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Aquatic ecosystems face increasing threats from a plethora of
harmful environmental pollutants that pose major challenges
to biodiversity. These pollutants—including but not limited to
microplastics, heavy metals, pesticides, persistent organic pollu-
tants and emerging contaminants—can have widespread impacts
on aquatic life and overall ecosystem health [1, 2]. Global aqua-
culture intensification contributes to this problem in a feedback
loop acting in the fashion of a circular causality: it generates
harmful substances such as excess nutrients, particulate matter,
fish waste, antibiotics and microplastics. At the same time, aqua-
culture is affected by these pollutants, which contaminate prod-
uct safety, potentially affecting human health and negatively
impacting sustainability and production [3–5].

As aquaculture continues to expand, it is increasingly important
to understand both the local and global impacts of aquatic pol-
lutants, including their sources, pathways and toxicological
effects. The latter aspect includes not only direct pollutant effects
on the cultured organisms but also on organisms influencing the
aquatic milieu, such as bacteria or algae. This knowledge is
essential for prioritising toxic hazards and for developing effec-
tive management strategies that support the long-term viability
of aquaculture and the conservation of aquatic biodiversity.
Despite existing management practices, policies and regulations
aimed at reducing pollution from nutrients, waste, chemicals and
plastics, significant improvements are still needed to achieve sus-
tainable aquaculture.

Against this backdrop, the present thematic collection brings
together contributions from Aquaculture Research that examine
how diverse classes of aquatic pollutants intersect with aquacul-
ture production, organism health and environmental sustainabil-
ity. It highlights the dual relationship between aquaculture and
pollution—both the pollutants generated by aquaculture and how
aquaculture is affected by them—while considering strategies for

mitigation. The articles within the collection examine pollutant
effects on aquatic life at molecular, cellular, physiological, ecologi-
cal and ecosystem levels, as well as their implications for produc-
tion and sustainability. Taken together, the studies illuminate the
emerging challenges of a range of pollutants, reveal the complexity
of multi-stressor interactions and point to approaches that can
promote more sustainable aquaculture and better protect aquatic
biodiversity. Overall, the collection underscores the urgent need
for integrated strategies to reduce aquatic pollution while main-
taining productive and safe aquaculture systems worldwide.

Among the dominant themes emerging from the collection, sev-
eral manuscripts addressed the toxic effects of agrochemicals such
as pesticides and insecticides, with a particular emphasis on tissue
pathology and physiological disruption. These included a study
evaluating the effects of chlorpyrifos, a widely used organophos-
phate pesticide and neurotoxin, on haematological and oxidative
stress parameters in the silver barb (Barbonymus gonionotus), and
a report on the modern insecticide Voliam Flexi, which demon-
strated antioxidant suppression and tissue degeneration in juvenile
African catfish (Clarias gariepinus) [6, 7]. A further study explored
both acute and chronic exposure to cypermethrin, an insecticide in
carp (Cirrhinus mrigala), revealing significant growth impair-
ments, disruptions in key enzyme activities and reductions in
essential biochemical nutrients [8]. In summary, these studies
demonstrate that agrochemicals, particularly pesticides and insec-
ticides, exert widespread physiological and tissue-level damage in
aquatic species, highlighting both the severity of their impact and
the need for effective mitigation strategies.

Beyond agrochemicals applied within or near production systems,
several studies examined contaminants originating from broader
environmental inputs to aquaculture operations, particularly
heavy metals. Park et al. [9] investigated the effects of waterborne
arsenic exposure on the starry flounder (Platichthys stellatus), a
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contaminant widely detected in aquatic ecosystems and often asso-
ciated with anthropogenic industrial activities. They reported sig-
nificant reductions in haemoglobin levels, haematocrit and red
blood cell counts, clearly demonstrating the adverse impacts of
arsenic on haematological physiology [9]. Moreover, Appiah and
colleagues examined mercury, cadmium and arsenic levels in
water, sediment, finfish and shellfish from the Tano River in Gha-
na’sWestern North Region, demonstrating the bioaccumulation of
toxic elements across environmental compartments and cultured
organisms, and highlighting potential food safety risks linked to
background contamination [10]. Adjei et al. [11] further showed
how heavy metal contamination in water, sediment and fish from
the Barekese Reservoir, also in Ghana, can disrupt ecosystem pro-
cesses and pose risks to both aquatic biota and human consumers.
Taken together, these studies highlight source-dependent risk
pathways that originate largely outside farm boundaries, accentu-
ating the need for catchment-scale monitoring and regulatory
oversight to mitigate contaminant inputs that are often beyond
the direct control of individual producers.

In contrast to background contamination, several studies focused
on compounds that arise directly from aquaculture production
activities, particularly the use of antibiotics and other pharma-
ceuticals, as well as nitrogenous waste products generated
through intensive culture practices. These stressors are closely
tied to farm-level decisions and therefore represent risk pathways
that are, at least in part, amenable to management intervention.
A prominent theme across several studies was the growing bur-
den of pharmaceutical and antibiotic contamination, driven by
the widespread and often unregulated use of veterinary drugs in
aquaculture. Research featured here documented profound phys-
iological and molecular disruptions associated with antibiotics
such as oxytetracycline and florfenicol, as well as other emerging
pharmaceutical contaminants. Reported effects included altered
immune gene expression, neurotoxicity, tissue degeneration and
disrupted metabolic function, demonstrating that even therapeu-
tic use can carry unintended biological consequences [12–14].

Waga et al. [15] investigated both contaminant pathways men-
tioned above (those originating from broader environmental
inputs to aquaculture systems and those exploring the role of
compounds that arise directly from aquaculture production activi-
ties) by simultaneously assessing antimicrobial residues and heavy
metals in aquaculture farms in Nairobi County, Kenya. While
antibiotic concentrations were below established maximum resi-
due limits—suggesting fish were safe for human consumption—
the authors noted that chronic exposure to low concentrations
may still contribute to antimicrobial resistance, cytotoxic effects
and environmental pollution. At the same time, detected lead and
chromium concentrations exceeded the European Commission
maximum residue limit of 0.05mg/kg for fish muscle, indicating
overlapping risks from both production-derived inputs and back-
ground contamination [15]. Beyond pharmaceuticals, nitrogenous
waste was also identified as a key production-related stressor. In
addition, Shi et al. [16] evaluated ammonia nitrogen stress in
juvenile cichlids (Pseudotropheus zebra), showing that elevated
ammonia levels—while not synthetic pollutants—can function
as potent chemical stressors that disrupt respiration, immune
responses, antioxidant capacity and the fish microbiota. While
Xu et al. [17] demonstrated that biological components of aqua-
culture systems can further modulate production-related impacts.

The authors showed that the presence of Macrobrachium nippo-
nense in Macrobrachium rosenbergii culture systems altered phy-
toplankton composition and water chemistry, with consequences
for nutrient cycling and community structure [17]. Taken together,
the evidence indicates that production-derived risks in aquacul-
ture centre on antibiotics as a key concern, alongside nitrogenous
waste accumulation and biological system design, each indepen-
dently influencing organism health and environmental conditions.
In a One Health context, these pressures highlight how aquacul-
ture links animal health, environmental quality and human health
through shared exposure and resistance pathways, underscoring
the need for coordinated antimicrobial stewardship and system-
level management.

Alongside chemical contaminants traditionally associated with
agriculture and aquaculture, another body of research presented
here focused on microplastic pollution and engineered nanopar-
ticles, contaminants that can enter aquaculture systems from the
surrounding environment but may also be introduced to aqua-
culture practices themselves. Microplastics are now firmly estab-
lished as a pervasive stressor in aquatic ecosystems, with a
growing evidence base documenting their distribution, ingestion
and potential impacts [18]. Contributions to this collection dem-
onstrated that microplastics infiltrate aquaculture not only via
environmental exposure but also directly through commercial
fish feeds, creating an immediate and underappreciated pathway
of contamination [19]. Field-based studies further revealed wide-
spread ingestion across both freshwater and marine species,
while hazard assessments pointed to potential implications for
food safety and human consumers [20, 21].

Engineered nanoparticles represent a more recent and rapidly
evolving concern. Although their environmental presence is
less well characterised than microplastics, accumulating evi-
dence suggests that nanoparticles can exert toxicological and
physiological effects on aquatic organisms, raising important
questions about their behaviour, bioavailability and long-term
consequences within aquaculture systems [22]. In this collection,
studies assessed this emerging challenge, examining how nano-
particles interact with aquatic species and exploring strategies to
mitigate their effects. Common carp (Cyprinus carpio) exposed to
green-synthesised zinc oxide nanoparticles showed significant
biochemical and tissue-level disruptions, highlighting the inher-
ent toxicity of these nanoparticles [23]. Nile tilapia (Oreochromis
niloticus) exposed to zinc oxide nanoparticles experienced oxida-
tive stress, immune suppression and DNA damage, which was
alleviated by dietary supplementation with chia seeds (Salvia
hispanica) [24]. Together, these findings highlight the impor-
tance of regulatory and monitoring approaches that reflect the
distinctive physicochemical properties of nanoparticles, which
govern their bioavailability, toxicity and interactions within
aquaculture environments.

While many studies necessarily examine individual pollutants in
isolation, real-world aquaculture systems are shaped by simulta-
neous exposure to multiple stressors. For instance, Said et al. [25]
investigated an often neglected but important aspect of environ-
mental impacts, the issue of multiple stressors. In aquatic habitats
as well as aquaculture systems, animals will rarely be exposed to a
single stressor alone, but in most cases, there will be combinations
of multiple overlapping pressures, be they from culture operations
such as handling, or from pathogens, or from water quality
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parameters and pollutants [26, 27]. Said et al. [25] assessed the
combined effects of microplastics and the phenolic compound
pyrogallol on red swamp crayfish. Their findings showed that
co-exposure disrupted immune function, induced oxidative stress,
and caused hepatopancreatic tissue damage, highlighting the com-
pounded risks posed by concurrent chemical stressors. Notably,
the multiple stressor exposure produced significantly greater bio-
logical disruption than either stressor alone, illustrating that
microplastics often interact with other pollutants and that multi-
stressor conditions can lead to more severe effects than single-
stressor exposure [25]. In this context, it should be emphasised
that while organisms may have evolutionary adaptations to
changes in natural parameters such as temperature, anthropo-
genic stressors are emerging at an unprecedented pace and exhibit
wide fluctuations in duration, intensity and geographic distribu-
tion, leaving many aquatic species insufficient time to adapt to
their impacts. The issue is particularly pressing as simultaneous
exposure to several anthropogenic stressors can produce nonlinear
responses and unexpected physiological and ecological conse-
quences, especially for immune function. Gaining a deeper under-
standing of howmultiple stressors interact is therefore essential for
anticipating complex ecological outcomes and for designing inter-
ventions that strengthen the resilience of aquaculture systems as
well as aquatic ecosystems.

Importantly, the collection also moves beyond impact assessment to
consider practical strategies for mitigating pollutant-related stress.
In this context, in addition to identifying contaminant sources and
impacts, a couple of studies explored approaches to protect cultured
species and mitigate the negative effects of pollutant exposure, with
particular emphasis on dietary interventions. Hassan et al. [28]
investigated vitamin C supplementation as a mitigation strategy
in silver carp (Hypophthalmichthys molitrix) fingerlings exposed to
the insecticides temephos and buprofezin, reporting enhanced anti-
oxidant capacity and improved physiological resilience under chem-
ical stress. Similarly, authors studying African catfish exposed to
bisphenol A explored plant-based feed interventions, showing that
dietary supplementation with parsley (Petroselinum crispum) nano-
particles alleviated pollutant-induced disruptions in biochemical,
hormonal and physiological biomarkers [29]. Examined in parallel,
these findings demonstrate the potential of feed-based interventions
—particularly plant-derived additives and essential nutrients—as
environmentally friendly tools to enhance fish resilience, reduce
pollutant-induced damage and support safer and more sustainable
aquaculture practices in increasingly contaminated aquatic
environments.

1 | Conclusion and Future Directions

Drawing on research conducted across diverse species and global
contexts, this thematic collection demonstrates a clear unifying
message: aquatic pollution is multifaceted, interactive and closely
intertwined with the sustainability of aquaculture and the con-
servation of aquatic biodiversity. The studies highlight the need
for integrated monitoring, improved chemical input manage-
ment, and innovative mitigation strategies that account for
both single-pollutant and combined effects.

At the same time, these converging lines of evidence indicate
important areas where further research is needed. Notably, several
reports focused on short-term, high-concentration exposures and

examined rapid response endpoints such as haematological and
biochemical parameters. Such approaches provide a valuable foun-
dation, particularly for species, regions, and contaminants where
baseline knowledge remains limited. While a contrasting approach
would be to employ longer-term, sublethal exposure scenarios that
more closely reflect real-world conditions in many aquatic systems.
Using similar assessments (i.e., immunological responses, tissue
pathology and physiological impairment, etc.); however, in these
scenarios the exposuresmay not cause immediate mortality but can
substantially reduce an organism’s capacity to cope with additional
stressors, including pathogens. For these more chronic exposure
scenarios, previous studies have investigated pollutant-induced
changes to the microbiome, recognising its emerging role in host
health, disease resistance and resilience under environmental stress
[30]. In aggregate, these approaches point to the need for future
work that integrates acute and chronic exposure frameworks,
expands the use of functional and ecological endpoints, and places
greater emphasis on host-microbiome interactions.

As aquaculture continues to expand to meet growing global food
demands, effectively managing aquatic pollutants will be essential
not only for ecosystem health and production resilience but also
for safeguarding food security and public health. While the
research brought together here primarily advances scientific
understanding, the translation of these insights into policy devel-
opment and governance—although not a core focus here—
remains critical for long-term success. Strengthening links
between experimental research, risk assessment and regulatory
frameworks will be key to supporting sustainable aquaculture
and the responsible stewardship of aquatic resources. By bringing
together experimental, field-based and mitigation-focused studies,
the work presented here provides a timely foundation for advanc-
ing more integrated, evidence-based approaches to managing
aquatic pollution in aquaculture systems.
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