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Abstract

Aquatic toxicology, the study of contaminants in aquatic ecosystems and their impacts on
organisms, is crucial for understanding environmental health and sustaining fisheries. It
examines the effects of chemical pollutants such as pesticides, heavy metals, pharmaceuticals,
and emerging contaminants on aquatic life, addressing key processes like bioaccumulation,
biomagnification, and ecological imbalance. This review explores the toxicological mechanisms
affecting fish populations, biodiversity, and ecosystem stability, emphasizing the role of
biomarkers and environmental monitoring in detecting pollution-induced stress. Additionally, it
evaluates regulatory frameworks and Environmental Risk Assessments (ERA), highlighting
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challenges and advocating for advanced approaches to safeguard water quality and fisheries.

Introduction

Aquatic  toxicology, a specialized branch of
environmental sciences, investigates the effects of
chemical pollutants on aquatic organisms in diverse
water bodies, including rivers, lakes, estuaries, and
oceans (Qayoom et al., 2014; Abubakr et al., 2022).
With the growing influx of contaminants from human
activities, this field has become vital for evaluating and
mitigating risks to water quality, ecosystem stability, and
aquatic organism health (Akhter ef al., 2015; Jaies et al.,
2024). By examining the complex interactions within
aquatic ecosystems and the impact of pollutants, aquatic
toxicology provides critical insights for safeguarding
these environments and developing effective mitigation
strategies (Qayoom et al., 2015, 2015; Karthik et al,
2024).

The relevance of aquatic toxicology is particularly
pronounced in the context of fisheries (Sharma et al,
2015). Toxicants such as pesticides, heavy metals, and
pharmaceuticals can cause severe adverse effects on fish,
including  physiological  disturbances, behavioral
alterations, and genetic mutations (Shah et al., 2015;
Qayoom and Jaies, 2023; Jaies et al., 2024; Saleem et al.,
2024). These effects can destabilize fish populations,
compromise biodiversity, and disrupt ecosystem services
provided by fisheries, which range from food security
and economic benefits to maintaining ecological balance
(Qayoom et al, 2016; Qayoom et al, 2019).
Understanding the mechanisms and consequences of
toxic exposure is essential for preserving fishery
resources and promoting sustainable practices (Akhter et
al., 2018).
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This review provides a detailed analysis of aquatic
toxicology with a focus on its implications for fisheries.
It examines major types of environmental contaminants,
processes such as bioaccumulation and biomagnification,
and their impacts on fish health and population
dynamics. The review also evaluates regulatory
frameworks and environmental policies designed to
control aquatic pollution and safeguard fishery resources.
By exploring emerging trends in toxicological research
and identifying gaps in current regulations, this review
emphasizes the need for integrated approaches to manage
aquatic toxicology effectively, ensuring the sustainability
of fisheries and the overall health of aquatic ecosystems.

Toxicant Impact on Aquatic Ecosystems

The presence of pollutants in aquatic systems has far-
reaching consequences for environmental and biological
health (Qayoom and shah, 2017). Among the diverse
types of contaminants, heavy metals, pesticides,
persistent organic pollutants (POPs), and emerging
contaminants have shown significant toxic effects on
aquatic life. Here is an overview of these primary
pollutant types based on scientific literature:

Heavy Metals

Heavy metals such as mercury, lead, and cadmium are
naturally occurring elements; however, industrial
activities, mining, and agricultural runoff have
drastically increased their concentrations in aquatic
systems (Qayoom and Jaies, 2023; Tyagi et al., 2024).
These metals are non-biodegradable and tend to
bioaccumulate in organisms, especially in fish. For
instance:

Mercury: Mercury primarily enters aquatic systems
through natural degassing and human activities,
accumulating in aquatic life, especially in predatory fish,
via bioaccumulation and biomagnification
(ZadockOmach et al., 2023). Microbial conversion to
methylmercury significantly raises mercury levels in top
predators. Exposure to mercury negatively impacts fish
physiology (Md Shahjahan et al, 2022), leading to
reduced growth, reproductive challenges, and weakened
immune responses, which can ultimately affect
population stability and ecosystem resilience (Sweet et
al., 2001). Methylmercury accumulates in fish tissue,
affecting their nervous systems and posing significant
health risks to both aquatic species and humans who
consume contaminated fish (Boening, 2000).
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Lead exposure impairs neurological function and
enzyme systems in aquatic organisms, with fish showing
reduced growth and compromised immune responses in
polluted waters (Balali-Mood et al, 2021). Long-term
lead exposure can impair the proliferation of white blood
lymphocytes (Paul et al., 2014).

Cadmium exposure in fish leads to kidney and liver
damage and disrupts calcium metabolism, affecting bone
formation and reproductive health (Vinanthiet al., 2023).
Its exposure leads to disruption in cell cycle (Liu ef al.,
2022), anemia (Yu et al, 2024) Chronic cadmium
pollution in waterways is particularly harmful due to its
long half-life and propensity to bioaccumulate (Annabi et
al., 2013).

Pesticides

Pesticides, extensively used in agriculture, often reach
aquatic environments through runoff, and some, like
organophosphates, persist for decades in sediments and
food webs (Qayoom et al., 2018; Qayoom et al., 2023).

Cypermethrin, a synthetic pyrethroid, is widely used to
control insect pests but is highly toxic to aquatic life
especially fish (Saba et al., 2024). Studies on Cyprinus
carpio reveal that cypermethrin affects hematological
parameters and causes oxidative stress, leading to
reduced growth rates and survival (Ali ef al., 2022).

Organophosphate insecticides such as Dimethoate,
Dichlorvos and Chlorpyrifos have also been reported to
be toxic to aquatic fauna (Qayoom et al., 2016) and the
studies reveal that their toxicity in common carp caused
alterations in blood biochemical indices (Qayoom et al.,
2018; Qayoom et al, 2019; Khan et al, 2021) and
change in behaviour (Khan et al, 2022; Khan et al.,
2018).

Organochlorine pesticides such as DDT and endosulfan
are highly persistent and lipophilic, leading to
bioaccumulation in fish. These pesticides disrupt
endocrine systems, leading to reproductive issues,
developmental abnormalities, and immunosuppression in
various aquatic species (Guillette et al., 1995; Huda et
al., 2019).

Persistent Organic Pollutants (POPs)
Persistent Organic Pollutants (POPs) are carbon-based

compounds that resist environmental degradation and
bioaccumulate in the fatty tissues of organisms.
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Examples include polychlorinated biphenyls (PCBs),
dioxins, and certain brominated flame retardants:

PCBs were extensively used in industrial applications
but were banned due to their environmental persistence
and toxicity. They are known to cause immunotoxicity
(Jhonson et al, 2023), hepatotoxicity (Walczak and
Reichert, 2016), and reproductive toxicity (Ngoubeyou et
al., 2022) in fish and other aquatic organisms.

Dioxins and related compounds disrupt thyroid hormone
functions, leading to developmental and metabolic issues
in fish (Boas et al., 2006). Due to their persistence, they
continue to pose long-term risks to aquatic life even after
production has ceased (Nugegoda ef al., 2017; Qayoom
and Jaies, 2019).

Emerging Contaminants

Emerging contaminants refer to pollutants that have
recently been recognized for their ecological and health
impacts. These include pharmaceuticals, microplastics,
and personal care products:

Pharmaceuticals such as antibiotics, antidepressants,
and hormones enter waterways through wastewater and
agricultural runoff. Studies indicate that drugs like
fluoxetine (Prozac) alter behavior in fish, making them
less responsive to threats, while hormones such as
synthetic estrogen lead to feminization and reduced
fertility in male fish (Kidd et al., 2007).

Microplastics, tiny plastic particles less than 5 mm in
size, have been detected in oceans, rivers, and lakes
globally. Fish and other aquatic organisms often mistake
these particles for food, which can lead to
gastrointestinal ~ blockage, oxidative stress, and
translocation of toxic compounds adsorbed on the
plastic’s surface into fish tissues (Avio et al., 2017).

Environmental Monitoring Assessmentof Aquatic
Ecosystems

Monitoring Techniques: Effective environmental
monitoring in aquatic toxicology relies on various
techniques to detect and quantify contaminants in water
(Malik et al., 2022), sediments, and aquatic organisms.

Common methods include chemical analysis (e.g., gas
chromatography, high-performance liquid
chromatography, and mass spectrometry), which allows
for the precise identification and quantification of
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pollutants such as heavy metals, pesticides, and organic
pollutants. Bioassays using indicator species can further
reveal toxicity levels by assessing biological responses to
contaminants. Remote sensing and in situ sensors also
provide real-time data on contamination, aiding in more
responsive monitoring.

Water Quality Parameters: Key water quality
parameters, including pH, dissolved oxygen (DO),
temperature, and turbidity, play critical roles in
influencing pollutant behaviour, bioavailability, and
toxicity in aquatic environments (Sharma et al., 2015;
Qayoom et al., 2022). For instance, pH levels affect the
solubility and speciation of metals, influencing their
toxicity.

Dissolved oxygen is vital for aquatic life; low DO levels
can stress organisms and enhance the effects of
contaminants (Tabassum et al., 2023; Saba et al., 2024).
Temperature can alter the metabolic rates of organisms
and the chemical kinetics of pollutants, potentially
increasing toxicity at higher temperatures.

Turbidity, or the cloudiness of water, often indicates
suspended particles that may carry adsorbed pollutants,
thereby impacting light penetration and affecting
photosynthetic organisms and predator-prey interactions
(Qayoom et al., 2014).

Sediments play a crucial role in contaminant storage,
often acting as reservoirs for pollutants that settle from
the water column (Qayoom et al., 2017). These stored
contaminants can undergo remobilization back into the
water under changing environmental conditions, such as
shifts in pH or redox potential, posing risks to aquatic
organisms and reintroducing toxins into the ecosystem.

Sediments can particularly affect benthic organisms that
interact closely with the sediment layer, leading to
bioaccumulation of pollutants in the food chain.
Effective sediment monitoring is essential for
understanding the long-term impact of pollutants on
aquatic systems and for developing strategies to manage
sediment-bound contaminants.

Effects of Pollutants on Fisheries and Aquatic Life

Numerous studies have explored the multifaceted effects
of pollutants on fisheries and aquatic life. Even
eutrophication leads to helminth infestation in various
fish species as studied worldwide (Qayoom and Shah,
2017; Biswal and Chaterjee, 2020; Jeronimo et al.,
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2022). These investigations highlight the significant
impacts of acute and chronic toxicity, sublethal effects,
cellular-level changes, and endocrine disruption on
aquatic organisms.

Acute and Chronic Toxicity of Contaminants in
Fishes

Various studies have examined the acute toxicity of
pollutants, reporting immediate effects such as mortality
and behavioral changes in fish exposed to high
concentrations of contaminants over a short period
(Hamilton et al., 2016). For instance, research on

pesticides and heavy metals demonstrates that acute
exposure can severely impair survival rates, with
observable signs such as loss of equilibrium and
hyperactivity.

Conversely, studies focusing on chronic toxicity reveal
the long-term impacts of low-level exposure, including
bioaccumulation and disruptions in growth, reproduction,
and immune responses (Junaid et al., 2023). Chronic
exposure to pollutants like cadmium and polycyclic
aromatic hydrocarbons has been linked to systemic
physiological damage and a decline in population
dynamics (Molina and Segura, 2021).

Table.1 Genotoxic Effects of Metals and Pesticides on Fish

Class of Fish Name of Effects References
Xenobiotics contaminant
Oreochromis niloticus, Cu?", Zn*', Pb, Fe, Elevation in Omar et al., 2012
Mugil cephalus Mn micronucleus
frequencies.
Prochiloduslineatus Pb Increased frequency | Monteiro et al., 2011
Gold fish Cr (Hexavalent) Induction of DNA Velma and
Metals damage in kidney Tchounwou, 2010
and liver
Pimphalespromelas Cr (Trivalent) Increased De Lemos et al.,
micronucleus 2001; Barbosa et al.,
formation 2010
Pterigoplichthyes Cd, Pb, Cr, Cu, Fe, = Higher frequency of Viana et al., 2017
Zn and Ni MN
Astyanax lacustris Ba, Mn, Mg, Zn, Cr High frequency of | Dasilva et al., 2020
and Ni DNA damage
Oreochromis niloticus Endosulphan and DNA damage Ambreen and Javed,
chlorpyrifos (Comet assay) 2018, Tahir et al.,
2021
Oreochromis Chlorpyrifos, Spontaneous MN Naqvi et al., 2016
mossambicus Malathion, formation
Pesticides Cypermethrin
Channa punctatus Dichlorvos Chromatid breaks, Ullah and
centromeric gaps Zorriehzahra, 2015
Channa punctatus Fenvalerate Chromatid Saxena and
separation, deletion, Choudhari, 2010
fragmentation
Colisafasciatus Cypermethrin Changes in neucleic Singh et al., 2010
acid
Oreochromis Chlorpyrifos, Spontaneous MN
mossambicus Malathion, formation
Cypermethrin
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Table.2 Histopathological alterations caused by metals and pesticides in fish

Class of
Xenobiotic

Fish

Oreochromis niloticus

Salvelinus alpinus
Metals

Cyprinus carpio

Latesniloticus and
Oreochromis niloticus
Oreochromis niloticus

Labeo rohita

Ctenopharyngodonidella

Labeo rohita

Cyprinus carpio

Ctenopharyngodonidella
Oreochromis niloticus
Pesticides

Channa punctatus

Oreochromis niloticus

Cyprinus carpio

Name of

contaminant
Cu, Pb, Cd, Hg

Hg

Cr, Cd and Pb

Cd
Hg
Cr

Cr

Cr

Lindane
Sumithion

Malathion

Cypermethrin

Cypermethrin
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Effects

Edema of primary lamella, swlling,

lifting, hyperplasia  of  gill
epithelium.
Degeneration  of  hepatocytes,

congestion of central vein, nuclear
pyknosis.

Serious injuries
olfactory epithelium
Fish gills exhibited spiking and
fusion of secondary lamellae.
Club-shaped filaments formed in
the interlamellar regions.
Hepatocytes showed central vein
damage and irregular hepatic plate
rupture.

Increased number of vacuoles
observed in hepatic tissue.

Severe degenerative and necrotic
alterations in intestinal mucosa
Vacoulization pyknosis, necrosis,
bile duct inflammation,

Fusion and clumping of primary
lamellar epithelium.

in gill and

Swelling in gill cells, fusion,
inflammation, muscle cell
Necrosis.

Gill hyperplasia, necrosis, blood

vessel conghestion in liver,
intestinal  atrophy, Liver cell
Nnecrosis

Blood congestion, Necrosis,

parenchyma cell degeneration in
liver.

Pyknosis and haemolysis in kidney
Vacoulation, necrosis, bleeding,
destructed intestinal villi.

Pyknosis and Blood congestion in
liver,

Damaged hepatorenal tissues

Gill: Swelling and fusion of
epithelial cells and lamellae.

Liver: Enlarged sinusoids,
pyknotic nuclei, vacuolation, and
degeneration of hepatic
parenchyma.

Apoptosis  in  liver  tissue,

Alteration in gills and kidney.

References

Kaoudh et al.,
2010

de Oliveira et al.,
2002
Rajeshkumar et
al., 2017

Mohamed et al.,
2008
Kuang et al., 2007,
Pervaiz et al., 2019
Fanta et al., 2003

Hassan et al., 2018

Sultana et al., 2016

Rana et al., 2015

Forouhar Vajargah
etal.,2017
Sharmin et al.,
2021
Bharti and Rasool,
(2021)
Kenthao et al.,
2020

Khafaga et al.,
2020
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Table.3 Metals and pesticide induced endocrine disruption in fish

Fish
Danio rerio,
clariasgariepenus, Lota lota,
Cyprinus carpio
Metals

Clarias batrachus; Anguilla
Jjaponica;

Channa punctatus,
Clariasgariepinus Danio
rerio,

Oryziaslatipes; Cyprinus
carpio; Oreochromis
niloticus; Danio rerio

Cyprinus carpio;
Oreochromis niloticus,
Hateropneustes fossilis

Odontesthesbonariensis

Danio rerio

Contaminant Effects
Hg Decreased sperm
count, motility and
viability; Damaged
testicular tissue,
sperm aggregation,
reduced germ cells.
Pb Suppressed gonadal
development.
Decreased cholesterol
and lipid levels in the
brain and testes.
Reduced
Gonadosomatic Index
(GSI).
Impaired germ cell
proliferation.
Cr Changes in ovarian
histology;
Higher percentage of
atretic oocytes;
Decline in
vitellogenic oocytes;
Reduced fertility;
hatchability and larval
survival.
Lower embryo
survival rates.
Cd Testis injuries,
shortened spermatic
lobule, larval
mortality, reduced
sperm velocity, low
testosterone
concentration.
Cd Reduced spawning,
increased fries
abnormalities, down
regulation of vtg gene
expression, decreased
egg production,
delayed egg
formation, oocyte

degeneration.
Organochlorine
pesticides, levels and their
receptors;
regulate vitellogenin

production even at

OCPs
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alterations in hormone

References
Zhang et al.,
2016;
Lahnsteiner et
al., 2004; Hayati
etal, 2019

Castro-Gonza'lez
and Me 'ndez-
Armenta, 2008;
Yamaguchi et al.,
2007

Ansari and
Ansarim, 2015;
Arunkumar ef al.,
2000; Mishra and
Mohanty, 2008

El-Ebiary et al.,
2013;
Dra, gKozak et
al., 2018; Wang
etal, 2014;

El-Ebiary et al.,
2013;
Dra, gKozak et
al., 2018; Wang
etal, 2014

Ankley et al.,
2009;

Chow et al.,
(2013)
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early stages of

development;
Female Zebrafish Atrazine Increase in ovarian Wirbisky et al.,
Pesticides progesterone, 2016
alteration in serotonin
turnover in brain;
Male zebrafish, Male Dieldrin, Increased gene Garcia-Rayero,
largemouth bass DDE expression of 2006; Sun et al.,
vitellogenin in liver 2016
Cichlid fish Endosulphan Decreased signal for Piazza et al.,
GnRH, affected 2011; Dacuna et
testicular morphology al., 2011
Zebrafish larvae Heptachlor Increased vtgl Chow et al., 2013
expression in either
embryos
Research has highlighted the sublethal effects of  findings underline the sensitivity of cellular-level

pollutants, which, while not immediately fatal,
significantly undermine fish populations. Behavioral
studies have shown that exposure to sublethal levels of
contaminants such as organophosphates and heavy
metals alters feeding habits, predator avoidance, and
swimming patterns.

Studies on reproductive effects have demonstrated
reduced fecundity and impaired gonadal development
due to long-term exposure to pollutants. Similarly,
growth inhibition has been frequently reported, with
toxicants such as pesticides and industrial effluents
stunting development in fish species, ultimately affecting
population resilience and fisheries' economic viability.

Genotoxic and Histopathological Effects

Several papers have delved into the genotoxic and
histopathological effects of pollutants, which serve as
biomarkers for aquatic toxicity. Studies employing
genotoxicity assays like the comet assay and
micronucleus test have demonstrated DNA damage,
chromosomal aberrations, and mutations in fish exposed
to pollutants such as pesticides (Ambreen and Javed,
2018; Tahir et al.,, 2021; Naqvi et al., 2016; Ullah and
Zorriehzahra, 2015; Saxena and Choudhari, 2010; Singh
et al., 2010) and metals (Omar et al., 2012; Velma and
Tchounwou, 2010; Viana et al., 2017; Monteiro et al.,
2011). Histopathological investigations reveal tissue-
level changes, including gill lesions, liver necrosis, and
kidney degeneration. For example, studies on fish
exposed to metals and pesticides have reported severe
damage to wvital organs, impairing physiological
processes like respiration and detoxification. Such

changes as indicators of environmental stress. Table 1
and 2 highlights the genotoxicity and histological
alterations caused by various metals and pesticides in
fish.

Endocrine Disruption and Reproductive Health

The endocrine-disrupting potential of pollutants has been
extensively studied, with significant emphasis on their
impacts on fish reproductive health (Zhang et al., 2016;
Lahnsteiner et al., 2004; Hayati et al, 2019; Castro-
Gonza’'lez and Me'ndez-Armenta, 2008; Yamaguchi et
al., 2007). Research has shown that chemicals such as
phthalates, bisphenol A, and certain pesticides act as
endocrine disruptors, mimicking or inhibiting natural
hormones (Chow et al., 2013). Studies report phenomena
like the feminization of male fish, reduced sperm
motility, and skewed sex ratios, resulting in
compromised population sustainability (Garcia-Rayero,
2006; Sun et al, 2016). Moreover, long-term
investigations have shown that exposure to these
pollutants leads to transgenerational effects, further
exacerbating the decline in fish populations and
impacting fisheries (Piazza et al., 2011; Dacuna et al.,
2011). Table 3 highlights the endocrine disruption
caused due to metals and pesticides in fish.

Conclusion

Aquatic toxicology is an essential field in addressing the
adverse impacts of environmental pollutants on aquatic
ecosystems and fisheries. This review highlights the
widespread presence of pollutants such as heavy metals,
pesticides, persistent organic pollutants (POPs), and
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emerging contaminants, which pose severe risks to fish
health and ecosystem stability. These toxicants cause
physiological, behavioral, genetic, and reproductive
disruptions in fish, ultimately threatening biodiversity
and the sustainability of fisheries. The integration of
advanced  environmental —monitoring  techniques,
biomarkers, and risk assessment frameworks is
imperative for detecting and mitigating pollution effects
in aquatic systems. Regulatory frameworks must evolve
to address emerging contaminants and adapt to regional
ecological dynamics. This review underscores the critical
need for interdisciplinary approaches to preserve aquatic
ecosystems and ensure the sustainability of fisheries,
which are vital for ecological balance, food security, and
economic development.

Recommendations

Aquatic toxicology plays a pivotal role in understanding
and mitigating the adverse impacts of pollutants on
aquatic ecosystems and fisheries. This review
underscores the critical need for stricter regulatory
frameworks to address both traditional and emerging
contaminants while promoting eco-friendly practices to
minimize industrial and agricultural runoff. Advanced
monitoring techniques, such as biomarkers and real-time
sensors, must be integrated to enable early detection of
toxicological effects and continuous assessment of water
quality. Investments in research should focus on the
long-term and transgenerational impacts of pollutants,
alongside the development of innovative remediation
technologies. Public awareness and community
involvement are essential to foster conservation efforts,
while international and regional cooperation can address
transboundary pollution challenges. A holistic approach
that incorporates these measures will ensure the
preservation of aquatic ecosystems, the health of fish
populations, and the sustainability of fisheries vital for
ecological balance and socio-economic development.
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