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ABSTRACT

Pesticide contamination has emerged as a major threat to freshwater ecosystems due to increasing
agricultural intensification and the widespread use of agrochemicals. This review synthesizes current
evidence on pesticide residues in freshwater fish, focusing on bioaccumulation processes, ecological
effects, and implications for human health. The literature indicates that pesticides enter aquatic
environments primarily through agricultural runoff, spray drift, drainage, and leaching, where their
persistence and bioavailability are influenced by physicochemical and environmental factors. Freshwater
fish accumulate pesticide residues through gill uptake, dietary intake, and dermal absorption, making
them valuable bioindicators of aquatic contamination. The extent of bioaccumulation varies among
species and is shaped by biological traits, trophic ecology, habitat characteristics, and environmental
conditions. Beyond residue accumulation, pesticide exposure is associated with oxidative stress,
physiological and histopathological alterations, behavioural disruptions, reproductive impairment, and
population-level effects that may compromise ecosystem functioning and biodiversity. Consumption of
contaminated fish also represents a potential route of human exposure, although many studies report
residue levels and associated risk indices below established safety thresholds. Nevertheless, concerns
remain regarding chronic exposure, cumulative risks, and vulnerable populations. The review highlights
important knowledge gaps, particularly in tropical freshwater ecosystems, and emphasizes the need for
integrated research and monitoring approaches that link environmental contamination, ecological impacts,
and human health outcomes. Strengthened pesticide management and continuous surveillance are
essential for safeguarding freshwater ecosystems, fisheries resources, and public health.

Keywords: Pesticide residues; Freshwater fish; Bioaccumulation; Ecological effects; Human health risk;
Freshwater ecosystems.
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INTRODUCTION

Freshwater ecosystems are among the most productive and ecologically valuable environments on Earth,
supporting biodiversity, inland fisheries, food security, and the livelihoods of millions of people.
However, increasing agricultural intensification has been accompanied by a substantial rise in pesticide
use, making chemical contamination one of the most persistent threats to aquatic ecosystems. Pesticides
applied to agricultural fields frequently enter rivers, lakes, and wetlands through runoff, spray drift, and
leaching, where they may persist, disperse, and interact with non-target aquatic organisms (Werner et al.,
2021; Saha & Dutta, 2024). Although these chemicals have contributed significantly to global food
production, their widespread occurrence in freshwater environments has generated increasing concern
regarding their ecological and public health consequences.

Freshwater fish are particularly vulnerable to pesticide contamination because they are continuously
exposed through the water column, sediments, and contaminated food. Their ability to integrate
contaminant exposure over time has made them reliable bioindicators of aquatic pollution and an
important model for assessing ecosystem health. Once absorbed, pesticide residues may accumulate in
fish tissues when uptake exceeds metabolic elimination, creating the potential for trophic transfer through
aquatic food webs and dietary exposure in humans (Khoshnood, 2024; Namiq & Albassam, 2025). This
dual ecological and public health significance has stimulated considerable research on pesticide
occurrence, bioaccumulation, and toxicity in freshwater fish.

Evidence from recent studies demonstrates that pesticide exposure extends far beyond residue
accumulation. Depending on the chemical class, concentration, and duration of exposure, pesticides may
induce oxidative stress, disrupt biochemical and physiological processes, impair growth and reproduction,
alter behaviour, and cause histopathological damage in vital organs of fish (Abdallah et al., 2024;
Khoshnood, 2024). Such effects have important ecological implications because they can reduce
individual fitness, compromise population stability, and alter ecosystem functioning. At the same time,
the presence of pesticide residues in edible fish tissues has heightened concerns over food safety,
prompting the use of dietary risk assessment models such as Estimated Daily Intake (EDI), Hazard
Quotient (HQ), and Hazard Index (HI) to evaluate potential health risks associated with fish consumption
(Asiegbu et al., 2022).

Despite the rapid expansion of research in aquatic ecotoxicology, existing evidence remains fragmented.
Many studies focus on residue occurrence, laboratory toxicity, or human health risk assessment
independently, with relatively few providing an integrated perspective that links environmental
contamination, bioaccumulation processes, ecological effects, and dietary exposure. In addition, much of
the available literature originates from Europe and Asia, while comparable syntheses addressing
freshwater ecosystems in developing regions remain limited. This fragmentation constrains a holistic
understanding of pesticide dynamics in freshwater ecosystems and underscores the need for a
comprehensive synthesis of current knowledge.

Against this background, this review critically synthesises contemporary evidence on pesticide residues in
freshwater fish, with particular emphasis on bioaccumulation, ecological effects, and human health
implications. Specifically, it examines the sources and environmental pathways of pesticide
contamination, evaluates the mechanisms governing pesticide accumulation in freshwater fish, assesses
their ecological consequences, reviews evidence on dietary exposure and associated health risks, and
identifies key knowledge gaps and future research priorities. By integrating these interconnected themes,
the review provides a scientific basis for understanding the ecological significance of pesticide
contamination and its implications for the sustainable management and conservation of freshwater
ecosystems.

Freshwater Ecosystems and Pesticide Contamination

Freshwater ecosystems are among the most biologically productive environments, supporting diverse
aquatic communities while providing essential ecosystem services such as fisheries, water supply, nutrient
cycling, and biodiversity conservation. These ecosystems also sustain the livelihoods of millions of
people through food production and other socioeconomic activities. However, increasing agricultural
intensification has exposed freshwater environments to growing levels of chemical pollution, particularly
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from pesticides applied to enhance crop productivity. Although pesticides play a vital role in modern
agriculture, their widespread use has become a major source of environmental contamination because a
substantial proportion of applied chemicals is transported beyond target areas into adjacent rivers, lakes,
streams, and wetlands through runoff, spray drift, drainage, and leaching (Kumar et al., 2021; Zahoor &
Mushtaq, 2023).

Once introduced into freshwater systems, pesticides may remain in the water column, accumulate in
sediments, or become available to aquatic organisms depending on their physicochemical properties and
prevailing environmental conditions (Rad et al., 2022). Consequently, pesticide contamination has
become a recurring feature of many freshwater ecosystems worldwide, with residues frequently detected
in surface waters, sediments, and aquatic biota. The reviewed studies consistently indicate that the extent
of contamination varies among ecosystems according to pesticide usage patterns, land-use practices,
hydrological characteristics, and climatic conditions, highlighting the widespread but heterogeneous
nature of pesticide pollution (Carneiro et al., 2025; Lopez-Benitez et al., 2024).

Among aquatic organisms, freshwater fish are particularly valuable indicators of environmental quality
because they integrate contaminant exposure from water, sediments, and food over time. Unlike water
samples that provide only a snapshot of contamination, fish tissues reflect cumulative exposure, making
them effective biomonitors for evaluating pesticide pollution in freshwater ecosystems (Metwally et al.,
2023; Namiq & Albassam, 2025). Their ecological importance and direct role in human nutrition further
strengthen their value as sentinel organisms for assessing both ecosystem health and potential food safety
concerns.

The collective evidence reviewed indicates that pesticide contamination extends beyond chemical
pollution to become an ecological challenge capable of influencing biodiversity, species interactions, and
ecosystem functioning. This growing recognition has shifted research towards understanding how
pesticides move through freshwater ecosystems, accumulate in fish, and contribute to ecological and
human health risks. Such understanding provides the foundation for examining the mechanisms of
pesticide bioaccumulation in freshwater fish, which are discussed in the following section.

Sources, classification and environmental fate of Pesticides in Freshwater Ecosystems

Pesticides comprise a diverse group of chemical substances developed to prevent, destroy, or control
organisms that threaten agricultural production, public health, and stored products. Although their
primary purpose is to protect crops and improve agricultural productivity, their extensive and often
indiscriminate application has transformed them into important environmental contaminants. The
reviewed literature consistently classifies pesticides according to their target organisms, chemical
composition, or mode of action, with insecticides, herbicides, fungicides, and rodenticides representing
the principal functional groups. Chemically, organochlorines, organophosphates, carbamates, pyrethroids,
and neonicotinoids remain the most widely studied classes because they differ markedly in persistence,
toxicity, environmental behaviour, and ecological risk (Ahamad & Kumar, 2023; Garud et al., 2024; Saad
et al., 2025). These differences largely determine their distribution within freshwater ecosystems and their
potential to accumulate in aquatic organisms

The major pesticide classes differ considerably in their agricultural applications, environmental
persistence, mobility, and ecological effects, which collectively determine their behaviour in freshwater
ecosystems and their potential ecological risks (Table 1).
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Table 1: Major classes of pesticides, their common applications, environmental characteristics, and
ecological implications in freshwater ecosystems

Pesticide Class Primary Environmental Major Ecological Representative
Agricultural Characteristics Concerns Examples
Use
Organochlorines Control of Highly persistent, Long-term persistence, DDT, Aldrin,
(OCs) insect pests lipophilic, resistant to bioaccumulation, Dieldrin,
degradation,  readily biomagnification, chronic Endosulfan
adsorbed to sediments  toxicity to aquatic
organisms
Organophosphates  Broad- Low to moderate Acute toxicity, inhibition Chlorpyrifos,
(OPs) spectrum persistence, relatively of  acetylcholinesterase, Diazinon,
insecticides high water solubility, neurological impairment in Malathion
rapid degradation fish
compared with OCs
Carbamates Insect and Moderate persistence, Enzyme inhibition, Carbaryl,
nematode moderate mobility in physiological stress, Carbofuran,
control aquatic environments reduced  growth  and Aldicarb
survival
Pyrethroids Agricultural Strong  affinity for Behavioural  alterations, Cypermethrin,
and public sediments, low water respiratory impairment, Deltamethrin,
health pest solubility, highly toxic toxicity to fish and aquatic Permethrin
control to aquatic fauna invertebrates
Neonicotinoids Systemic Highly water soluble, Chronic exposure, Imidacloprid,
insecticides for moderate disruption of aquatic food Thiamethoxam,
crop protection  environmental webs, effects on non-target Clothianidin
persistence, mobile in organisms
aquatic systems
Herbicides Weed control Variable  persistence Alteration of primary Glyphosate,
depending on productivity, indirect  Atrazine,
compound and effects on aquatic food Paraquat
environmental webs
conditions
Fungicides Control of Variable persistence; Reduced microbial Mancozeb,
fungal diseases  some compounds diversity and potential Carbendazim,
accumulate in  impacts on aquatic  Azoxystrobin
sediments ecosystem functioning

Agricultural activities constitute the dominant source of pesticide contamination in freshwater
environments. During rainfall or irrigation events, pesticides applied to croplands may be transported into
rivers, lakes, and streams through surface runoff, while spray drift, soil erosion, drainage systems, and
groundwater leaching further contribute to contaminant dispersal beyond target areas. Additional inputs
originate from domestic applications, aquaculture, public health programmes, and industrial activities,
although their relative importance varies among regions depending on land-use practices and pesticide
usage patterns (Kim et al., 2023; Zahoor & Mushtaq, 2023). The reviewed studies consistently
demonstrate that contamination is therefore driven not only by the quantity of pesticides applied but also

by landscape characteristics, rainfall intensity, soil properties, and watershed hydrology.

Once pesticides enter freshwater systems, their environmental fate is governed by complex interactions
between chemical properties and environmental conditions. Water solubility, volatility, adsorption
affinity, persistence, and susceptibility to degradation largely determine whether pesticides remain
dissolved in the water column, bind to suspended particles and sediments, or undergo chemical and
biological transformation. Environmental factors such as temperature, pH, dissolved oxygen, sunlight,
microbial activity, and organic matter content further influence degradation rates and environmental
persistence (Rad et al., 2022; Gassmann, 2021). Consequently, some pesticides degrade rapidly after
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entering aquatic environments, whereas others persist for extended periods, increasing opportunities for
uptake by aquatic organisms.

The reviewed literature indicates that pesticide persistence is a key determinant of ecological exposure
because chemicals retained within water and sediments remain biologically available to aquatic organisms
long after their initial application. Sediments frequently function as secondary reservoirs from which
pesticides may be re-released into the water column during physical disturbance or changes in
environmental conditions, thereby prolonging exposure even when direct agricultural inputs have ceased
(Lopez-Benitez et al., 2024; Carneiro et al., 2025). This continuous cycling of contaminants highlights the
dynamic nature of pesticide pollution and explains why residues are repeatedly detected in freshwater
environments despite seasonal fluctuations in pesticide application.

Collectively, the evidence demonstrates that the ecological consequences of pesticide contamination
begin long before toxic effects become evident in aquatic organisms. The diversity of pesticide classes,
multiple contamination pathways, and variable environmental persistence determine the extent to which
these chemicals remain available for biological uptake. Understanding these processes is fundamental
because they govern the movement of pesticides from freshwater environments into aquatic organisms,
ultimately leading to bioaccumulation, which is discussed in the following section.

Understanding these processes is fundamental because they govern the movement of pesticides from
freshwater environments into aquatic organisms, ultimately leading to bioaccumulation, which is
discussed in the following section (Figure 1).
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Figure 1: Conceptual Pathway of Pesticide Contamination, Environmental Fate, Bioaccumulation,
Ecological Effects, and Human Health Implications in Freshwater Ecosystems.

Bioaccumulation of Pesticide residues in Freshwater Fish

Bioaccumulation is a fundamental process through which pesticides are transferred from the aquatic
environment into living organisms and retained within biological tissues over time. It occurs when the
rate of pesticide uptake exceeds the rate of metabolism and elimination, leading to a gradual increase in
contaminant concentrations within an organism. Unlike simple environmental exposure, bioaccumulation
reflects the cumulative interaction between the physicochemical properties of pesticides and the
biological characteristics of the exposed organism. Consequently, fish inhabiting contaminated freshwater
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ecosystems often contain measurable pesticide residues even when concentrations in the surrounding
water are relatively low, making them reliable indicators of long-term environmental contamination
(Khoshnood, 2024; Ray & Shaju, 2023).

Freshwater fish acquire pesticide residues through multiple exposure pathways, with branchial uptake,
dietary ingestion, and dermal absorption representing the principal routes. Because fish continuously
pump large volumes of water across their gills for respiration, dissolved pesticides can readily diffuse
across the gill epithelium into the bloodstream. Dietary exposure constitutes another important pathway,
particularly for predatory and omnivorous species that consume contaminated prey or benthic organisms.
Fish feeding on sediment-associated organisms may also ingest pesticide-bound particles, thereby
increasing internal contaminant burdens. The relative importance of each pathway depends on pesticide
characteristics, feeding ecology, habitat use, and environmental conditions, illustrating that
bioaccumulation is governed by the interaction between biological and environmental processes rather
than by contaminant concentration alone (Li et al., 2022; Metwally et al., 2023).

Following absorption, pesticides are transported through the circulatory system and distributed among
different tissues according to their chemical properties and the physiological characteristics of the fish.
Lipophilic compounds tend to accumulate in lipid-rich tissues such as the liver and adipose deposits,
whereas other compounds may preferentially concentrate in organs involved in metabolism and
detoxification. The liver plays a central role in biotransformation, converting many pesticides into
metabolites that are subsequently excreted. However, where exposure is continuous or degradation is
inefficient, elimination may not keep pace with uptake, resulting in progressive accumulation of residues
in edible tissues. Such persistence explains why fish collected from contaminated ecosystems frequently
retain detectable pesticide residues despite temporal fluctuations in environmental concentrations (Namiq
& Albassam, 2025; Saad et al., 2022).

The reviewed literature consistently distinguishes bioaccumulation from closely related processes such as
bioconcentration and biomagnification. Bioconcentration refers specifically to the direct uptake of
contaminants from water, whereas bioaccumulation incorporates all exposure pathways, including food
and sediments. Biomagnification, in contrast, describes the progressive increase in contaminant
concentrations across successive trophic levels within a food web. Although these processes are
conceptually distinct, they operate simultaneously within freshwater ecosystems and collectively
determine contaminant burdens in fish populations. Persistent pesticides with high lipid solubility are
particularly susceptible to trophic transfer because they resist degradation and remain biologically
available as energy moves through aquatic food webs (Kim, 2020; Choo et al., 2020).

Evidence from both field investigations and controlled laboratory studies demonstrates that pesticide
bioaccumulation varies considerably among freshwater fish species. Differences in feeding habits, trophic
position, habitat preference, metabolic capacity, and physiological adaptation influence both contaminant
uptake and elimination. Consequently, species occupying similar habitats may exhibit markedly different
residue concentrations despite experiencing comparable environmental exposure. Likewise, seasonal
changes in pesticide application, hydrological conditions, and food availability may further modify
accumulation patterns, emphasising that bioaccumulation is a dynamic ecological process rather than a
fixed biological response (Ayele et al., 2022; Tarekegn et al., 2025).

Collectively, the reviewed studies demonstrate that pesticide bioaccumulation is the critical link between
environmental contamination and ecological risk. By integrating exposure from water, sediments, and
food, freshwater fish serve not only as indicators of ecosystem health but also as pathways through which
pesticide residues may be transferred to higher trophic levels, including humans. Nevertheless, the
magnitude of pesticide accumulation is rarely uniform because it is strongly influenced by biological
attributes of individual fish and the environmental conditions under which exposure occurs. These
interacting factors determine why some species or individuals accumulate greater pesticide burdens than
others and therefore warrant detailed consideration in the next section on factors influencing pesticide
bioaccumulation. These interacting factors determine why some species or individuals accumulate greater
pesticide burdens than others and therefore warrant detailed consideration in the next section on factors
influencing pesticide bioaccumulation (Figure 2).
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Figure 2: Mechanisms of pesticide bioaccumulation in freshwater fish showing major
exposure sources, uptake routes, internal distribution, metabolism, elimination, and
ecological outcomes.

Biological and environmental drivers of Pesticide Bioaccumulation

Although pesticide contamination provides the initial source of exposure, the extent to which residues
accumulate in freshwater fish is determined by a complex interaction between biological characteristics of
the organism and environmental conditions within the aquatic ecosystem. The reviewed studies
consistently demonstrate that bioaccumulation is neither uniform among fish species nor constant across
freshwater habitats. Rather, it reflects the combined influence of species-specific physiology, feeding
ecology, habitat utilisation, environmental conditions, and the physicochemical properties of individual
pesticides (Ray & Shaju, 2023; Li et al., 2022). Understanding these interacting drivers is essential for
explaining the considerable variation in pesticide residues reported among freshwater fish.
Species-specific ecological traits are among the principal determinants of pesticide accumulation. Fish
occupying different trophic levels are exposed to contaminants through distinct feeding pathways,
resulting in marked differences in residue concentrations even within the same aquatic environment.
Predatory species often experience greater contaminant burdens because they consume prey that have
already accumulated pesticide residues, whereas herbivorous and omnivorous species may acquire
contaminants from aquatic vegetation, plankton, benthic organisms, or detritus. Habitat preference further
contributes to these differences, as bottom-dwelling species frequently encounter pesticides associated
with sediments, while pelagic species are more directly exposed through the water column (Ayele et al.,
2022; Kim, 2020). These ecological differences illustrate that contaminant exposure is strongly influenced
by feeding behaviour and habitat use rather than by environmental concentrations alone.

Physiological characteristics also influence the capacity of fish to absorb, metabolise, and eliminate
pesticides. The reviewed studies indicate that lipid-rich tissues serve as important storage sites for many
hydrophobic pesticides, making body composition an important determinant of residue retention.
Likewise, differences in metabolic activity and detoxification efficiency influence the rate at which
pesticides are transformed and excreted. Fish with greater metabolic capacity may eliminate certain
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compounds more rapidly, whereas continuous exposure or limited detoxification may favour prolonged
retention of residues within tissues (Li et al., 2022; Khoshnood, 2024). Consequently, physiological
variation among species contributes substantially to differences in contaminant burdens observed under
similar environmental conditions.

Environmental factors further modify pesticide bioavailability and, ultimately, bioaccumulation. Water
temperature, pH, dissolved oxygen, organic matter, sediment composition, and seasonal hydrological
changes influence pesticide persistence, degradation, and mobility within freshwater ecosystems.
Seasonal rainfall may increase contaminant transport from agricultural land, whereas sediment
disturbance can reintroduce previously deposited pesticides into the water column, extending exposure
even after pesticide application has ceased (Rad et al., 2022; Lopez-Benitez et al., 2024). These
environmental processes determine the quantity of pesticide available for uptake and explain the temporal
variation in residue concentrations reported in many freshwater systems.

An emerging theme across the reviewed literature is the influence of biological size on contaminant
accumulation. Several studies report positive relationships between body size and pesticide residues,
suggesting that larger or older fish may accumulate greater contaminant burdens because of prolonged
environmental exposure and increased opportunities for dietary uptake. However, the evidence also
indicates that this relationship is not universal, as accumulation patterns may differ among species
depending on growth rate, metabolic activity, trophic ecology, and environmental conditions (Ayele et al.,
2022; Lorrain-Soligon et al., 2026). These contrasting observations suggest that body size should not be
considered an independent predictor of pesticide accumulation but rather one component of a broader
ecological framework involving species biology and habitat characteristics.

Overall, the reviewed studies demonstrate that pesticide bioaccumulation is driven by the interaction of
biological and environmental processes rather than by contaminant concentration alone. Species ecology,
physiological capacity, habitat conditions, and environmental variability collectively determine the
magnitude and pattern of pesticide accumulation in freshwater fish. Recognising these interacting drivers
is essential for interpreting residue data and understanding why ecological responses to pesticide exposure
vary among freshwater ecosystems. These same factors also influence the biological consequences of
pesticide exposure, which are discussed in the following section on the ecological effects of pesticide
residues in freshwater fish.

Recognising these interacting drivers is essential for interpreting residue data and understanding why
ecological responses to pesticide exposure vary among freshwater ecosystems (Table 2). These same
factors also influence the biological consequences of pesticide exposure, which are discussed in the
following section on the ecological effects of pesticide residues in freshwater fish.
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Table 2: Biological and environmental factors influencing pesticide bioaccumulation in freshwater
fish and their ecological significance

Factor Influence on Bioaccumulation Ecological Significance
Species differ in metabolic capacity, lipid composition, Explains interspecific differences
Fish species detoxification efficiency, and feeding ecology, resulting in residue concentrations and
in variable pesticide accumulation. contaminant sensitivity.

Larger and older fish generally accumulate higher
pesticide burdens because of prolonged environmental
exposure and increased dietary intake, although the
relationship varies among species.

Influences contaminant transfer
through food webs and dietary
exposure of consumers.

Body size and age

Predatory species may accumulate greater pesticide
concentrations through trophic transfer, whereas
herbivorous and omnivorous species acquire contaminants
from different dietary sources.

Determines exposure pathways
and trophic distribution of
pesticides.

Feeding habit

Benthic fish are more exposed to sediment-associated Explains spatial variation in
Habitat preference pesticides, while pelagic species are primarily exposed contaminant accumulation within
through the water column. freshwater ecosystems.
Enhances long-term retention
and potential biomagnification of
persistent pesticides.

Lipophilic pesticides preferentially accumulate in lipid-

Lipid content L . . . . .
p rich tissues, increasing residue persistence in fish.

Species with efficient detoxification systems metabolize Determines  persistence of
and eliminate pesticides more rapidly than species with pesticide residues within fish
limited detoxification capacity. tissues.

Metabolic and
detoxification capacity

Temperature influences pesticide degradation, fish Alters seasonal bioaccumulation

Water t t . . .
atet tempetature metabolism, and contaminant uptake rates. patterns and ecological exposure.

Water quality ~ (pH, Physicochemical conditions affect pesticide solubility, Reg'ulat‘e‘s contammapt

dissolved oxygen, . . . o availability for uptake by aquatic
. degradation, adsorption, and bioavailability. .

organic matter) organisms.

Organic-rich sediments retain hydrophobic pesticides and Creates long-term reservoirs of

Sediment . . L
L. may release them wunder changing environmental contamination and prolonged
characteristics .
conditions. exposure.
Rainfall, flooding, agricultural practices, and hydrological Produces temporal variation in
Seasonal variation changes influence pesticide inputs and environmental bioaccumulation among fish

concentrations. populations.

Ecological effects of Pesticide exposure in Freshwater Fish

Pesticide exposure elicits a cascade of biological responses in freshwater fish, with effects extending from
cellular dysfunction to ecological impairment. The reviewed literature consistently demonstrates that the
severity of these responses depends on the chemical properties of the pesticide, concentration, duration of
exposure, and the physiological characteristics of the exposed species. Rather than acting through a single
mechanism, pesticides disrupt multiple biological pathways simultaneously, producing cumulative effects
that may compromise individual fitness and, ultimately, ecosystem integrity (Khoshnood, 2024; Saha &
Dutta, 2024). Consequently, ecological risk cannot be adequately assessed solely through measurements
of pesticide residues but requires an understanding of the biological responses that follow contaminant
exposure.

The earliest responses to pesticide exposure occur at the biochemical and physiological levels. Several
studies report increased production of reactive oxygen species, oxidative stress, enzymatic alterations, and
disruption of antioxidant defence systems following exposure to commonly used pesticides. These
biochemical disturbances interfere with normal metabolic processes, impair cellular homeostasis, and
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reduce the ability of fish to cope with additional environmental stressors (Abdallah et al., 2024; Ghayyur
et al., 2021). Because these changes often precede visible pathological damage, biochemical biomarkers
have become valuable early indicators of pesticide-induced stress in freshwater fish.

Persistent biochemical disruption is frequently accompanied by structural damage to vital organs.
Histopathological investigations consistently identify lesions in the gills, liver, kidney, and other
metabolically active tissues following chronic or repeated pesticide exposure. Gill damage may reduce
respiratory efficiency and impair osmoregulation, while hepatic alterations interfere with detoxification
and metabolic regulation. Similarly, renal lesions compromise excretory functions and disrupt
physiological homeostasis, reducing the overall health and survival of exposed fish (Majumder & Kaviraj,
2022; Islam et al., 2021; Sula et al., 2020). These pathological responses demonstrate that pesticide
toxicity extends beyond residue accumulation to produce measurable impairment of organ function.
Beyond physiological injury, pesticide exposure may alter normal behaviour and reproductive
performance. The reviewed studies describe behavioural abnormalities including reduced swimming
activity, impaired feeding, loss of equilibrium, abnormal escape responses, and changes in predator
avoidance. Such behavioural alterations reduce the capacity of fish to obtain food, evade predators,
compete successfully, and reproduce effectively. Reproductive impairment, including reduced fecundity,
endocrine disruption, impaired gamete development, and decreased hatching success, further threatens
long-term population persistence by limiting recruitment and population recovery following chronic
contamination (Shah & Perveen, 2020; Ghafarifarsani et al., 2024). Although these responses occur at the
individual level, their cumulative effects may become evident across entire fish populations.

The ecological consequences of pesticide exposure therefore extend beyond individual organisms to
influence broader ecosystem processes. Chronic contamination may reduce species abundance, alter
community composition, disrupt trophic interactions, and weaken ecosystem resilience through the
progressive loss of sensitive species. Changes in fish populations may subsequently affect nutrient
cycling, energy transfer, and predator-prey dynamics, ultimately influencing the structure and functioning
of freshwater ecosystems (Burch et al., 2025; Rai et al., 2025). These findings reinforce the growing
recognition that pesticide pollution represents not only a toxicological concern but also a conservation
challenge capable of compromising freshwater biodiversity and ecosystem sustainability.

The principal ecological responses associated with pesticide exposure in freshwater fish across different
levels of biological organization are summarized in Table 3.

Table 3: Ecological effects of pesticide exposure across different levels of biological organization in
freshwater fish

Level of Biological

Organization Major Responses to Pesticide Exposure Ecological Implications

Cellular Ox1dat1ye stress,  reactive = oXygen species (ROS) Cellular dysfunction and

Molecular generation, DNA damage, lipid peroxidation, enzyme reduced physiological resilience
inhibition, disruption of antioxidant defence systems phy £

Biochemical Altered metab_ohc 'act1V1ty, endocnqe dlsr}lptlon, 1MMune p . duced growth, stress tolerance

. . suppression, impaired osmoregulation, disrupted energy . .

Physiological metabolism and physiological performance

Lesions in gills, liver, kidney, intestine and other Impaired respiration,
g M p P
Histopathological metabolically active tissues; tissue degeneration and detoxification, excretion and
P 2 y 2
inflammation overall health
Reduced swimming activity, impaired feeding, abnormal . .
. B Reduced survival, competitive

Behavioural escape responses, loss of equilibrium and altered predator ... L

avoidance ability and resource acquisition
. R fi i i i ion, i i - .

Reproductive and edgced ecundity, endocrine disruption, impaired game te Declining reproductive success
quality, delayed development and reduced hatching .

Developmental Success and recruitment

Population Increased mortality, reduced recruitment, altered Population instability and

population structure and declining abundance reduced resilience to
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Level of Biological

Major Responses to Pesticide Exposure Ecological Implications

Organization
environmental disturbances
. Loss of biodiversity, disruption of food-web interactions, Reduced ecosystem stability,
Community and . ) L . : .
Ecosystem altered predator—prey relationships and impaired ecological integrity and

ecosystem functioning conservation value

Overall, the reviewed evidence indicates that pesticide exposure produces interconnected biological
responses that progress from biochemical disturbances to physiological impairment, behavioural
alteration, reproductive dysfunction, and ecosystem-level effects. Understanding these responses is
fundamental for ecological risk assessment because they provide the biological link between
environmental contamination and ecosystem degradation. At the same time, the accumulation of pesticide
residues within edible fish tissues creates an important pathway through which ecological contamination
may directly affect human populations through fish consumption. This relationship forms the basis for the
discussion of human health implications presented in the next section.

At the same time, the accumulation of pesticide residues within edible fish tissues creates an important
pathway (Figure 3) through which ecological contamination may directly affect human populations
through fish consumption. This relationship forms the basis for the discussion of human health
implications presented in the next section.
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Figure 3: Ecological effects of pesticide exposure across levels of biological organization, illustrating
the progression from cellular responses to ecosystem-level consequences in freshwater fish.

Human health implications of Pesticide residues in Freshwater Fish

Freshwater fish constitute an important source of high-quality protein, essential fatty acids, vitamins, and
micronutrients for millions of people worldwide. In many developing countries, particularly within
Africa, inland fisheries contribute substantially to household nutrition, food security, and livelihoods.
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However, the ecological processes that enable fish to accumulate pesticide residues also create a potential
pathway for human exposure through the consumption of contaminated fish. Consequently, the presence
of pesticide residues in edible fish tissues has become an important public health concern because dietary
exposure may occur even when environmental contamination is not readily apparent (Metwally et al.,
2023; Ray & Shaju, 2023).

The reviewed studies consistently indicate that the health risks associated with fish consumption depend
on several factors, including pesticide concentration, frequency of fish consumption, body weight of
consumers, and the toxicological characteristics of individual compounds. Recent investigations
increasingly employ quantitative risk assessment models, particularly Estimated Daily Intake (EDI),
Hazard Quotient (HQ), and Hazard Index (HI), to determine whether dietary exposure exceeds acceptable
safety thresholds (Asiegbu et al., 2022; Namiq & Albassam, 2025). These indices provide a scientific
basis for evaluating the likelihood of adverse health effects and have become standard tools in
environmental monitoring and food safety assessments. The principal indices commonly employed to
assess the potential human health risks associated with dietary exposure to pesticide residues in
freshwater fish are summarized in Table 4.

Table 4: Common human health risk assessment indices used in studies of pesticide residues in
freshwater fish

Risk

Assessment Full . Purpose General Interpretation
Meaning
Index
Estimates the average daily intake of
. pesticide residues through fish Lower EDI values indicate lower dietary
Estimated . . )
EDI Daily Intake consumption based on residue exposure; values are compared with the
y concentration, consumption rate, and body Acceptable Daily Intake (ADI).
weight.
Acceptable Rep¥e.sents the maximum quantity of a If EDI is below ADI, exposure is generally
ADI Dailv Intake pesticide that can be consumed daily over considered accentable
y a lifetime without appreciable health risk. p '
HQ Hazard Evaluates the potential non-carcinogenic HQ < 1 indicates negligible risk; HQ > 1
Quotient risk posed by a single pesticide. suggests potential adverse health effects.
Assesses the combined non-carcinogenic HI < 1 indicates acceptable cumulative
HI Hazard Index risk resulting from exposure to multiple risk; HI > 1 suggests possible health

pesticides. concern.

Values within internationally accepted
benchmark ranges are generally regarded
as acceptable; higher values indicate
increased lifetime cancer risk.

Estimates the probability of developing
CR Cancer Risk cancer over a lifetime due to exposure to
carcinogenic pesticides.

Estimates the combined lifetime cancer Provides an overall assessment of
Total Cancer . .. . . . .. .
TCR risk arising from exposure to multiple cumulative carcinogenic risk from dietary

Risk . : . . .
carcinogenic pesticide residues. exposure.

Overall, the uploaded studies suggest that pesticide residue concentrations in many freshwater fish remain
below internationally accepted maximum residue limits and generally pose low non-carcinogenic risks to
consumers under current exposure conditions. Nevertheless, several authors caution that these findings
should be interpreted carefully because human exposure is influenced by cumulative dietary intake,
repeated consumption, and simultaneous exposure to multiple pesticide compounds. Vulnerable groups,
including children, pregnant women, and populations that depend heavily on freshwater fish as a dietary
staple, may experience greater health risks where contamination is persistent or monitoring programmes
are inadequate (Metwally et al., 2023; Tarekegn et al., 2025).
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Beyond individual health, the reviewed literature highlights the importance of continuous environmental
monitoring and effective regulatory oversight to minimise dietary exposure. Sustainable pesticide
management, routine surveillance of fish tissues, and adherence to good agricultural practices are
consistently identified as essential strategies for protecting both freshwater ecosystems and public health.
These measures not only reduce contamination of aquatic environments but also enhance consumer
confidence in freshwater fisheries and support the long-term sustainability of aquatic food resources
(Carneiro et al., 2025; Kumar et al., 2021).

Taken together, the reviewed evidence indicates that the human health implications of pesticide residues
in freshwater fish cannot be considered independently of ecosystem health. Protecting freshwater
ecosystems from pesticide contamination ultimately reduces the risk of dietary exposure, reinforcing the
close relationship between environmental conservation, food safety, and public health. This
interconnected perspective underscores the importance of integrated approaches that address pesticide
contamination from its environmental source through to its ecological and human health consequences.
Knowledge gaps, future perspectives and conclusion

The reviewed literature demonstrates considerable progress in understanding pesticide contamination of
freshwater ecosystems, particularly regarding environmental occurrence, bioaccumulation, ecological
effects, and human health risks. However, important knowledge gaps remain. Most studies examine these
components independently, with relatively few integrating environmental contamination,
bioaccumulation, ecological responses, and dietary risk within a single framework. This fragmented
approach limits a comprehensive understanding of pesticide dynamics in freshwater ecosystems.

The available evidence also reveals significant geographical disparities. Much of the existing research has
been conducted in Europe and Asia, while tropical freshwater ecosystems, particularly those in sub-
Saharan Africa, remain comparatively underrepresented. Consequently, the influence of regional
environmental conditions, agricultural practices, and fish ecology on pesticide behaviour and ecological
risk remains insufficiently understood. In addition, although several studies acknowledge variations in
pesticide accumulation among fish species, the interacting roles of biological characteristics, habitat use,
feeding ecology, and body size require further investigation to improve ecological interpretation of
residue data and strengthen environmental risk assessment.

Future research should adopt multidisciplinary approaches that integrate environmental monitoring,
aquatic ecology, ecotoxicology, and human health risk assessment. Long-term monitoring programmes,
broader geographical coverage, and continued application of advanced analytical techniques will enhance
understanding of pesticide contamination and provide stronger scientific evidence for environmental
management.

In conclusion, the reviewed evidence confirms that pesticide contamination remains an important threat to
freshwater ecosystems and a potential pathway of human exposure through fish consumption. The
movement of pesticides from agricultural landscapes into aquatic food webs highlights the close
relationship between ecosystem health, food safety, and biodiversity conservation. Addressing the
identified knowledge gaps will strengthen future research and support evidence-based strategies for the
sustainable management and conservation of freshwater ecosystems.

CONCLUSION

The reviewed literature confirms that pesticide contamination represents a significant ecological
challenge with implications extending beyond environmental pollution to biodiversity conservation,
fisheries sustainability, and public health. The movement of pesticides from agricultural landscapes into
freshwater ecosystems, their subsequent accumulation in fish, and the biological responses they induce
demonstrate the close interdependence between ecosystem integrity and human well-being. Freshwater
fish provide valuable insight into environmental quality because they integrate contaminant exposure over
time while simultaneously representing an important source of dietary exposure for human populations.
The evidence further demonstrates that pesticide bioaccumulation is influenced by multiple interacting
biological and environmental factors rather than by environmental concentrations alone. Consequently,
effective management of pesticide contamination requires integrated approaches that combine sustainable
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agricultural practices, ecological monitoring, environmental regulation, and continued scientific research.
Strengthening these approaches will contribute to improved freshwater conservation, safer fisheries, and
better protection of public health.

RECOMMENDATIONS
Based on the reviewed literature, the following recommendations are proposed:

1. Routine environmental monitoring of pesticide residues should be strengthened in freshwater
ecosystems and commercially important fish species to facilitate early detection of contamination
and support evidence-based environmental management.

2. Sustainable pesticide management, including integrated pest management (IPM) and responsible
pesticide application, should be promoted to minimise contamination of freshwater ecosystems
while maintaining agricultural productivity.

3. Future research should adopt multidisciplinary approaches that integrate environmental
monitoring, aquatic ecology, ecotoxicology, bioaccumulation, and human health risk assessment
to provide a more comprehensive understanding of pesticide dynamics in freshwater ecosystems.

4. Greater research attention should be directed towards tropical freshwater ecosystems, particularly
those within sub-Saharan Africa, where information on pesticide occurrence, bioaccumulation,
and ecological effects remains comparatively limited.

5. Government agencies, environmental regulators, and research institutions should strengthen
collaboration in developing long-term monitoring programs, improving analytical capacity, and
promoting public awareness of the ecological and public health implications of pesticide
contamination in freshwater ecosystems.
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