eggs of marine birds, such as gulls, may also reflect contaminant burdens
corresponding to their fish-rich diet (She et al., 2016 a).

Plant-Derived Aquatic Foods: Seaweeds and Algae

Seaweeds have long been integral to diets in many Asian countries and have gained increasing
popularity in Europe over the past decade or so. This trend is driven by consumer shifts toward plant-
based, sustainable diets and the perception of seaweed as a health-promoting food (Holdt, 2021).
Projections suggest that by 2050, up to 0.1% of oceanic area could be dedicated to seaweed cultivation,
yielding approximately fifteen times current global production levels (Kibria et al., 2022).

At present, there are no specific regulatory frameworks governing the safety and quality of
seaweed outside Asia. Seaweeds are valued for their nutritional profile, which includes high levels
of vitamin By, dietary fibre, omega-3 fatty acids, polyphenols, sulphated polysaccharides, and
various pigments linked to potential health benefits. However, seaweeds also have a strong capacity
to bioaccumulate minerals and trace elements from surrounding waters. While many of these
elements are beneficial, others such as lead, mercury, and arsenic are toxic in certain chemical forms
(Visciano, 2024). Iodine, though essential for thyroid hormone synthesis, can lead to thyroid
dysfunction when consumed at excessive levels. The European Food Safety Authority (EFSA)
recommends an upper tolerable intake of 600 pg iodine per day for adults; thus, consumption of
small quantities of iodine-rich seaweed may exceed this threshold (EFSA, 2023).

Heavy metals such as mercury, lead, cadmium, and arsenic have no known physiological benefit
and are toxic even at low concentrations. Lead is classified as a possible human carcinogen with
neurotoxic effects, and inorganic arsenic is designated as a Group 1 carcinogen (Rose et al., 2007).
Bioaccumulation of these elements varies by seaweed species, environmental conditions (e.g.,
geographic location, water pollution status, season), and local ecosystem characteristics (Kibria et al.,
2022). Certain species, such as Hijiki seaweed, can contain arsenic at levels high enough to prompt
consumption advisories by regulatory authorities (Rose et al., 2007).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0652.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 November 2025 d0i:10.20944/preprints202511.0652.v1

14 of 25

In 2018, the European Commission recommended that Member States undertake monitoring of
elemental contaminants in seaweed, with the potential introduction of regulatory limits pending risk
assessments conducted by EFSA (EFSA, 2023).

Environmental Considerations:

Environmental Risk Assessment

Environmental risk assessment (ERA) is a systematic process used to evaluate the condition of
ecosystems and the broader environment. It plays a crucial role in determining the safety of food
products derived from these systems, particularly fish and seafood. Unlike conventional human
health risk assessments, which focus on quantifying exposure to hazardous compounds in food by
combining hazard characterization with exposure estimation, environmental risk assessments adopt
a more holistic perspective that considers the interactions and dynamics within the entire ecosystem.

An ERA integrates a wide range of bioaccumulation markers and biomarkers to assess both
exposure to and the biological effects of environmental contaminants (van der Oost et al., 2003). Fish
bioaccumulation markers, in particular, are useful for investigating the aquatic behaviour and fate of
contaminants. These markers act as bioconcentrators, enabling the detection of substances present at
low concentrations in water and allowing assessment of contaminant exposure in aquatic organisms.
Such assessments are typically designed to evaluate ecological risks rather than direct risks to human
consumers of fish or seafood.

To predict the environmental fate of xenobiotic compounds, models often incorporate
parameters such as partitioning behaviour, toxicokinetics, metabolism, biota—sediment accumulation
factors (BSAFs), organ-specific bioaccumulation, and bound residues. However, even advanced
predictive models have limitations in accurately estimating bioaccumulation in fish; therefore, model
outputs should be supported by empirical analytical data (Schafer et al., 2015).

Key indicators of environmental health in fish include body burdens of persistent organic
pollutants (POPs), such as dioxins, polychlorinated biphenyls (PCBs), brominated flame retardants
(BFRs), and dichlorodiphenyltrichloroethane (DDT). In contrast, more readily biodegradable
compounds such as polycyclic aromatic hydrocarbons (PAHs) and chlorinated phenols tend not to
accumulate in fish tissues at levels that accurately reflect exposure, thereby limiting their usefulness
as bioaccumulation markers (van der Oost et al., 2003; Schafer et al., 2015). Practical regulatory
approaches and benchmarking methods are increasingly used to interpret bioaccumulation data from
fish studies for decision-making in chemical assessment (ECHA, 2024).

Water-Table Contamination: Arsenic in Rice as a Case Study

Although this review primarily addresses contaminants in fish and seafood, it is important to
recognize that the safety of all food commodities is fundamentally dependent on water quality. A
notable example of food contamination arising from water-related issues is the occurrence of arsenic
in agricultural produce, particularly in regions where arsenic is naturally present in the geological
strata (Howard 2003).

Arsenic contamination of groundwater is a naturally occurring phenomenon in several parts of
the world, with South Asia being one of the most severely affected regions (Biswas et al. 2020). The
use of arsenic-contaminated water for drinking, food preparation, and irrigation poses a major public
health concern due to the toxic nature of arsenic, particularly in its inorganic forms, as discussed
previously in relation to metal(loid) contamination in fish (Meharg et al. 2008).

Historically, prior to the 1970s, Bangladesh experienced one of the highest global infant
mortality rates, largely attributable to microbial contamination of surface water sources. Inadequate
sanitation infrastructure, inefficient water purification systems, and the impacts of seasonal
monsoons and flooding exacerbated this problem. In response, UNICEF and the World Bank
promoted the installation of tube wells to access deeper, ostensibly safer groundwater sources. This
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initiative resulted in the construction of over eight million wells and led to a 50% reduction in infant
mortality and diarrheal diseases (Murphy et al. 2018).

However, subsequent investigations revealed that many of these wells were drawing water from
arsenic-rich geological formations within the Ganges Delta. Approximately 20% of the wells
exceeded the national drinking-water standard for arsenic concentration. A global assessment
conducted in 2007 estimated that over 137 million individuals in more than 70 countries were exposed
to arsenic-contaminated drinking water. Although mitigation efforts have since reduced the number
of people exposed above the Bangladesh standard, groundwater contamination remains a
widespread issue. The contamination of irrigation water consequently extends to agricultural
produce, particularly rice—a major export commodity from the region—thereby creating a
transboundary food safety concern (Biswas et al. 2020; Meharg et al. 2008).

Risk Substitution

All water supply systems inherently carry health-related risks, and interventions aimed at
mitigating one hazard may inadvertently introduce another, sometimes of greater severity (Kombo,
Escuder Bueno & Chorda Ramoén 2022). The situation in Bangladesh exemplifies such “risk
substitution”: measures implemented to reduce microbial contamination by promoting shallow
groundwater use unintentionally increased population exposure to arsenic in tubewell water
(Kinniburgh & Smedley 2001; Raessler 2018).

Effective emergency responses to arsenic contamination must therefore be designed within a
comprehensive risk management framework, such as the Water Safety Plan approach, which
integrates hazard identification, risk assessment, and mitigation strategies across all stages of water
supply (WHO 2017; WHO 2023). A consistent methodology for evaluating and prioritising risks is
essential to ensure that interventions do not simply replace one hazard with another (Kombo,
Escuder Bueno & Chorda Ramoén 2022).

Potential substitute hazards include microbial pathogens, cyanobacterial toxins present in
surface waters, and chemical pollutants from anthropogenic sources (World Health Organization
2021). More broadly, the principle of risk substitution underscores the necessity for holistic water
resource management that considers the full spectrum of potential hazards when developing and
implementing contamination control measures (Kombo, Escuder Bueno & Chorda Ramoén 2022;
WHO 2017).

Water Systems

Freshwater (Rivers, Lakes etc) v. Marine Environments;

A key distinction between inland and marine aquatic systems in relation to pollutant dynamics
lies in the relative volume of water they contain. Inland waters such as rivers, lakes, and ponds
generally possess significantly smaller volumes than marine environments, resulting in reduced
dilution capacity. Consequently, contaminants introduced through agricultural runoff or industrial
effluents, whether directly or indirectly, typically occur at higher concentrations in inland systems.
Upon discharge into marine environments, these pollutants undergo substantial dilution, leading to
markedly lower concentrations. However, this pattern is not universal. Certain inland waters in
remote or undisturbed regions may exhibit minimal contamination, while some semi-enclosed or
low-flushing marine systems, such as the Baltic Sea can accumulate elevated pollutant loads due to
restricted water exchange and inputs from highly industrialized or densely populated catchments.

Aquaculture and Farmed Fish v. Wild Fish

Both wild-caught and farmed fish can accumulate or eliminate contaminants, nutrients, and
other constituents present in their aquatic environment or feed. Certain compounds, such as
veterinary drugs incorporated into commercial aquafeeds, are typically metabolised and excreted. In
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contrast, persistent organic pollutants (POPs), including dioxins, polychlorinated biphenyls (PCBs),
brominated flame retardants, and per- and polyfluoroalkyl substances (PFAS) are resistant to
degradation and may bioaccumulate in fish tissues (Céline et al., 2016). Under specific conditions, the
bioaccumulation of toxic contaminants in farmed fish, bivalves, crustaceans, and molluscs may reach
levels of concern for human health.

The concentration of contaminants in fish and shellfish is influenced by multiple factors,
including species, developmental stage, geographic origin, capture season, and tissue type.
Variability in contaminant levels is observed both within and between species of farmed and wild
fish (EFSA, 2005; Hastein et al., 2021).

Aquaculture is defined as the controlled rearing or cultivation of aquatic organisms using
techniques that enhance production beyond the natural capacity of the environment (European
Council, 2006). Marine aquaculture typically involves the cultivation of species such as oysters, clams,
mussels, shrimp, and salmon in cages or structures positioned on or suspended above the seafloor.
Freshwater aquaculture is more commonly practiced in ponds or recirculating systems and produces
species such as catfish, trout, tilapia, and bass (NOAA Fisheries, 2016).

Intensive aquaculture systems, in which high densities of fish are maintained in confined
conditions, enable precise control of feeding regimes, growth rates, and disease management.
Commercial feeds are often formulated for optimal nutrition and may include medicated additives
to promote fish health. While such control enhances production efficiency and biosecurity, it also
increases the potential for chemical residues in aquaculture products. Wild fish, in contrast, are less
likely to contain residues of veterinary drugs or pesticides but are subject to environmental
contamination beyond human control, such as exposure to industrial pollutants and variable dietary
sources.

Aquaculture systems are generally categorized as extensive, semi-intensive, or intensive. In
extensive systems, fish rely primarily on natural food sources in lagoons or brackish waters. Semi-
intensive systems supplement the natural diet with formulated feeds, while intensive systems
depend almost entirely on specialized feeds (Creti et al., 2010).

Several studies have reported higher concentrations of contaminants such as pesticides,
polybrominated diphenyl ethers (PBDEs), and PCBs in farmed fish compared with their wild
counterparts, including species such as salmon, catfish, turbot, and sea bass (Cole et al., 2009).
However, standardization of sampling and analytical methodologies is required before robust
comparisons between wild and farmed fish can be made (EFSA, 2005).

Global aquaculture production reached over 90 million tonnes in 2012, including 67 million
tonnes of fish and seafood intended for human consumption. Approximately 90% of global
aquaculture output originates from Asia, with China alone accounting for nearly two-thirds of
production. In contrast, Europe contributed less than 5% of global aquaculture production in the
same year (FAQ, 2014).

Although aquaculture provides an increasingly important source of protein and contributes
significantly to global food security and national economies, it also poses environmental and food
safety challenges. Effluent discharges containing nutrients, organic matter, and chemical residues
(e.g., antibiotics and antiparasitic agents) can contaminate surrounding waters, potentially leading to
bioaccumulation of pollutants in cultured organisms. Contaminants may also originate from the feed
ingredients themselves, which can contain residues of veterinary drugs, POPs, pesticides, and heavy
metals such as mercury, lead, cadmium, chromium, arsenic, and selenium (Tacon & Metian, 2008).

Thus, both feed composition and water quality are critical control points influencing the
chemical safety of aquaculture products (Cirillo et al., 2014). Sustainable aquaculture practices
therefore require integrated monitoring of environmental conditions, feed inputs, and residue levels
to ensure product safety and minimize ecological impact.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0652.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 November 2025 d0i:10.20944/preprints202511.0652.v1

17 of 25

Research Gaps and Future Direction

Risk-Benefit Analysis and Personalised Medicine

Elevated concentrations of chemicals of concern, such as polychlorinated biphenyls (PCBs) and
dioxins, are frequently detected in species that are also rich in essential nutrients, notably vitamin D
and omega-3 fatty acids. While conventional risk assessment methodologies for evaluating hazards
to human health are well established, and environmental risk assessment is comparatively
developed, comprehensive assessments that balance risks and benefits remain uncommon.
Nevertheless, such analyses are particularly critical when considering the consumption of fish and
seafood. Persistent organic pollutants (POPs) tend to accumulate in oily fish, which simultaneously
serve as significant sources of vitamin D and omega-3 fatty acids. Recommendations to reduce oily
fish intake, especially in regions with limited sunlight, may inadvertently exacerbate vitamin D
deficiency, particularly during winter months. Although the avoidance of oily fish may be suggested
to mitigate exposure to carcinogenic contaminants, this strategy could diminish the cardiovascular
protective effects conferred by omega-3 fatty acids. Such guidance may be appropriate for individuals
with a heightened cancer risk and a lifestyle or genetic profile indicating low susceptibility to heart
disease; conversely, it may not be optimal for those with a lower cancer risk but greater predisposition
to cardiovascular conditions. Public health recommendations intended to safeguard the general
population may prove beneficial for the majority, yet they carry the potential to adversely affect
certain individuals. Thus, risk-benefit analysis and the application of personalised medicine
represent vital areas for future research to ensure that dietary advice is both effective and
appropriately targeted.

Risk Assessment of Mixtures

Chemical contaminants are seldom present as isolated entities within environmental matrices.
Regulatory risk assessments and the establishment of control thresholds predominantly focus on
individual contaminants or discrete contaminant classes, often neglecting the complexities associated
with exposure to mixtures. Although advancements have been made in evaluating the risk of
compounds with analogous toxicological mechanisms such as dioxins and dioxin-like
polychlorinated biphenyls (PCBs), which exert their effects via the aryl hydrocarbon (AhH) receptor,
progress remains limited. Efforts to conduct risk assessments for endocrine-disrupting chemicals
have also been initiated. Nevertheless, the co-occurrence of contaminant classes with markedly
divergent modes of action, such as arsenic, mercury, dioxins, and polyfluorinated alkyl substances,
presents significant methodological challenges. These substances are frequently detected
concomitantly in aquatic organisms, including fish. Consequently, the development of robust
frameworks for the assessment of mixed contaminant exposures should be prioritised to enhance the
protection of both human and environmental health.

Microplastics and Nanoplastics

The issue of microplastics and nanoplastics has been previously addressed within this chapter.
Research in this domain remains nascent, with substantial challenges persisting. Critical
methodological gaps include the identification and characterisation of plastic types comprising
environmental mixtures, the evaluation of toxicity, determination of overall absorption and
bioavailability, and elucidation of the influence of adsorbed chemical pollutants on particle surfaces.
Further investigation is required to address these topics and to advance understanding of the risks
posed by micro- and nanoplastic contaminants to aquatic species and, by extension, to human health.

Algae

Algae are increasingly recognised as a valuable resource for food production, offering
considerable potential for exploitation as foodstuffs and functional ingredients. Comprehensive
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scientific investigation is required to elucidate the full spectrum of applications for these diverse plant
materials in the development of novel food products, whilst concurrently ensuring the safety and
quality of the resulting foods.

Climate Change and Impact of Flooding

Elevated sea surface temperatures exert significant influence on the biogeochemical cycling of
mercury, particularly affecting the transformation of inorganic mercury into the more toxic
methylmercury species (Thomson and Rose, 2011; Sonke et al., 2023). Methylation of mercury in
aquatic environments is facilitated by both microbial and chemical processes, with increased water
temperatures enhancing these mechanisms. Empirical estimates indicate that methylmercury uptake
by fish and marine mammals may rise by approximately 3-5% for each 1 °C increment in water
temperature, thereby amplifying the risk of human exposure through dietary intake of fish (Wang et
al., 2022).

A warmer climate may result in increased atmospheric transport of POPs associated with dust
particles towards polar regions away from warmer regions. Reduced ice caps may result in
increased release from a greater area of exposed ocean waters, and more pollutants may be formed
associated with smoke from an increased number of forest fires.

There may be more potential for pollutants to become available from sources that were
previously buried, from sources such as beneath melting glaciers and permafrost (Muir et al, 2025).

Top predators may need to change their diet in response to changes in environment such as loss
of sea ice habitats and changes in associated diets. Some species may migrate northwards in
response to climate changes resulting in changes to the food web (Muir et al, 2025).

Flooding events serve as vectors for the dispersion of environmental contaminants, including
dioxins, heavy metals, and hydrocarbons, from polluted to previously uncontaminated regions.
Notably, the 2002 flooding of the Elbe and Mulde rivers in central Europe resulted in the
redistribution of dioxin-laden soil onto adjacent floodplains (Lake et al., 2005). Similar occurrences
have been documented in river systems traversing urban and industrial landscapes in the United
Kingdom. Subsequent analyses revealed increased dioxin concentrations in milk produced by cows
grazing on these contaminated floodplains in comparison to those fed in barns or on control pastures,
underscoring the potential threat to food safety posed by grazing livestock on polluted land. Effects
relating specifically to brominated flame retardants in view of climate change were recently
considered by Costopoulou et al. (2024).

The aftermath of Hurricane Katrina further exemplified the risk of widespread chemical
contamination arising from floodwaters, which mobilised pollutants from compromised sewage
treatment facilities, oil refineries, chemical plants, storage depots, and inadequately managed
hazardous waste sites. Post-hurricane assessments by the United States Environmental Protection
Agency (USEPA) in 2005 detected elevated concentrations of arsenic, lead, and polycyclic aromatic
hydrocarbons (PAHs) in a subset of the 1,800 sediment and soil samples analysed. The highest arsenic
levels were attributed to historical herbicide application, while localised PAH contamination near
landfill sites suggested spillage, and elevated lead concentrations reflected the mobilisation of legacy
pollutants during flooding events (Bricefio et al., 2013).

Cross Boundary Management / Considerations

Numerous principal river systems serve as international boundaries or traverse multiple nations
throughout their courses. This facilitates transboundary transport of pollutants, particularly between
countries governed by disparate regulatory frameworks and environmental management practices,
thereby exacerbating potential diplomatic tensions (Brack, 2019; UN-Water, 2018). The construction
of dams for water storage or the diversion of river water for irrigation purposes can precipitate
supply deficiencies in downstream regions, often leading to disputes over equitable water allocation
(Schmeier, 2024). Escalating population growth and increasing demands on freshwater resources
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have led to projections that water scarcity may emerge as a catalyst for future international disputes
and conflicts (Azizi and Leandro, 2025). Accordingly, the establishment of comprehensive
international agreements governing the management of shared water resources is likely to be crucial
for mitigating the risk of droughts and preventing conflict (UN-Water, 2018; Schmeier, 2024).
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