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Abstract

Modern agrochemicals support crop productivity and food security, yet their residues,
transformation products and formulation components can move through the agro-food
chain and affect plants, soil organisms, wildlife, livestock and people. This review addresses
a persistent gap in the literature: most existing assessments examine single compounds,
single organisms or single environmental compartments in isolation, whereas real-world
exposure spans the entire agro-food chain and connects plant, animal, environmental and
human health. To address this gap, this review was designed as an integrative, One-Health-
oriented synthesis of the original evidence assembled on organophosphate, neonicotinoid
and glyphosate-based products, covering environmental fate, exposure pathways, molecu-
lar toxicity, non-target effects and ecosystem consequences. The main body of work consists
of a structured literature research and comparative evidence assessment across laboratory,
mesocosm and field studies, from which a cross-level evaluation was constructed: oxida-
tive stress, neurotoxocity, endocrine and immune disruption, soil microbiome alteration,
pollinator and aquatic biodiversity loss, food and feed residues, antimicrobial-resistance
pathways and insecticide resistance affecting disease vectors. Particular attention is given
to formulation effects, mixtures, chronic low-dose exposure and the distinction between
contaminant removal, transformation, detoxification and mineralisation. Finally, the review
evaluates integrated pest management, precision application, biological control, phytoreme-
diation, nanotechnology-assisted treatment and synthetic-biology-enabled bioremediation.
The synthesis identifies evidence gaps in field-scale validation, mixture toxicity, One Health
surveillance and regulatory integration and proposes priorities for safer agrochemical use,
environmental monitoring and ecosystem-based risk reduction.

Keywords: agrochemicals; ecotoxicology; One Health; pesticides; soil microbiome;
biodiversity; antimicrobial resistance; integrated pest management

1. Introduction

Agrochemicals are integral to modern food production because they help control
weeds, insects and plant pathogens, improve crop protection and support stable agricultural
yields. Pesticides are used across agricultural systems and the wider food sector, but their
benefits must be considered alongside their potential effects on non-target organisms and
environmental health [1]. Although the term agrochemicals can include fertilisers, plant-
growth regulators and other inputs, this review focuses specifically on pesticides, and in
particular on organophosphate insecticides, neonicotinoid insecticides and glyphosate-
based herbicides. These three groups were selected because they represent three distinct
modes of agricultural action and toxicology (acetylcholinesterase inhibition, agonism of
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nicotinic acetylcholine receptors and disruption of plant metabolism), they are among
the most widely used pesticide groups worldwide, and their contrasting environmental
behaviour allows the ecotoxicological and One Health questions addressed here to be
examined consistently across the agro-food chain.

The effects of agrochemicals extend beyond their intended targets because these sub-
stances can be transported through soil, surface water, groundwater, air and food webs.
Their residues and transformation products may influence soil microbial communities,
aquatic organisms, pollinators, birds, amphibians and other wildlife. At the ecosystem level,
these effects may contribute to the disruption of pollination, nutrient cycling, natural pest
control and aquatic food webs. Pesticide exposure is also one of several interacting pres-
sures associated with biodiversity loss and insect decline, alongside habitat degradation,
intensive agriculture, pollution and climate change [2].

Agrochemical contamination can also create pathways connecting environmental ex-
posure with animal and human health. Residues may enter livestock through contaminated
feed, water and pasture and can subsequently be detected in animal-derived foods. A
global systematic review of pesticide residues in raw cow’s milk identified substantial
geographical variation in contamination and reported areas where estimated health risks
exceeded acceptable thresholds [3]. Human exposure may occur through dietary intake,
inhalation and dermal contact, particularly among agricultural workers and rural popula-
tions. Evidence from toxicological and epidemiological studies has associated chronic or
high-intensity pesticide exposure with neurological, respiratory, endocrine and other long-
term health concerns, although the strength of evidence varies according to the chemical,
exposure level, duration and health outcome examined [4].

The One Health approach provides a suitable framework for understanding these
interconnected pathways. It recognises that the health of people, domestic and wild animals,
plants and ecosystems are closely linked and interdependent [5]. Within this framework,
agrochemical risk is not limited to the toxicity of an individual compound or its effects on a
single species. Instead, it includes interactions among environmental contamination, soil
and ecosystem functions, biodiversity, food and feed safety, animal health and public health.
Recent syntheses of pesticide occurrence, environmental fate and health effects likewise
conclude that effective management of these risks requires integrated, One-Health-based
strategies [6].

This review therefore examines the ecotoxicological impacts of modern agrochemicals
across the agro-food chain, focusing on their environmental fate, molecular mechanisms of
toxicity, effects on soil and biodiversity, food and animal exposure pathways, and implica-
tions for human health. It further evaluates integrated pest management, environmental
monitoring and emerging remediation technologies as components of a One Health strategy
for reducing agrochemical risks.

This review is a narrative, integrative review rather than a systematic review or
meta-analysis. Its objective is to synthesise and interpret evidence on environmental fate,
ecotoxicology, food-chain exposure, biodiversity, risk assessment and remediation within
a One Health framework, rather than to follow a pre-registered protocol or to pool effect
estimates. A structured literature search was performed in Web of Science, Scopus, PubMed
and Google Scholar, covering peer-reviewed publications available up to 2026, with priority
given to studies published from 2015 onwards and to the most recent evidence available at
the time of writing. Search terms combined three groups of keywords: chemical terms (for
example, organophosphate, neonicotinoid, glyphosate, pesticide, agrochemical); outcome
terms (for example, ecotoxicology, oxidative stress, endocrine disruption, soil microbiome,
antimicrobial resistance, pollinator, biodiversity, pesticide residues); and framework terms
(for example, One Health, environmental fate, integrated pest management, remediation,
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risk assessment). Reference lists of key reviews and authoritative reports were also screened
to identify additional relevant studies.

Priority was given to peer-reviewed research articles, systematic reviews and meta-
analyses, and to authoritative reports and guidance from international bodies, including the
World Health Organization, the Food and Agriculture Organization of the United Nations,
the European Food Safety Authority and the European Environment Agency. Records
were screened by title and abstract, and full texts were retained when they addressed
the environmental fate, ecotoxicological effects, food-chain exposure or remediation of
organophosphates, neonicotinoids, glyphosate-based herbicides or pesticides more broadly.
Non-English records, studies without an agrochemical component, and studies concerned
solely with unrelated industrial contaminants were excluded. In appraising the evidence,
a distinction is maintained throughout the review between laboratory and mechanistic
findings, mesocosm and field studies, epidemiological associations, and surveillance or
monitoring data; conclusions drawn from the broader contaminant-remediation literature,
where pesticide-specific studies are not yet available, are identified as such.

2. Agrochemicals and Modern Food Production
2.1. Agrochemicals, Food Security and Environmental Costs

Agrochemicals are important components of modern agricultural production because
they help protect crops from weeds, insect pests and plant pathogens, while fertilisers and
soil amendments support nutrient availability and crop development. By reducing losses
before and after harvest, these products can contribute to yield stability, product quality
and the economic viability of farming systems. Pesticides are used across agricultural
and food-production systems, including crop cultivation, forestry, aquaculture and the
preservation of food products [1].

The contribution of agrochemicals to food security should not, however, be interpreted
as evidence that greater chemical use is always beneficial. Food security also depends on
soil fertility, water availability, biodiversity, climate resilience, farmer livelihoods, access to
technology and effective agricultural governance. Chemical inputs may support production
in the short term, but their effectiveness can decline when repeated use contributes to pest
resistance, soil degradation, contamination or the loss of beneficial organisms. Sustainable
agricultural systems therefore require a balance between crop protection, productivity and
the long-term maintenance of environmental resources [7].

The environmental costs of chemical-intensive agriculture arise partly from the move-
ment of agrochemicals beyond their intended targets. Following application, active ingre-
dients may be transported through spray drift, volatilisation, surface run-off, leaching and
soil erosion. They may subsequently reach groundwater, rivers, wetlands, sediments, crops,
livestock and wildlife. Non-target effects can occur in pollinators, aquatic organisms, soil
fauna, birds, amphibians and microorganisms, potentially affecting pollination, nutrient
cycling, decomposition, natural pest control and aquatic food webs [1]. Repeated expo-
sure may also contribute to the development of resistance in pest and vector populations,
reducing the effectiveness of agricultural and public-health interventions.

Agrochemicals encompass several functional groups used at different stages of the
agro-food chain. These include insecticides, herbicides, fungicides, nematicides, fertilis-
ers, soil conditioners, plant-growth regulators, adjuvants, biopesticides and emerging
nano-enabled formulations. The present review focuses primarily on organophosphate
insecticides, neonicotinoid insecticides and glyphosate-based herbicides because they rep-
resent important examples of neurotoxic, systemic and herbicidal products with potentially
wide environmental distribution. Other agrochemical categories are considered where

https://doi.org/10.3390 /agrochemicals5030040


https://doi.org/10.3390/agrochemicals5030040

Agrochemicals 2026, 5, 40

4 of 42

they contribute to mixture toxicity, soil-health alteration, residue transfer or broader One
Health pathways.

Risk assessment should not be limited to the concentration of the parent compound
immediately after application. Agrochemicals may undergo biological, chemical and pho-
tochemical transformation, producing metabolites or degradation products with different
persistence, mobility and toxicity. In addition, commercial formulations may contain
surfactants, solvents and other co-formulants that modify absorption, environmental be-
haviour and biological effects. Assessing only the isolated active ingredient may therefore
underestimate the toxicity of the formulation used in the field.

Mixture exposure is another important consideration. Agricultural organisms and
human populations are rarely exposed to one chemical at a time. They may encounter
combinations of pesticides, fertilisers, veterinary medicines, antibiotics, metals and other
environmental contaminants. Such mixtures may produce additive, synergistic or antag-
onistic effects that are not predicted by single-compound testing. Food-chain transfer
provides an additional exposure pathway, as pesticide residues may enter animal-derived
products and contribute to dietary human exposure [3].

Accordingly, modern agrochemical assessment should integrate agricultural bene-
fits with environmental fate, formulation composition, transformation products, mixture
toxicity and residue transfer. This broader approach provides the basis for evaluating
agrochemicals within a One Health framework, in which crop productivity is considered
alongside soil integrity, biodiversity, animal health, food safety and public health.

2.2. Priority Agrochemicals and Exposure Pathways

This review focuses on organophosphate insecticides, neonicotinoid insecticides and
glyphosate-based herbicides. These groups represent distinct modes of agricultural action
and provide contrasting examples of neurotoxic, systemic and herbicidal agrochemicals.
Their environmental significance is influenced not only by the properties of their active
ingredients but also by application frequency, formulation composition, environmental
persistence, transformation products and patterns of human and animal exposure [1].

Organophosphate insecticides are used to control a wide range of chewing and suck-
ing insect pests in field crops, horticultural systems, orchards and stored agricultural prod-
ucts. Their principal toxicological mechanism involves inhibition of acetylcholinesterase,
an enzyme required for normal neurotransmission (Table 1). This mechanism accounts
for their effectiveness against target insects but also creates risks for non-target organisms,
including pollinators, aquatic invertebrates, birds, livestock and humans.

After application, organophosphates may remain on plant surfaces, enter the soil or
be transported into surface water through run-off and erosion. Their persistence varies
according to the specific compound and environmental conditions such as temperature, pH,
moisture, organic-matter content and microbial activity. Residues may be detected on crops,
in soil and sediments, and in water bodies receiving agricultural drainage. Occupational
exposure may occur during mixing, loading, spraying, equipment cleaning and re-entry
into treated fields. Dietary exposure may result from residues remaining on food crops or
from transfer into animal feed and livestock products [4].

Neonicotinoids are systemic insecticides used as seed treatments, soil applications
and foliar sprays. Their systemic properties allow them to move through plant tissues,
including leaves, pollen, nectar and other plant parts. This characteristic provides ef-
fective protection against sap-feeding and soil-dwelling pests, but it also increases the
potential for exposure among pollinators and other organisms that interact with treated
plants (Table 1).

https://doi.org/10.3390 /agrochemicals5030040


https://doi.org/10.3390/agrochemicals5030040

Agrochemicals 2026, 5, 40 5 of 42
Table 1. Agrochemical groups, exposure pathways, and One Health implications [3,4,8-14].
: Envi 1F I
Agrochemical . . nvironmenta’ Fate mportant One Health
Main Action or Use and Exposure Non-Target
Group Relevance
Pathways Receptors
. Neurotoxicity,
_ Remain on plant . . .
Inhibit . Pollinators, aquatic occupational
. surfaces, enter soil and . . .
acetylcholinesterase . invertebrates, birds, exposure, dietary
Organophosphate - sediments, and move . : .
> . . and control chewing livestock, residues, livestock
insecticides . through runoff, .
and sucking erosion and agricultural workers exposure and
insect pests . . and other mammals contamination of
agricultural drainage
water and food
Pollinator exposure,
Act on nicotinic Systemic movement Bees and other aquatic
acetylcholine through plants; pollinators, aquatic contamination,
Neonicotinoid receptors; used as residues may occur in invertebrates, soil residues in crops and
insecticides seed treatments, soil soil, pollen, nectar, organisms and animal feed,

applications and
foliar sprays

runoff, drainage and
surface water

non-target
vertebrates

and possible
neurodevelopmental
effects

Glyphosate-based
herbicides

Inhibit the plant
shikimate pathway
and control weeds

Bind to soil particles,
undergo microbial
degradation, and
move through runoff,
erosion, spray drift
and leaching; AMPA
should also be
considered

Non-target plants,
soil microorganisms,
aquatic organisms,
livestock
and humans

Effects on plant
diversity and soil
microbiomes,
exposure through
food, feed, water and
occupational contact

Neonicotinoids can be transported from agricultural soils to surface waters through

run-off, drainage and erosion. Their residues may persist in soil and may be taken up by
subsequent crops, creating repeated or background exposure in agricultural landscapes.
Aquatic invertebrates may be exposed to residues transported into streams, ponds and
wetlands, while bees and other pollinators may encounter residues in pollen and nectar.
Evidence from mammalian studies also indicates that neonicotinoids can affect neuronal
development, neurochemical signalling, oxidative balance and behaviour in non-target ver-
tebrates, although the magnitude and relevance of these effects depend on the compound,
dose, exposure duration and species examined [8].

Human exposure to neonicotinoids may occur through occupational contact, dietary
intake and environmental media. Agricultural workers may be exposed during seed treat-
ment, spraying, equipment handling and harvesting. Consumers may be exposed through
residues on or within food products, although risk depends on residue concentration,
dietary intake, processing and regulatory controls. Neonicotinoid residues may also enter
animal feed and contribute to exposure in livestock and animal-derived food products.

Glyphosate-based herbicides are primarily used for post-emergence weed control in
annual crops, perennial crops, orchards, plantations and non-crop areas. They may also be
applied before planting or harvesting in some agricultural systems. Glyphosate inhibits the
shikimate pathway in plants (Table 1), but commercial formulations may contain surfactants
and other co-formulants that modify environmental behaviour and toxicity.

Glyphosate can bind strongly to soil particles, although its movement and persistence
depend on soil characteristics, application conditions and microbial degradation. Run-off,
erosion, spray drift and leaching may transport glyphosate and its transformation products
into surface water and groundwater. Its major degradation product, aminomethylphosphonic
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acid, may persist under some environmental conditions and should be considered in monitor-
ing and risk assessment. Exposure may therefore occur in crops, soil microorganisms, aquatic
organisms, terrestrial wildlife, livestock and humans.

Glyphosate-based products may affect non-target plants and soil microorganisms,
particularly where repeated applications alter plant diversity, rhizosphere conditions or
microbial community structure. Occupational exposure can occur during mixing, spraying,
equipment cleaning and field re-entry. Dietary exposure may result from residues in food
and feed, while livestock may be exposed through contaminated forage, water and soil.
Human exposure to pesticides more generally occurs through ingestion, inhalation and
dermal absorption, with agricultural workers often experiencing higher or more frequent
exposure than the general population [4].

The three priority agrochemical groups can move through interconnected environ-
mental compartments rather than remaining at the site of application. Soil acts as both a
reservoir and a transformation environment, while water facilitates transport to aquatic
ecosystems and drinking-water sources. Airborne drift may expose neighbouring crops,
natural habitats, farm workers and nearby communities. Crops and vegetation can re-
tain residues on their surfaces or absorb them into internal tissues, creating pathways to
pollinators, herbivores, livestock and consumers.

Post-harvest exposure is also relevant because residues may remain on stored grains,
fruits, vegetables and animal feed. Contamination can occur during storage, transport and
processing, particularly when treated commodities are handled without adequate controls.
Pesticide residues have also been reported in animal-derived food products, including raw
cow’s milk, demonstrating the importance of considering transfer through livestock and
the food chain [3].

Accordingly, the environmental assessment of organophosphates, neonicotinoids
and glyphosate-based herbicides should consider the complete exposure pathway from
application to environmental transport, biological uptake, residue transfer and human or
animal contact (Table 1).

This approach also requires consideration of commercial formulations, metabolites
and mixtures, since the toxicity and persistence of a field-applied product may differ from
those of the isolated active ingredient.

2.3. One Health Perspective on Agrochemical Exposure

The One Health perspective recognises that plant, soil, animal, human and ecosystem
health are interconnected. Agrochemical exposure can therefore produce effects across
several biological and environmental compartments rather than remaining limited to
the target pest or treated crop. Changes in soil microbial communities, for example,
may influence nutrient cycling, plant development and crop resistance to disease. These
changes can subsequently affect soil fauna, wildlife, livestock and human food systems.
Similarly, contamination of surface water can influence aquatic organisms, drinking-water
quality, irrigation systems and the health of communities dependent on affected water
resources [1,15,16].

Plant health is closely associated with soil and ecosystem health. Agrochemical
application may protect crops from pests and diseases in the short term, but repeated
or poorly managed use can alter beneficial microorganisms, pollinators, decomposers
and natural pest-control organisms. The resulting ecological changes may affect crop
productivity and resilience, particularly when agrochemical exposure occurs together with
habitat loss, climate stress, nutrient imbalance or water scarcity. A One Health assessment
should therefore consider both the intended agricultural benefit and the potential effects
on the ecological processes that support long-term food production.
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Environmental contamination also creates connections between agrochemical use and
food safety. Residues may remain on crops or become incorporated into plant tissues, soil,
water and animal feed. Livestock may be exposed through contaminated pasture, drinking
water or feed, allowing residues to enter animal-derived products. These pathways can
contribute to human dietary exposure, particularly when monitoring is incomplete or when
several compounds occur together. Pesticide residues have been detected in animal-derived
foods, including raw cow’s milk, demonstrating the importance of considering transfer
between agricultural environments, livestock and consumers [3].

The “farm to fork” pathway provides a useful framework for tracing agrochemical
exposure across the entire agro-food chain (Figure 1). It begins with the selection, formu-
lation and application of an agrochemical and continues through transport in soil, water
and air. The pathway then includes uptake by crops, exposure of pollinators and wildlife,
contamination of livestock feed and water, persistence during harvesting and storage,
processing of agricultural commodities, and eventual dietary exposure. This approach is
important because risks may emerge at different stages of the chain. A compound that is
controlled at the point of application may still present a concern if its metabolites persist in
soil, enter water, accumulate in food or affect non-target organisms.

IPM Monitoring Remediation

\ \/

@ eeuiction € TrRaNsPORT

ONE HEALTH
© exposure 0 IMPACT

Agrochemical Soil A Animal
Application Loe Health One Health
Ecosystem \
Functions )G
S ONE
‘ HEALTH
Healthy Animals
Healthy Environment
Safe Food
J Healthy People

Biodiversity Loss / Pest Resistance / Soil Degradation - Increased Agrochemical Dependence
Figure 1. Integrated One Health pathways of agrochemical exposure.

A One Health perspective also requires closer integration between environmental,
agricultural, veterinary and public-health surveillance. Environmental monitoring can
identify residues in soil, water, sediments and biota, while agricultural monitoring can
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provide information about application practices, treated crops and residue-management
procedures. Veterinary surveillance can detect exposure or health effects in livestock and
sentinel animals, whereas public-health systems can monitor occupational exposure, dietary
intake and potential health outcomes. Current evidence indicates that environmental and
human-exposure research is often geographically uneven and insufficiently integrated,
limiting the ability to connect contamination patterns with health risks [17].

Integrated surveillance should therefore combine chemical measurements with ecological,
microbiological, veterinary and human-health indicators. Such coordination would improve
early detection of contamination, support evidence-based regulation and enable interventions
before agrochemical effects become established across food systems or ecosystems. Within
this framework, One Health is not only a descriptive concept but also a practical basis for
improving agrochemical management, food safety and environmental protection.

3. Ecotoxicological Effects Across Biological Levels

Agrochemical toxicity can be expressed across several biological levels, from molecular
interactions and cellular stress responses to physiological dysfunction, impaired reproduc-
tion, altered behaviour and population decline. These effects are not uniform across all
compounds. They depend on the chemical class, formulation, exposure route, concentra-
tion, duration, developmental stage, species and environmental conditions [18]. These
levels and the direction of evidence linking them are summarised in Figure 2. The figure
summarises the exposure determinants, principal molecular and cellular mechanisms,
organism-level outcomes and population-to-ecosystem consequences, together with the
direction of evidence linking them. Evidence is strongest for laboratory and mechanistic
endpoints; uncertainty increases towards field, epidemiological and ecosystem levels.

Certainty
of evidence EXPOSURE

Parent compounds

(organophosphates, Transformation products
HIGHEST ltes.
°

(high herbicides)
certainty) \ | /|

) Co-formulants Chronic low-dose,
o and mixtures repeated exposure

H/_,/

MOLECULAR & CELLULAR MECHANISMS

neonicotinoids, 5
glyphosate-based and metabolites

<
<

/7Y Acetyicholinesterase (@3  Nicotinic receptor Ouicativ streas anc
S O » inhibition iY’ agonism m'mcmr‘m"al
. L dysfunction
t@ Endocrine Immune 5 ’) Soil microbiome
Q‘) disruption dysregulation C " alteration

\r_//

ORGANISM-LEVEL EFFECTS

PAC Y e 4 Reproductive and Reduced growth,
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Figure 2. Conceptual framework of the hierarchical cascade linking molecular mechanisms of
agrochemical toxicity to ecosystem-level consequences.
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A central challenge in agrochemical ecotoxicology is linking early molecular changes
with biologically meaningful outcomes. A pesticide may initially alter an enzyme, receptor,
membrane or signalling pathway, followed by cellular stress, tissue damage and physio-
logical dysfunction. When exposure is persistent or repeated, these effects may influence
growth, reproduction, behaviour, immune competence and survival, eventually affecting
populations and ecosystem functions.

3.1. Molecular and Physiological Mechanisms

Neurotoxicity is a major mechanism associated with several pesticide classes. Organophos-
phate insecticides inhibit acetylcholinesterase, resulting in excessive accumulation of acetyl-
choline and disruption of synaptic transmission. Acute exposure may produce tremors,
impaired coordination, respiratory dysfunction and mortality, whereas chronic or sublethal
exposure may affect behaviour, learning, sensory processing and reproduction.

Neonicotinoids act primarily as agonists of nicotinic acetylcholine receptors in insects.
Their selectivity for insect receptors contributes to their insecticidal activity, but non-target
vertebrates also possess nicotinic receptors that may be affected under particular exposure
conditions. Studies of mammalian exposure have reported changes in neurodevelopment, neu-
rochemical signalling, acetylcholinesterase activity, behaviour and inflammatory responses [8].

Neurotoxicity can also occur indirectly through oxidative stress, mitochondrial dam-
age and neuroinflammation. These secondary mechanisms may extend the effects of
pesticide exposure beyond the initial interaction with a neurotransmitter system. In eco-
logical settings, behavioural changes may be especially important because impaired navi-
gation, feeding, predator avoidance or reproductive behaviour can occur before mortality
becomes evident.

Oxidative stress occurs when the production of reactive oxygen species exceeds the
capacity of antioxidant systems to maintain cellular balance. Pesticides may increase re-
active oxygen species through interference with mitochondrial respiration, disruption of
cellular membranes, altered detoxification pathways and inflammatory responses. Biomark-
ers commonly used to assess this process include lipid peroxidation, protein oxidation,
DNA damage and changes in the activity of superoxide dismutase, catalase, glutathione
peroxidase and glutathione-S-transferase [1].

Oxidative stress is important because it can connect several mechanisms of toxicity.
Damage to lipids may alter membrane function, protein oxidation may impair enzymes
and receptors, and oxidative DNA damage may contribute to mutagenesis or altered gene
regulation. In pollinators, fish, amphibians and terrestrial vertebrates, persistent oxidative
stress may reduce growth, reproduction, immune competence and tolerance to additional
environmental stressors.

Mitochondrial dysfunction occurs when pesticide exposure interferes with electron
transport, ATP production, membrane potential or cellular redox regulation. Because
mitochondria also participate in calcium regulation and programmed cell death, their
impairment can increase reactive oxygen species, reduce cellular energy availability and
activate apoptotic pathways [8].

Energy-demanding tissues, including the nervous system, muscles, reproductive
organs and developing embryos, may be particularly vulnerable to mitochondrial im-
pairment. At the organismal level, reduced energy production can affect movement,
foraging, thermoregulation, growth and reproduction. Mitochondrial dysfunction may
also intensify oxidative stress and contribute to tissue damage, particularly when
pesticide exposure occurs alongside high temperature, malnutrition, pathogens or other
environmental pollutants.
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Endocrine disruption occurs when pesticides interfere with hormone synthesis, trans-
port, metabolism or receptor activity. Reported effects include alterations in thyroid hor-
mones, sex steroids, glucocorticoids and metabolic regulation. Studies of agricultural
workers and pesticide applicators have identified associations between pesticide exposure
and changes in thyroid hormone concentrations, although the direction and magnitude of
these effects vary according to the pesticide class, exposure level and characteristics of the
study population [19].

Endocrine disruption is particularly important during embryonic development, pu-
berty, pregnancy and reproduction. Alterations in hormone signalling during these sensi-
tive periods may affect organ development, sexual differentiation, fertility, metabolism and
neurodevelopment. However, endocrine-related outcomes should be interpreted cautiously
because they may also be influenced by chemical mixtures, nutritional status, age, sex,
genetic background and other environmental factors.

Immune dysregulation occurs when agrochemical exposure alters immune-cell ac-
tivity, inflammatory signalling, oxidative balance or the integrity of biological barriers.
Depending on the compound and exposure conditions, pesticides may suppress immune re-
sponses or promote persistent and inappropriate inflammation. These effects can influence
resistance to infectious diseases, susceptibility to parasites and responses to vaccination or
other immune challenges.

Pesticide-associated immune effects may also interact with endocrine and micro-
biome pathways. Disruption of gut or environmental microbial communities can influ-
ence immune development and inflammatory signalling. Evidence concerning endocrine-
disrupting chemicals, including some pesticide groups, indicates associations with altered
inflammatory markers, although the direction and biological significance of these effects
remain compound-specific and require further investigation [20].

Genotoxicity refers to pesticide-induced damage to genetic material, including DNA
strand breaks, oxidative DNA damage, chromosomal abnormalities, micronucleus forma-
tion and impaired DNA repair. These effects may arise directly through reactive metabolites
or indirectly through oxidative stress, inflammation and disruption of cell-cycle regula-
tion. Potential consequences include mutations, reduced cell viability, developmental
abnormalities and increased susceptibility to disease.

Genotoxic effects are relevant to environmental and human health because they may
affect somatic cells, germ cells and developing embryos. However, findings from in vitro
experiments or high-dose animal studies should not automatically be interpreted as evi-
dence of equivalent risks under environmental exposure conditions. Interpretation should
consider exposure concentration, duration, formulation, species sensitivity and consistency
across experimental systems [4].

Epigenetic alteration refers to changes in gene regulation that occur without modify-
ing the underlying DNA sequence. Pesticide exposure may influence DNA methylation,
histone modification, chromatin structure and non-coding RNA expression, thereby affect-
ing developmental, metabolic, reproductive, immune and neurological pathways.

These effects are particularly relevant during sensitive developmental and reproduc-
tive stages because altered gene regulation may persist after the original exposure has
ended. Animal studies have reported intergenerational and transgenerational effects fol-
lowing exposure to endocrine-disrupting chemicals, including certain pesticides. However,
evidence for transgenerational effects in humans remains limited, and findings from an-
imal models should not be directly extrapolated to human populations without further
validation [21].

Microbiome disturbance occurs when agrochemical exposure alters the composition,
diversity or function of microbial communities in soil, water, plants, animals and humans.
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In soil, these changes may affect nutrient cycling, decomposition, carbon transformation
and plant-microbe interactions. In aquatic environments, microbial disturbance may
influence primary production, organic-matter degradation and food-web processes [1].

Microbiome disturbance may also modify agrochemical toxicity. Microorganisms can
transform pesticides into products that are more, less or equally toxic than the parent com-
pound. At the same time, pesticide exposure may select for tolerant microorganisms, alter
microbial functional genes and influence the abundance or transfer of resistance determinants.
The ecological significance of these changes depends on whether alterations in community
composition led to measurable losses of microbial functions or ecosystem processes.

These mechanisms should not be considered as isolated effects. Neurotoxicity may be
intensified by oxidative stress and mitochondrial dysfunction, while endocrine disruption
may interact with epigenetic changes and immune dysregulation. Microbiome disturbance
may influence metabolism, immune function and the transformation of agrochemicals in the
environment.

For this reason, ecotoxicological assessment should integrate molecular biomarkers
with physiological, behavioural, reproductive, population and ecosystem-level endpoints.
Such integration can help distinguish transient molecular responses from adverse out-
comes that have consequences for organism health, biodiversity, ecosystem services and
One Health.

3.2. Soil Microbiome and Plant Health

The soil microbiome is a central component of soil health because microorganisms
regulate nutrient cycling, organic-matter decomposition, plant nutrition and interactions
between plants and their biotic environment. Agrochemical exposure can alter the com-
position, abundance and functional activity of bacterial and fungal communities, with
consequences that may extend beyond microbial diversity to affect soil fertility, crop perfor-
mance and ecosystem resilience [1].

Pesticides may modify soil microbial communities by inhibiting sensitive taxa, favour-
ing tolerant organisms or changing the availability of carbon and nutrients. These responses
can result in shifts in bacterial and fungal diversity, community structure and functional
composition. The magnitude and direction of microbial responses depend on the pesticide
class, application rate, soil properties, climate, organic-matter content and duration of
exposure [12,14,15,22].

Changes in microbial composition do not necessarily indicate immediate loss of soil
function. Some microbial communities may recover after exposure, whereas repeated
applications may produce persistent changes or select for organisms capable of tolerat-
ing or degrading specific compounds. It is therefore important to assess both taxonomic
composition and functional activity when evaluating agrochemical effects on soil micro-
biomes [12,14].

Agrochemicals may reduce microbial biomass and alter the activity of enzymes in-
volved in carbon, nitrogen and phosphorus transformations. Soil enzymes such as dehy-
drogenase, 3-glucosidase, urease and phosphatase are commonly used to indicate changes
in microbial activity and nutrient cycling. Reductions in these activities may suggest im-
paired microbial metabolism, although responses can vary according to soil type, exposure
duration and the availability of alternative substrates [12,22].

Microbial biomass and enzyme activity may also respond differently from microbial
diversity. A soil may retain a relatively stable number of microbial taxa while experiencing
changes in metabolic activity or functional capacity. For this reason, microbial biomass,
enzyme activity, phospholipid fatty acids and molecular community analyses should be
interpreted together rather than used as isolated indicators of soil health [22].
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Microorganisms drive the decomposition of plant residues and soil organic matter,
releasing nutrients required for plant growth. Agrochemical-induced changes in microbial
communities or enzyme activity may slow decomposition, alter carbon turnover and
interfere with nitrogen and phosphorus cycling [12,23]. These effects may reduce nutrient
availability or change the timing and form in which nutrients become accessible to crops.

Disruption of microbial processes may also influence soil structure and organic-matter
retention. Reduced decomposition can limit nutrient release, whereas changes in microbial
activity may accelerate the loss of particular organic compounds. The ecological conse-
quences depend on the balance between microbial inhibition, compensatory activity by
tolerant organisms and the capacity of the soil community to recover [23-25].

Mycorrhizal fungi and plant-growth-promoting microorganisms support plant nutri-
tion, root development and resistance to environmental stress. They can improve phos-
phorus acquisition, contribute to nitrogen availability, produce plant-growth regulators,
suppress pathogens and induce plant defence responses. Agrochemical exposure may
disrupt these interactions by reducing microbial colonisation, altering root exudates or
changing the chemical conditions of the rhizosphere [14,26,27].

The effects on symbiotic microorganisms may be particularly important when crops
are exposed to drought, nutrient limitation, pathogens or temperature stress. Damage to
beneficial microbial associations may reduce plant resilience even when the pesticide does
not produce severe direct toxicity in the plant. Conversely, some microorganisms may de-
grade agrochemicals or increase plant tolerance, indicating that the soil microbiome can act
both as a target of toxicity and as a potential mechanism of environmental adaptation [28].

Alterations in the soil microbiome may affect crop nutrition by reducing nutrient
mineralisation, phosphorus solubilisation, nitrogen fixation or mycorrhizal nutrient transfer.
Over time, these changes may contribute to reduced soil fertility and greater dependence on
external fertiliser inputs. They may also affect plant growth by modifying root development,
hormone production and the availability of essential nutrients.

Plant disease resistance can be influenced in two opposing ways. Agrochemicals may
reduce pathogen pressure directly, but they may also reduce beneficial microorganisms that
suppress pathogens or stimulate plant defence. Changes in rhizosphere microbial networks
may therefore alter the balance between disease protection and disease susceptibility. The
overall outcome is likely to depend on pesticide type, application frequency, crop species,
soil conditions and the presence of beneficial or pathogenic microorganisms.

The relationship between soil microbiome health and crop productivity should conse-
quently be evaluated using both microbial and plant-level indicators. Relevant endpoints
include microbial biomass, community composition, enzyme activity, nutrient availability,
root colonisation, plant growth, nutrient uptake, disease severity and yield. This integrated
assessment can clarify whether agrochemical exposure produces a temporary microbial
disturbance or a persistent decline in soil function and plant health.

3.3. Biodiversity and Ecosystem Services

Agrochemical exposure can affect biodiversity through direct toxicity, sublethal phys-
iological effects, habitat contamination, food-web disruption and changes in species in-
teractions. These effects may occur in both terrestrial and aquatic ecosystems, and their
ecological importance depends on the sensitivity of exposed species, the persistence of the
chemical, the timing of exposure and the capacity of affected communities to recover. The
consequences may extend beyond individual organisms by altering ecosystem functions
such as pollination, natural pest control, nutrient cycling and water purification [1].

Pollinators may be exposed to agrochemicals through contaminated pollen, nectar,
dust, water and plant surfaces. Insecticides can cause direct mortality, but sublethal effects
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may also impair feeding, navigation, learning, reproduction, immune function and colony
development. These effects are particularly important for social insects because individual
impairment can influence colony-level productivity and survival [29-31].

Beneficial insects, including parasitoids, predatory beetles, lacewings and other natural
enemies, may also be affected by direct exposure or by consuming contaminated prey. A
reduction in these organisms can weaken biological pest control and increase dependence
on chemical applications. In agricultural landscapes, pesticide exposure may therefore
create a feedback process in which the loss of natural enemies contributes to secondary
pest outbreaks and further pesticide use. Herbicide exposure has also been associated
with increased mortality and reduced longevity, reproduction and predation in arthropod
natural enemies [32].

Insect decline is driven by multiple interacting pressures, including pesticide use,
habitat loss, pollution, invasive species, intensive agriculture and climate change. The
contribution of agrochemicals should therefore be evaluated within this wider ecological
context rather than treated as an isolated cause of biodiversity loss [2].

Soil fauna, including earthworms, collembolans, mites and nematodes, may be ex-
posed to agrochemicals through direct contact with treated soil, contaminated organic
matter and residues in soil water. These organisms contribute to soil aggregation, organic-
matter fragmentation, decomposition and nutrient release. Their decline or behavioural
impairment may affect soil structure and the activity of microbial decomposers [1].

Decomposer organisms are particularly important because they connect biodiversity
with ecosystem functioning. Agrochemical exposure may reduce decomposer abundance,
alter feeding activity or change microbial interactions involved in the breakdown of plant
residues. Such effects may modify carbon turnover, nitrogen availability and the rate at
which nutrients are returned to the soil. However, responses may vary according to soil
type, organic-matter content, pesticide persistence and the ability of tolerant species to
replace sensitive taxa [28].

Agrochemicals enter aquatic environments through surface run-off, spray drift, soil
erosion, drainage and groundwater discharge. Aquatic invertebrates may be exposed
to short-term contamination pulses following rainfall or to chronic low concentrations
in sediments and surface water. Sensitive taxa may experience impaired growth, feed-
ing, reproduction, development and behaviour before measurable changes in community
abundance occur [1].

Fish may be affected through gill exposure, dietary uptake and contaminated sedi-
ments. Potential outcomes include neurotoxicity, oxidative stress, endocrine disruption,
developmental abnormalities and impaired reproduction. Amphibians may be particularly
vulnerable because their permeable skin and aquatic—terrestrial life cycle expose them to
contaminants in both water and soil. Agrochemical exposure during embryonic and larval
development may affect growth, metamorphosis, behaviour and survival [33].

Changes in aquatic invertebrate communities can produce wider food-web effects.
The loss of sensitive insect larvae and crustaceans may reduce food availability for fish,
amphibians, birds and bats. It may also alter decomposition, nutrient cycling and the
emergence of aquatic insects into surrounding terrestrial ecosystems [1].

Birds and terrestrial vertebrates may be exposed through direct contact, inhalation,
contaminated drinking water and consumption of treated seeds, plants, insects or other
prey. Exposure can result in acute toxicity, but indirect effects may also occur through the
reduction of food resources or changes in habitat quality. Declines in insects and other
invertebrates may affect species that depend on them during breeding and chick-rearing
periods [34,35].
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Sublethal effects may include altered behaviour, reduced reproductive success, im-
paired development, reduced body condition and changes in predator-prey interactions.
Wildlife species can also serve as sentinels of environmental contamination because they
integrate exposure across several pathways and may move between agricultural and
natural habitats.

Biodiversity supports ecosystem services that are essential to agricultural productivity
and human well-being. Pollinators contribute to the reproduction of many crops and
wild plants, while predatory insects, birds and other natural enemies help regulate pest
populations. Soil fauna and microorganisms support decomposition, nutrient cycling,
soil formation and fertility. Aquatic organisms contribute to organic-matter processing,
food-web stability and water-quality regulation [1].

Agrochemical-induced biodiversity loss may therefore reduce ecosystem resilience and
increase dependence on external agricultural inputs. For example, the loss of pollinators
may reduce crop reproductive success, while the decline of natural enemies may increase
pest pressure. Changes in decomposer communities may alter nutrient availability, and
contamination-related losses of aquatic organisms may reduce the capacity of streams and
wetlands to process pollutants and maintain water quality.

Climate change may modify agrochemical exposure and toxicity by changing temper-
ature, rainfall, soil moisture, hydrological flow and pest distributions. Heavy rainfall can
increase run-off and contaminant transport, whereas drought may concentrate residues in
soil and surface water. Higher temperatures may accelerate chemical transformation but
can also increase uptake, metabolic stress and toxicity in exposed organisms [2].

Agrochemicals may also interact with other pollutants, including fertilisers, metals,
pharmaceuticals, antibiotics, microplastics and industrial contaminants. Combined expo-
sure may produce additive or synergistic effects that are not predicted by single-compound
testing. Climate-related stress, nutritional limitation and pathogen exposure may further
reduce the ability of organisms to tolerate chemical contamination.

The ecological effects of agrochemicals should therefore be assessed using multi-
stressor approaches that integrate chemical exposure with climate conditions, habitat
quality, disease pressure and resource availability. This is necessary to determine whether
an agrochemical produces an isolated toxic response or contributes to a broader decline in
ecosystem stability and function.

4. One Health Consequences
4.1. Food, Feed, Animal and Human Health

Agrochemical exposure creates connections between environmental contamination,
agricultural production, animal health, food safety and human health. These connections
arise because residues can move from treated crops and soils into water, animal feed, live-
stock tissues, animal-derived foods and human diets. A One Health assessment therefore
needs to consider the complete exposure pathway rather than evaluating environmental
and human-health effects separately.

Agrochemical residues may remain on the surface of crops, become absorbed into
plant tissues or accumulate in soil and water. Their persistence depends on the chemical
properties of the active ingredient, formulation, environmental conditions, application
frequency and post-application degradation. Transformation products may also remain
biologically active and should be included in residue and risk assessments.

Contaminated crops can contribute directly to dietary exposure, while contaminated
feed and water can expose livestock and lead to residues in meat, milk, eggs and other
animal-derived products. A systematic review of pesticide residues in raw cow’s milk
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identified substantial geographical variation and reported regions where estimated dietary
risks exceeded acceptable thresholds [3].

Food processing, storage and cooking may reduce some residues, but these processes
do not necessarily eliminate all compounds or transformation products. Residue moni-
toring should therefore consider raw agricultural commodities, processed foods, animal
products and feed materials. It should also account for cumulative exposure to several
compounds rather than focusing exclusively on compliance with individual maximum
residue limits.

Agricultural workers may experience exposure during pesticide mixing, loading, spray-
ing, equipment cleaning, crop harvesting and re-entry into treated fields. Dermal contact
and inhalation are important occupational pathways, while accidental ingestion may occur
through contaminated hands, food, water or smoking materials during field work. Expo-
sure levels are influenced by application methods, protective equipment, training, climatic
conditions and the availability of safety controls [4,36,37].

The general population is more commonly exposed through dietary intake, drinking
water, residential proximity to agricultural areas and contaminated dust or air. Children,
pregnant people and individuals with high dietary consumption of particular food products
may have different exposure patterns from the general population. Chronic exposure is es-
pecially difficult to assess because it may involve low concentrations of several compounds
over extended periods [4].

Livestock can function as sentinel populations because they may share environmental
conditions with agricultural workers and rural communities. Exposure through feed,
pasture, soil and water can provide information about the movement of agrochemicals
through agricultural systems. Monitoring livestock may also identify contamination that
could affect food products and human consumers.

Wildlife species can provide complementary evidence because they occupy differ-
ent ecological niches and integrate exposure across soil, water and food webs. Birds,
amphibians, mammals, pollinators and aquatic organisms may act as indicators of en-
vironmental contamination and ecological stress. Sentinel studies are most informative
when measurements of agrochemical residues are combined with biomarkers of neurotoxi-
city, oxidative stress, endocrine disruption, genotoxicity, immune effects or reproductive
impairment. A One Health systematic review has highlighted the value of integrating
contaminant measurements with genotoxicity biomarkers in animals from agricultural and
other human-modified ecosystems [38].

Human and animal health outcomes are considered here from the perspective of
One Health consequences rather than mechanisms. Cholinergic toxicity associated with
organophosphates, nicotinic and neurodevelopmental effects associated with neonicoti-
noids, endocrine-mediated reproductive outcomes and immune suppression are mechanis-
tically established in laboratory and experimental systems [4,8,19,39-41]. At the level of
exposed human and animal populations, however, these effects translate into associations
of variable strength and direction, which depend on the chemical, formulation, exposure
route, dose, duration, species and developmental stage.

Although toxicological and epidemiological studies have identified associations be-
tween pesticide exposure and neurological, reproductive, endocrine, immune and devel-
opmental outcomes, demonstrating causation in human populations remains difficult.
Exposure is often estimated indirectly through occupation, residential location, dietary
questionnaires or a limited number of biological samples. These approaches may not
accurately represent long-term internal exposure or exposure to mixtures.

Additional limitations include differences in pesticide metabolism, changing application
practices, recall bias, incomplete control of confounding factors and limited information
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about co-exposures. Health outcomes may also develop many years after exposure, making
temporal relationships difficult to establish. Evidence from in vitro studies and animal models
can clarify mechanisms, but it cannot automatically establish equivalent risks in humans.

Human-health conclusions should therefore distinguish between biological plausi-
bility, experimental evidence, epidemiological association and demonstrated causation.
Stronger evidence will require longitudinal studies, repeated biomonitoring, accurate ex-
posure reconstruction, mixture assessment and coordinated environmental, agricultural,
veterinary and public-health surveillance.

4.2. Endocrine Disruption, Antimicrobial Resistance and Vector Dynamics

Endocrine disruption, antimicrobial resistance and disease-vector dynamics repre-
sent three connected One Health pathways through which agrochemical exposure may
influence environmental, animal and human health. Although these pathways involve
different biological mechanisms, they may converge through shared environmental com-
partments, including soil, water, crops, livestock, wildlife and agricultural communities.
A combined approach is therefore useful for examining how agrochemical exposure may
influence physiological regulation, microbial evolution and the transmission of infectious
diseases [19,42].

Endocrine disruption occurs when agrochemicals interfere with hormone synthe-
sis, transport, metabolism, receptor binding or hormone-mediated gene regulation. Po-
tential targets include thyroid signalling, steroidogenesis, glucocorticoid pathways and
metabolic regulation. In agricultural workers and pesticide applicators, pesticide exposure
has been associated with altered thyroid hormone concentrations, although the direction
and magnitude of these effects vary among chemical classes, exposure levels and study
populations [19].

Endocrine effects are particularly important during embryonic development, pu-
berty, pregnancy and reproduction. Altered hormone signalling during these sensitive
periods may affect sexual differentiation, fertility, foetal development, metabolism, neu-
rodevelopment and immune maturation [41,43,44]. Reproductive disruption may also
occur in wildlife and livestock, potentially affecting population growth and agricultural
productivity [34].

However, endocrine-related outcomes should not be attributed to agrochemical expo-
sure without considering other influences. Chemical mixtures, nutritional status, age, sex,
genetic background, disease and exposure to other endocrine-disrupting substances may
modify the observed response [41,44,45]. Evidence should therefore be interpreted accord-
ing to the specific compound, exposure route, biological endpoint and level of organisation
examined [41,44].

Agricultural environments can act as interfaces where resistant microorganisms and
antimicrobial-resistance genes circulate between soil, water, plants, animals and humans.
Manure, irrigation water, wastewater, livestock production and contaminated fresh produce
may facilitate the movement of resistant bacteria and resistance genes through the food
chain [26].

Agrochemicals may contribute to this pathway through microbial stress, changes in
community composition and disruption of environmental microbiomes. Non-antibiotic
chemical contaminants may create selective conditions that favour tolerant organisms or
alter the abundance and mobility of resistance determinants. Potential mechanisms include
co-selection with antibiotics and metals, enrichment of resistant microbial populations,
changes in mobile genetic elements and horizontal gene transfer. However, the evidence
linking pesticide exposure specifically with clinically important antimicrobial resistance
remains less developed than the evidence for antibiotic use, metals and other environmental
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contaminants. These mechanisms are biologically plausible and supported by laboratory
and mesocosm studies, but they should be interpreted as potential pathways rather than
established effects, because field evidence linking pesticide exposure to clinically relevant
antimicrobial resistance remains limited [15,16,46].

This distinction is important for avoiding overstatement. Pesticides should not be
assumed to produce the same selection pressure as antibiotics, and the presence of resistance
genes in an agricultural environment does not demonstrate transmission to humans or
animals. Research should instead determine whether environmentally realistic pesticide
concentrations alter resistance-gene abundance, microbial fitness, plasmid mobility or
horizontal gene transfer under field conditions. Environmental risk assessment for AMR
should also consider mixtures involving pesticides, antibiotics, metals, disinfectants and
other contaminants [47].

The potential AMR pathway is particularly relevant to food safety. Resistant bacteria
or resistance genes may be transferred from soil and irrigation water to crops, from crops to
consumers, or between agricultural animals, wildlife and humans. Integrated surveillance
should therefore combine chemical residue analysis with culture-based resistance testing,
antimicrobial-resistance gene detection, microbial community profiling and monitoring of
agricultural practices.

Agrochemical exposure may influence disease-vector systems through direct toxicity,
changes in vector abundance, selection for insecticide resistance and disruption of predator—
prey interactions [48,49]. Agricultural insecticides can reduce populations of mosquitoes
and other arthropod vectors, but repeated exposure may select for resistance mechanisms
that reduce the effectiveness of both agricultural and public-health insecticides [50,51].

Insecticide resistance may involve enhanced metabolic detoxification, target-site muta-
tions, reduced penetration through the cuticle and behavioural avoidance. These mecha-
nisms can develop within vector populations and may produce cross-resistance between
chemicals used in agricultural pest control and those used for malaria, dengue or other
vector-control programmes [52].

Agrochemical exposure may also change vector abundance indirectly by affecting
aquatic habitats, vegetation, predators and competitors. For example, contamination of
breeding sites may reduce sensitive aquatic organisms that serve as predators or com-
petitors, potentially altering vector development and survival [48,49]. Conversely, broad-
spectrum insecticide exposure may reduce both vectors and beneficial organisms, produc-
ing unpredictable changes in community structure [42,49].

Changes in vector abundance do not automatically translate into changes in disease
transmission. Transmission depends on vector competence, pathogen prevalence, host
availability, biting behaviour, temperature, precipitation and habitat conditions [53-55].
Agrochemical exposure may influence some of these factors, but the direction of the
effect will vary according to the vector species, chemical, ecological setting and pathogen
involved [53,55].

These three pathways may interact across shared environmental and biological sys-
tems. Endocrine and immune disruption may alter host susceptibility to infection, while mi-
crobial disturbance may influence both antimicrobial resistance and the metabolism of agro-
chemicals [14,41,42]. Insecticide resistance may reduce the effectiveness of vector-control
programmes, while environmental contamination may alter vector habitats and the ecolog-
ical communities that regulate them [42,49,51].

A One Health framework should therefore integrate:

e Endocrine and reproductive biomarkers in humans, livestock and wildlife.
e Resistance genes and resistant bacteria in soil, water, crops and animal populations.
e Insecticide-resistance markers in agricultural and disease-vector species.
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e  Agrochemical residues and transformation products.
e Ecological indicators of vector abundance, predator communities and habitat quality.
e Human and animal disease surveillance.

The central objective should be to identify connected risks without assuming that
every environmental association represents a confirmed causal pathway. Stronger evidence
will require longitudinal monitoring, realistic mixture experiments, field-based studies
and coordinated surveillance across environmental, agricultural, veterinary and public-
health sectors.

5. Sustainable Agrochemical Management and Remediation
5.1. Prevention and Integrated Pest Management

Prevention is the most effective approach for reducing agrochemical risks because
it limits the need for chemical intervention before environmental contamination occurs.
Integrated pest management (IPM) combines cultural, biological, physical and chemical
measures within an ecological framework. Its objective is not the complete eradication of
pests but the maintenance of pest populations below economically damaging levels while
reducing risks to human health, biodiversity and ecosystem functions [56].

Crop rotation can interrupt pest and pathogen life cycles by changing the host plants
available within a field. Rotating crops with different nutritional requirements and rooting
patterns may also improve soil structure, nutrient cycling and microbial diversity. The
effectiveness of rotation depends on the biology of the target pest, the duration of the
rotation, landscape context and the selection of appropriate crop sequences.

Rotations may be particularly useful for reducing soil-borne pests and diseases that
persist when the same crop is grown repeatedly. They can also contribute to reduced pesti-
cide dependence when combined with resistant cultivars, biological control and improved
monitoring. Crop rotation should therefore be considered both a pest-management strategy
and a soil-health intervention [57].

Pest- and disease-resistant cultivars are an important component of integrated pest
management because they can reduce pest development, pathogen infection and crop
damage, thereby lowering reliance on pesticide applications. Their effectiveness is en-
hanced when combined with complementary measures such as crop rotation, biological
control and habitat management. Host-plant resistance can interact with natural enemies
in either synergistic or disruptive ways, so these interactions should be considered when
designing IPM programmes [58]. Habitat management can further reduce pest pressure
by supporting natural enemies or altering pest behaviour, which may decrease insecticide
dependence [59].

Resistance should not, however, be regarded as a permanent solution. Repeated
reliance on a single resistance trait can favour pest or pathogen populations capable of
overcoming it. Deploying multiple resistance genes, alternating resistance sources and
maintaining cultivar diversity can reduce the risk of resistance breakdown and help pre-
serve long-term effectiveness [60].

Biological control suppresses pest populations through natural enemies, includ-
ing predators, parasitoids and pathogenic microorganisms. Conservation biological con-
trol seeks to protect and enhance naturally occurring enemies by providing suitable
habitats and resources, whereas augmentative biological control involves the periodic
release of mass-reared agents to strengthen pest suppression [61,62]. These approaches can
reduce dependence on broad-spectrum insecticides, although their effectiveness depends
on landscape structure, resource availability and interactions with resident natural-enemy
communities [63].
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Biological control may be disrupted when pesticides harm beneficial organisms or
reduce the prey and hosts on which they depend. Integrated pest management should
therefore prioritise monitoring, threshold-based decisions, selective products and targeted
applications, while preserving refuge areas and semi-natural habitats where feasible. Field
evidence indicates that selective insecticides can conserve predator communities and
maintain predator-to-prey ratios compatible with effective biological control [64].

Habitat management enhances the ecological conditions required by natural enemies
and pollinators. Flowering margins, hedgerows, cover crops, field borders and non-crop
refuges can provide nectar, pollen, shelter and alternative prey. These habitats may increase
the abundance and diversity of beneficial organisms while reducing the likelihood that
pest populations will reach damaging levels.

Habitat management should be adapted to the crop, pest complex and local landscape.
Poorly selected vegetation may harbour pests, compete with crops or require additional
management. The most effective strategies are therefore those that combine habitat design
with monitoring, selective pesticide use and protection of existing natural habitats [65].

Precision application is a core component of precision crop protection, using georef-
erenced mapping, remote sensing, pest detection, variable-rate technology and targeted
spraying to match agrochemical applications with the location, timing and severity of a
pest, weed or disease problem [66,67]. By limiting treatment to affected areas and apply-
ing only the required dose, these systems can reduce treated area, pesticide use, spray
drift and exposure of non-target organisms. For example, the integration of remote weed
mapping with autonomous spraying reduced the treated area compared with broadcast
application, although detection errors showed that precision systems still require rigor-
ous validation [68]. The effectiveness of precision application depends on accurate pest
identification, reliable estimates of pest distribution, local weather data and appropriate
equipment calibration. Sensor accuracy, wind speed and direction, droplet size, travel
speed and canopy structure can all influence spray deposition and environmental per-
formance [67]. Precision technology should therefore support improved monitoring and
decision-making rather than simply enable more frequent or extensive pesticide use. Effi-
ciency gains do not automatically result in lower total agrochemical consumption, because
behavioural responses can offset potential resource savings, making reductions in overall
application volume and environmental exposure important performance criteria [69].

Threshold-based spraying should begin with systematic monitoring and should be
undertaken only when pest abundance, disease severity or forecast conditions indicate that
economic injury is likely. Action thresholds translate field observations into management
decisions, helping to prevent routine calendar-based spraying or treatment triggered by
the detection of a single organism. They also encourage the identification of harmful
pests alongside beneficial and harmless species, thereby supporting more selective and
ecologically informed control decisions [70].

Thresholds should reflect crop value, treatment costs, pest or pathogen density, crop
development stage, weather conditions, natural-enemy activity and the expected relation-
ship between damage and yield loss. For disease management, the appropriate threshold
may vary with pathogen biology, host susceptibility, weather and the crop’s capacity to
compensate for tissue damage [71]. Threshold decisions should also consider pesticide-
resistance risk and environmental effects, including impacts on biological control and other
ecosystem services. In practice, treatment thresholds can be refined according to local eco-
nomic conditions, as demonstrated for citrus psyllid management, where application costs,
market value, pest density and expected yield loss were used to determine the optimal
timing and frequency of spraying [72].
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Reducing pesticide use does not necessarily mean eliminating all chemical protection.
It involves prioritising prevention, biological control, resistant cultivars and targeted appli-
cations, while reserving pesticides for situations in which other measures are insufficient.
When chemical treatment is necessary, the least hazardous effective product should be
selected and applied at the lowest effective dose.

Reduced use can also involve:

Avoiding prophylactic applications.
Selecting less persistent or more selective compounds.
Limiting treatment to infested areas.
Maintaining untreated refuge zones.

Avoiding spraying during periods of pollinator activity.

Preventing contamination of water bodies and drainage systems.
e Following appropriate pre-harvest intervals.
e Managing and disposing of unused products safely.

This approach can reduce exposure of agricultural workers, consumers and non-target
organisms while slowing the development of pesticide resistance.

Farmer knowledge is a core condition for the successful implementation of integrated
pest management (IPM). Training should be practical, participatory and decision-oriented,
covering pest identification, crop monitoring, economic thresholds, application timing,
equipment calibration, personal protection, resistance management, biological control and
safe pesticide storage. Farmer field schools and locally adapted extension services can
translate ecological principles into field-level decisions. Evidence indicates that farmer field
schools improve IPM knowledge and the adoption of beneficial practices, although their
long-term effectiveness depends on facilitator quality, institutional support and programme
scale [73]. Increased knowledge does not necessarily lead to the adoption of the entire
IPM package, as farmers may adopt individual practices selectively and require continued
technical support to combine them effectively [74].

Sustainable IPM also depends on access to suitable seed, resistant cultivars, biological-
control products, monitoring tools, protective equipment and reliable advisory services.
Adoption is influenced not only by farmer knowledge but also by the affordability, usability
and compatibility of alternative practices, as well as by access to information, financial sup-
port and enabling policy conditions [75]. Where these resources are unavailable or costly,
farmers may continue to rely on routine pesticide application because it offers a familiar
and immediately accessible response to pest pressure. The experience of national IPM
programmes further shows that weak institutional support and aggressive pesticide promo-
tion can undermine the continuation of sustainable pest-management practices [76]. IPM
programmes should therefore address technical knowledge alongside labour requirements,
production costs, market incentives, extension capacity and local regulatory conditions.

Prevention and IPM should consequently be understood as coordinated systems
rather than as single interventions. Effective programmes combine crop health, regular
monitoring, economic thresholds, conservation of natural enemies and the selective use of
chemical controls when necessary [70]. The performance of biological control can also vary
with ecological and landscape conditions, which reinforces the need for locally adapted and
flexible management strategies [61]. When these measures are implemented together, IPM
can reduce unnecessary pesticide use while supporting crop productivity, natural-enemy
communities and wider ecosystem services [70,73].

5.2. Biological and Technological Remediation

Remediation technologies (Table 2) can complement prevention and integrated pest
management by addressing agrochemical residues that have already entered soil, sediment,
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water or agricultural drainage systems. However, remediation performance should be eval-
uated against clearly defined endpoints. Removal refers to the reduction or disappearance
of a contaminant from the sampled environmental compartment, which may result from
adsorption, sequestration, transfer or physical separation. Transformation refers to the
conversion of the parent compound into one or more metabolites or degradation products.
Detoxification requires evidence that the biological or ecological hazard has been reduced,
whereas mineralisation represents a more complete breakdown into inorganic end products
such as carbon dioxide, water and mineral nutrients. A reduction in the concentration
of the parent compound therefore does not, on its own, demonstrate detoxification or
mineralisation, because transformation products may remain persistent or biologically

active [77].

Table 2. Comparison of biological and technological remediation approaches [78-87].

Evidence Required

Rzmeféztcll? n Prlmg;ﬁ Aocitrll(t)n or Main Strength Main Limitation Before Claiming Safe
19 P Remediation
Containment, Can combine Slow, dependent on Parent-compound
extraction, contaminant plant tolerance and reduction, metabolite
Phytoremediation immobilisation, management with root-zone depth; analysis, biomass
phytodegradation or & : contaminated biomass management and
. - landscape restoration R .9 .
rhizodegradation may require disposal toxicity testing
Biological Chemical analysis,

Microbial degradation

transformation or

co-metabolism by

bacteria, fungi or
microbial consortia

Potentially sustainable
and adaptable to
different contaminants

Field conditions may
reduce activity;
degradation may be
incomplete

metabolite
identification, toxicity
reduction and field
validation

Enzyme-mediated

Targeted hydrolysis,
oxidation, reduction or

Potentially high
substrate specificity
and useful where

Enzyme instability,
inhibition, sorption and

Reaction products,
enzyme persistence,
residual toxicity and

remediation N . . -
bond cleavage whole cells are reduced activity in soil ~ performance in realistic
inhibited matrices
. . Introduced organism Persisten
Addition of degraders Can improve oduced OrganIsins | ersistence,
. . . - . may fail to establish; microbial-community
Bioaugmentation and or stimulation of degradation where .
Lo, . Y . amendments may effects, metabolite
biostimulation indigenous natural activity is . .
. . . . cause nutrient or formation and
microorganisms insufficient . -
oxygen imbalance functional recovery
. Nanomaterial fate,
Adsorption, . .
. A Large surface area and Nanoparticle contaminant
immobilisation, . . . L . .
Nanotechnology- o . potentially rapid persistence, migration, bioavailability,
. .o catalysis, filtration, . . . .
assisted remediation oxidation or contaminant capture or ~ bioaccumulation and transformation
. transformation secondary toxicity products and
photocatalysis .
ecotoxicity
. . . neti ility,
Engineered . Containment failure, Genet ¢ stability,
2 May improve pathway . containment,
c . degradation pathways, - horizontal gene
Synthetic biology and . g completeness, detection . gene-transfer
. . biosensors, metabolic transfer, ecological
engineered consortia and substrate assessment,

division of labour or
cross-feeding

specificity

establishment and
governance concerns

reversibility and
long-term monitoring

Phytoremediation uses plants and their associated rhizosphere microorganisms [88]

to contain, extract, immobilise or degrade contaminants (Table 2). Depending on the plant
species and contaminant, relevant processes include phytoextraction, phytostabilisation,
phytodegradation, phytovolatilisation and rhizodegradation. Mycorrhiza-assisted degra-
dation mechanisms, characterised largely in studies of plant symbioses and persistent
organic pollutants, are increasingly being applied to pesticide residues in agricultural
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soils [88,89]. Root exudates can modify contaminant bioavailability and stimulate microbial
activity, whilst plant tissues may accumulate residues or support their transformation
through metabolic pathways [90]. Phytoremediation is generally attractive because it can
be comparatively inexpensive and compatible with landscape restoration, but it is con-
strained by plant tolerance, contaminant bioavailability, root-zone depth, seasonal growth
and the time required to achieve meaningful reductions. Phytoextraction also creates a
secondary management problem because contaminated biomass must be harvested, stored
and disposed of safely. Plant uptake should therefore not be interpreted as contaminant
destruction unless subsequent degradation and mass balance have been demonstrated.

Microbial degradation is based on the capacity of bacteria, fungi and other microor-
ganisms to use, transform or co-metabolise contaminants (Table 2). Microbial processes may
include hydrolysis, oxidation, reduction, dealkylation, dehalogenation and ring cleavage,
depending on the chemical structure of the agrochemical and the environmental conditions.
The efficiency of microbial remediation is strongly influenced by pH, temperature, oxygen
availability, redox conditions, organic matter, moisture, contaminant concentration and the
presence of competing substrates. Reviews of bacterial bioremediation indicate that many
promising results have been obtained in laboratory or microcosm systems, whilst field
performance is more variable because environmental conditions are less controllable [88,91].

Enzyme-mediated remediation provides a more targeted approach by using puri-
fied enzymes, cell-bound enzymes or enzyme-producing organisms to transform specific
chemical bonds (Table 2). Hydrolases, oxidoreductases, laccases, peroxidases and phospho-
triesterases have been investigated for the transformation of pesticide and other xenobiotic
compounds [92]. Enzyme-based systems may offer advantages where whole-cell growth
is inhibited by toxicity or where a defined reaction is required. Nevertheless, enzyme
activity can decline through denaturation, sorption to soil particles, unfavourable pH or
temperature, and inhibition by co-contaminants. Recent work on enzyme redesign and
data-assisted biocatalyst development suggests that synthetic biology and computational
approaches may improve catalytic stability and substrate specificity, but these systems still
require validation in realistic environmental matrices [93].

Bioaugmentation involves the addition of selected microorganisms with demonstrated
degradative capabilities, whereas biostimulation enhances the activity of indigenous mi-
crobial communities through amendments such as nutrients, electron donors, electron
acceptors, oxygen, organic substrates or suitable habitat conditions (Table 2). Bioaugmenta-
tion may be useful when the resident microbial community lacks the required catabolic
pathway, but introduced organisms may fail to establish because of predation, competi-
tion, environmental stress or limited access to the contaminant. Biostimulation can avoid
some of these establishment problems, although excessive amendment may cause oxygen
depletion, nutrient imbalances or secondary pollution. Both approaches should therefore
be designed around the target compound and environmental compartment rather than
applied as universal treatments. Their evaluation should include changes in the parent
compound, transformation products, toxicity and microbial function, not simply a single
percentage reduction in concentration. Pesticide-specific evidence for bioaugmentation and
biostimulation derives mainly from laboratory and microcosm studies, whilst field-scale
validation remains limited [88,91].

Nanotechnology-assisted remediation can increase contaminant capture, cataly-
sis and mass transfer (Table 2). Nanomaterials such as nano-zero-valent iron, carbon-
based materials, metal oxides and nanocomposites have been investigated as adsorbents,
photocatalysts, redox agents and components of nanobioremediation or nanophytoreme-
diation systems [85]. In wastewater treatment, the large surface area and reactivity of
nanomaterials may improve adsorption, filtration, oxidation and photocatalytic degra-
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dation [94]. Direct evidence for nanomaterial-assisted remediation of pesticides under
agricultural field conditions remains scarce; much of the supporting evidence concerns
wastewater or model contaminants, and conclusions for pesticide residues in soils should
therefore be regarded as extrapolated from the broader contaminant-remediation litera-
ture [88,95]. However, adsorption or immobilisation is a removal or containment outcome,
not necessarily mineralisation. Nanomaterials may also aggregate, migrate, persist or gen-
erate secondary toxic effects, and their environmental fate must be assessed alongside their
remediation performance. The use of nanomaterials should therefore include monitoring
of residual particles, transformation products, bioavailability and ecotoxicity rather than
relying only on apparent contaminant removal [95].

Synthetic-biology-enabled bioremediation seeks to improve remediation by mod-
ifying microbial hosts, regulatory circuits or metabolic pathways (Table 2). Potential
applications include the introduction of genes encoding degradative enzymes, pathway
optimisation, engineered biosensors for contaminant detection, and regulatory systems that
activate degradation only under defined environmental conditions. Synthetic biology may
therefore help address limitations associated with slow degradation, incomplete pathways
or poor substrate specificity. However, engineered microorganisms also raise concerns
regarding containment, horizontal gene transfer, ecological establishment, genetic stability
and regulatory oversight. These risks are particularly important for open environmental
release, where the behaviour of an engineered organism may differ from its performance in
a controlled laboratory system [96].

Engineered microbial consortia extend this approach by assigning different func-
tions to different microbial members. One organism may initiate the transformation of
a complex contaminant, whilst another metabolises an intermediate product or removes
a toxic co-metabolite. Metabolic cross-feeding, division of labour and syntrophic inter-
actions can allow a consortium to perform reactions that are difficult for a single isolate.
Defined consortia may be assembled through bottom-up design, whilst top-down ap-
proaches can enrich and stabilise functional communities from existing environmental
microbiomes [97,98].

Nevertheless, consortium performance depends on the stability of microbial inter-
actions, resource availability, contaminant concentration and environmental conditions.
Engineering a community does not guarantee complete degradation, and its performance
must be verified through chemical analysis, metabolite identification and toxicity testing.

The selection of a remediation strategy should therefore be based on the physicochem-
ical properties of the contaminant, the characteristics of the receiving environment, the
required endpoint and the feasibility of long-term monitoring. Integrated systems may
combine phytoremediation with microbial inoculation, enzyme treatment, biostimulation,
adsorption or photocatalysis. Such combinations can improve treatment performance, but
they may also introduce interactions that complicate attribution of the observed effect.
Remediation studies should report the initial and final concentrations of the parent com-
pound, identified transformation products, treatment controls, detection limits, toxicity
endpoints and, where possible, a mass balance. Claims of detoxification or mineralisation
should be reserved for studies that demonstrate reduced biological activity or conversion
to verified inorganic end products. The decision pathway, including endpoint verification
and the distinction between removal, transformation, detoxification and mineralisation, is
illustrated in Figure 3.
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Figure 3. Selecting and verifying remediation approaches for agrochemical contamination.

Application experience and cost-benefit considerations differ markedly among these
approaches. Biological approaches, including phytoremediation, microbial degradation,
bioaugmentation and biostimulation, are generally regarded as low-cost and environmen-
tally compatible options for pesticide-contaminated soils, and successful cases have been
reported for insecticides, herbicides and fungicides; their main economic drawbacks are
slow degradation rates, dependence on site-specific environmental conditions and the time
and monitoring required to verify the endpoint. Enzyme-based, nanotechnology-assisted
and synthetic-biology approaches offer higher specificity or speed, but they have been
validated mainly at laboratory or pilot scale, their development and containment costs are
higher, and large-scale field studies are still needed before their cost-benefit balance can
be established. For all approaches, the cost-benefit balance depends on the contaminant,
the affected matrix, the land-use context and the required verification endpoint, and it is
currently demonstrated for only a subset of settings [88,89,95,96].

Accordingly, no general claim that agrochemicals undergo “over 90% mineralisation”
should be made without compound-specific and reproducible evidence. A high removal
percentage may instead reflect sorption, sequestration, volatilisation, incomplete transfor-
mation or the formation of metabolites that were not measured. A scientifically defensible
assessment of biological and technological remediation must distinguish disappearance
from destruction, transformation from detoxification, and contaminant reduction from
genuine mineralisation.
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5.3. Safety and Limitations of Emerging Technologies

Emerging biological and technological remediation methods can reduce agrochemical
contamination, but their environmental safety cannot be inferred from the disappearance of
the parent compound alone. A reduction in measured concentration may reflect adsorption,
sequestration, dilution, volatilisation or transfer to another environmental compartment
rather than destruction. Remediation assessments should therefore distinguish between
parent-compound removal, chemical transformation, detoxification and mineralisation,
whilst identifying and testing the products formed during treatment [77].

Biological, enzymatic, photochemical and catalytic treatments may convert an agro-
chemical into several transformation products. These products may be less toxic than
the parent compound, but they may also retain biological activity, persist in the environ-
ment, become more mobile or affect different organisms. Consequently, a treatment that
achieves high removal of the parent compound should not automatically be described as
detoxification. Analytical monitoring should include targeted analysis of known metabo-
lites, non-target screening where feasible, and toxicity tests using relevant organisms or
biological endpoints [77].

Secondary toxicity may also arise when remediation changes the availability or chemi-
cal form of a contaminant. For example, desorption can increase short-term bioavailability,
whilst partial degradation can produce compounds that interact with other residues in
the soil or water matrix. Mixture effects are particularly important because contaminants
and their transformation products may act additively or, in some cases, interact synergis-
tically [99]. Risk assessment should therefore consider the toxicity of treatment residues,
co-contaminants and transformation-product mixtures rather than focusing exclusively on
the percentage reduction of the original agrochemical.

Nanotechnology-assisted remediation introduces additional uncertainties because
the nanomaterial itself becomes part of the environmental system. Nanoparticles may
aggregate, dissolve, migrate through soil pores, bind to natural organic matter or enter
water, plants and soil organisms. Their mobility and persistence depend on particle size,
surface chemistry, coating, concentration, pH, ionic strength, soil texture and organic-matter
content. Nanomaterials used as adsorbents or catalysts may also change contaminant
bioavailability without destroying the contaminant, creating a risk that pollutants are
merely transferred between environmental compartments [85].

The ecotoxicological effects of nanomaterials must therefore be evaluated alongside
their remediation performance. Potential concerns include oxidative stress, membrane
damage, altered microbial communities, phytotoxicity and effects on aquatic or soil inverte-
brates. Long-term studies are needed to determine whether nanomaterials remain stable,
become remobilised during changes in pH or redox conditions, or generate secondary
particles with different biological properties [95]. A technology should not be considered
sustainable solely because it reduces the concentration of an agrochemical if it introduces a
persistent or biologically active nanomaterial into the same environment.

Engineered microorganisms present distinct biological risks. Genetic material car-
ried on plasmids, transposons or other mobile vectors may be transferred to indigenous
microorganisms through horizontal gene transfer. Such transfer could spread degrada-
tive pathways, selectable markers or other genetic traits beyond the intended host. The
probability and consequences of transfer depend on the genetic construct, recipient com-
munity, environmental conditions, selective pressures and persistence of the engineered
organism [100].

Environmental establishment is another important limitation. An engineered mi-
croorganism may fail to survive because of competition, predation, nutrient limitation,
environmental stress or the absence of a suitable ecological niche. Conversely, if it estab-
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lishes successfully, its population dynamics and interactions with native communities
may be difficult to predict. Synthetic-biology approaches such as auxotrophy, conditional
lethality, genetic kill switches, genome recoding and other containment systems can
reduce these risks, but no containment strategy should be assumed to be completely
fail-safe [87].

The use of engineered microorganisms should therefore prioritise contained or semi-
contained systems, including treatment reactors, enclosed bioreactors and recoverable
carrier materials, wherever possible. Environmental release would require evidence that
the organism is genetically stable, does not transfer unintended traits, does not disrupt
native microbial communities and can be detected or removed if unexpected effects oc-
cur. Synthetic bacteria developed for environmental remediation have been proposed
with biosafety features, but their application remains dependent on risk assessment and
regulatory approval [101].

A major limitation of emerging remediation technologies is the gap between labora-
tory performance and field-scale effectiveness. Laboratory experiments commonly use
defined contaminant concentrations, simplified matrices and optimised temperature, pH,
nutrient and oxygen conditions. Field sites are more heterogeneous and may contain aged
residues, mixed contaminants, variable moisture, preferential flow pathways and spatially
uneven microbial communities. These factors can reduce contaminant bioavailability, limit
microbial activity or produce inconsistent treatment outcomes [102].

Field-scale performance should therefore be demonstrated through replicated pilot
studies that include untreated controls, realistic environmental conditions, adequate moni-
toring periods and compound-specific analytical methods. Studies should report treatment
costs, energy requirements, amendment losses, biomass management, changes in microbial
communities and the persistence of transformation products. Results obtained in short-
term microcosm experiments should not be presented as evidence of reliable long-term
remediation without field validation. Systematic evidence from bacterial bioremediation
similarly indicates that many successful results have been obtained under optimised condi-
tions, whilst scale-up remains constrained by environmental variability and incomplete
understanding of field microbial processes [91].

Regulatory assessment should address the complete remediation system, including
the active organism or nanomaterial, the parent contaminant, transformation products,
exposure pathways and potential effects on non-target organisms. For engineered microor-
ganisms, the assessment should include genetic stability, vector design, horizontal gene
transfer, survival, dispersal, persistence, reversibility and containment. For nanomaterials,
it should include particle characterisation, environmental fate, degradation or dissolu-
tion, mobility, bioaccumulation and ecotoxicity. Synthetic-biology reviews emphasise
that successful environmental deployment requires attention not only to technical perfor-
mance but also to biosafety, biosecurity, governance, public acceptance and post-release
monitoring [103].

Risk management should follow a precautionary and life-cycle-based approach. This
includes laboratory containment, staged testing, independent environmental risk assess-
ment, emergency response procedures, transparent reporting and post-treatment surveil-
lance. Where environmental release is proposed, regulatory authorities should require
evidence that the benefits of deployment outweigh the risks and that effective monitoring
and mitigation measures are available. Synthetic biology may help address some biosafety
requirements through engineered containment systems, but these systems should com-
plement rather than replace physical containment, regulatory oversight and ecological
monitoring [87,101].
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Overall, emerging remediation technologies should be evaluated according to both
their treatment efficacy and their unintended consequences. A scientifically robust assess-
ment should measure the parent compound, transformation products, toxicity, microbial
and ecological effects, nanomaterial fate, field persistence and the feasibility of containment.
Claims of safe or complete remediation should be restricted to cases supported by repro-
ducible, compound-specific and environmentally realistic evidence. This approach is
essential for preventing a remediation intervention from replacing one form of contamina-
tion with another.

6. Risk Assessment, Monitoring and Research Priorities

Risk assessment is essential for determining whether agrochemical use is compatible
with environmental protection and One Health objectives. However, current approaches
often rely on simplified exposure scenarios, standard test organisms and measurements
of individual active ingredients. These methods are useful for hazard identification, but
they may not fully represent the mixtures, formulations, metabolites, repeated exposures
and ecological interactions that occur in agricultural landscapes. Integrated modelling
approaches that combine environmental fate with exposure and risk assessment for soil,
water, biota and human intake are increasingly used to support this integration [104].

6.1. Limitations of Current Risk Assessment

Current risk assessment frequently relies on single-compound testing. Individual ac-
tive ingredients are often assessed separately under controlled laboratory conditions, even
though agricultural environments contain mixtures of herbicides, insecticides, fungicides,
adjuvants, fertilisers and transformation products. Single-compound studies can identify
substance-specific hazards, but they may underestimate risks arising from cumulative
exposure, shared modes of action or interactions among chemicals. Mixture effects are not
necessarily predictable from the toxicity of each individual compound, because chemicals
may produce additive, synergistic or antagonistic responses [99].

A related limitation is the predominance of short-term exposure studies. Acute lethal-
ity and short-duration laboratory assays are comparatively easy to standardise, but they
may not detect delayed, cumulative or sublethal effects. Repeated exposure can affect
growth, reproduction, behaviour, immune function, development and population recov-
ery without causing immediate mortality. In pollinator research, laboratory studies have
dominated the evidence base, whilst relatively few studies have connected individual-level
effects to colony, population or pollination outcomes [11]. Evidence from bee mixture
studies also shows that available data have been weighted towards acute mortality, with
fewer investigations addressing chronic oral exposure or interactions with non-chemical
stressors [105].

Mixture assessment remains insufficient in both experimental design and regulatory
interpretation. Agricultural organisms may encounter combinations of chemicals simul-
taneously or sequentially, alongside nutritional stress, pathogens, temperature extremes,
drought and habitat loss. These stressors may alter uptake, detoxification, energy allocation
or sensitivity to pesticides. Mixture studies should therefore include realistic exposure
concentrations, repeated applications and biologically relevant stressors, rather than relying
only on high-dose binary mixtures. Concentration-addition and response-addition models
can provide useful starting points, but they should be tested against observed biological
responses and should not be treated as universal predictions of mixture toxicity [99,105].

Risk assessment also requires greater attention to commercial formulations rather
than active ingredients alone. Formulations may contain solvents, surfactants, stabilisers,
safeners and other co-formulants that alter absorption, persistence, environmental transport
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and toxicity. A systematic comparison of pesticide active ingredients and their product
formulations found that formulation toxicity cannot always be predicted from the toxicity
of the active ingredient in isolation [106]. Exposure assessments should consequently
record the complete product formulation, application rate, route of exposure, frequency
of use and environmental conditions. Occupational exposure studies similarly require
information on formulation, intensity, duration and frequency rather than relying only on
the name of the active ingredient [37].

Metabolites and transformation products are another under-assessed component of
agrochemical risk. Hydrolysis, photolysis, oxidation, reduction and microbial degradation
may produce compounds with different mobility, persistence and biological activity from
the parent pesticide. Measuring only the parent compound can therefore produce a mislead-
ing impression of environmental recovery. Monitoring should include known metabolites
and, where possible, non-target screening for previously unidentified products. Chemical
analysis should be complemented by toxicity testing to determine whether treatment or
environmental degradation has reduced biological hazard rather than simply changed the
chemical profile [77].

The protection of ecosystem services is also insufficiently represented in conventional
risk assessment. Standard tests may focus on survival or reproduction in a limited number
of species, whilst providing little information about pollination, biological pest control,
decomposition, nutrient cycling, soil formation and water regulation. Soil fauna are partic-
ularly important in this regard. Collembola, for example, can be more sensitive to some
pesticides than larger soil invertebrates, and changes in their abundance or reproduction
may affect soil communities and ecological functions [107]. Similarly, research on agrochem-
ical effects in pollinators has concentrated disproportionately on honey bees, with fewer
studies addressing bumble bees, solitary bees, stingless bees and the wider consequences
for pollination networks [29].

Ecosystem-service endpoints should therefore be incorporated into risk assessment
alongside conventional individual-level toxicity measures. Relevant endpoints may include
pollination efficiency, colony development, predator abundance, pest suppression, soil
respiration, decomposition rates, nutrient cycling, microbial functional diversity and crop
yield. These measures can help connect toxicological effects to ecological consequences
and agricultural productivity. A reduction in the abundance of a non-target organism may
be more important when that organism provides a critical service, such as pollination or
natural pest control.

Limited field-scale validation further reduces confidence in translating laboratory
results into environmental predictions. Laboratory experiments provide control over expo-
sure concentration, temperature, soil type and organismal response, but field conditions are
heterogeneous. Agrochemicals may bind to soil particles, move through drainage networks,
accumulate in sediments, degrade at different rates or interact with other stressors. Field
studies may also reveal recovery, compensation or community-level effects that are not
apparent in short-term laboratory assays. The evidence base for pollinator risk assess-
ment demonstrates the importance of combining laboratory exposure studies with field
measurements of realistic exposure and biological outcomes [11].

Future research should prioritise long-term, multi-compound and field-realistic study
designs. Monitoring programmes should measure agrochemical concentrations in soil,
water, sediment, plants, pollen and nectar, whilst also recording metabolites and relevant
exposure pathways. Biological monitoring should include multiple trophic levels and
functional endpoints, including soil organisms, pollinators, natural enemies, aquatic in-
vertebrates and microbial communities. Standardised methods for formulations, mixture

https://doi.org/10.3390 /agrochemicals5030040


https://doi.org/10.3390/agrochemicals5030040

Agrochemicals 2026, 5, 40

29 of 42

toxicity, chronic exposure, metabolite identification and ecosystem-service assessment
would improve comparability between studies and strengthen regulatory decision-making.

Overall, current risk assessment provides important information about the hazards
of individual active ingredients, but it does not always capture the complexity of agri-
cultural exposure. A more protective framework should integrate single-compound
toxicity with formulation-specific data, mixture modelling, chronic and sublethal end-
points, transformation-product analysis, ecosystem-service indicators and field-scale vali-
dation. This broader approach would improve the ecological relevance of risk estimates
and provide stronger evidence for decisions that protect environmental, animal and
human health.

6.2. Integrated One Health Monitoring

Integrated One Health monitoring should link environmental, animal, plant, food,
and human-health data within a common surveillance framework. Rather than treating
pesticide residues, soil degradation, biodiversity loss, antimicrobial resistance, and human
exposure as separate problems, monitoring programmes should identify shared exposure
pathways, use harmonised sampling and analytical methods, and translate results into
coordinated risk-management actions. Such integration is consistent with current One
Health guidance, which emphasises multi-sectoral data collection, information sharing,
joint risk assessment, and coordinated interpretation across human, animal, plant, and
environmental systems [108]. One Health intelligence systems similarly aim to combine in-
formation from multiple sectors to support early detection, risk assessment, and prevention
at the human-animal-environment interface.

6.2.1. Chemical Residue Monitoring

Chemical residue monitoring should extend beyond food commodities to include
agricultural soils, sediments, surface water, groundwater, irrigation water, air, dust, crops,
animal tissues, and biological samples from exposed populations. Target analytes should
include active ingredients, relevant metabolites, transformation products, persistent co-
contaminants, and, where possible, formulation components. This broader approach is
necessary because the environmental occurrence of a compound does not necessarily
correspond to its original application profile, and transformation products may remain
mobile, persistent, or biologically active.

Sampling should be spatially stratified according to crop type, application intensity,
soil characteristics, hydrology, livestock density, and proximity to homes, schools, water
bodies, and protected habitats. Temporal sampling should include baseline periods, ap-
plication windows, rainfall events, irrigation cycles, harvest periods, and post-application
persistence. Large-scale soil surveillance has demonstrated the value of systematic sam-
pling because pesticide occurrence cannot be reliably predicted from isolated local studies
alone [109].

Chemical monitoring should also incorporate mixture analysis and cumulative expo-
sure assessment. Conventional compliance testing often focuses on individual compounds
and legally defined maximum residue limits, whereas real-world exposure may involve
multiple pesticides, metabolites, veterinary medicines, and environmental contaminants.
The resulting data should therefore be linked with toxicity, persistence, mobility, bioac-
cumulation, and mixture-effect information rather than interpreted solely as pass or fail
measurements. The Codex pesticide-residue system provides a useful basis for monitoring
food and feed commodities, because maximum residue limits are established through
dietary risk assessment and supervised residue trials [110].
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6.2.2. Soil-Health Indicators

Soil-health surveillance should combine chemical, physical, biological, and func-
tional indicators. Core chemical indicators may include soil organic carbon, total nitro-
gen, pH, cation-exchange capacity, nutrient availability, salinity, pesticide residues, and
concentrations of potentially toxic elements. Physical indicators should include bulk
density, aggregate stability, water-holding capacity, infiltration, compaction, and erosion
susceptibility. Biological indicators should include microbial biomass, microbial respiration,
extracellular enzyme activities, earthworm abundance, nematode abundance and trophic
structure, collembolan density, and measures of soil biodiversity.

The use of a single soil-quality index should be avoided unless the indicators have
been validated for the relevant soil type, climate, crop system, and management history.
Soil-health assessments can be distorted when biological indicators are omitted or when
chemical measurements are treated as sufficient proxies for ecosystem functioning. A
global meta-analysis identified soil nematodes as useful indicators because agricultural
practices affected their abundance, diversity, trophic structure, and food-web complex-
ity [111]. Similarly, microbial biomass carbon, phospholipid fatty acids, and enzyme
activities may respond earlier than soil organic carbon or total nitrogen to changes in
agricultural management, making them valuable early-warning indicators [22].

Pesticide monitoring should be interpreted alongside soil biological measurements.
A systematic review found that neonicotinoid exposure was associated in a substantial
proportion of studies with changes in soil microbial community structure, diversity, enzyme
activity, functioning, and nitrogen transformation, although field-based evidence and
methodological standardisation remain limited [12].

Consequently, soil surveillance should measure both contaminant concentrations
and biological responses, including indicators of decomposition, nutrient cycling, carbon
storage, and soil food-web integrity.

6.2.3. Biodiversity and Ecosystem-Function Indicators

Biodiversity monitoring should include organisms that represent different trophic
levels and ecological functions. Appropriate indicators may include pollinators, natural
enemies of crop pests, soil invertebrates, aquatic macroinvertebrates, amphibians, birds,
vegetation communities, and microbial taxa. Monitoring should record not only species
richness and abundance but also functional traits, reproductive success, community com-
position, phenological changes, and ecological interactions.

For pollinators, surveillance should extend beyond honey bees to bumble bees, solitary
bees, stingless bees, butterflies, hoverflies, and other regionally important taxa. A system-
atic review showed that research on agrochemical effects has been heavily concentrated on
honey bees, whilst comparatively little is known about many other pollinator groups [11].
This taxonomic bias may cause monitoring systems to underestimate risks to species with
different foraging ranges, life histories, nesting habitats, and sensitivities.

The interpretation of biodiversity data should be connected to ecosystem functions,
including pollination, biological pest control, decomposition, nutrient cycling, soil forma-
tion, water regulation, and food-web stability. Evidence from a systematic review indicates
that pesticide sensitivity differs among soil-fauna groups, with collembolans among the
more sensitive taxa for several pesticide effects [107]. Monitoring programmes should
therefore combine community-level indicators with functional endpoints, such as predation
rates, pollination efficiency, decomposition rates, nitrogen transformation, and natural pest
suppression. This approach is more informative than relying on mortality measurements
for a single indicator species.
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6.2.4. Microbiome and Resistance-Gene Surveillance

Microbiome surveillance should characterise changes in microbial diversity, commu-
nity structure, functional potential, and resistance determinants across soil, water, sediment,
manure, crops, animal production systems, food-processing environments, and human-
associated samples. Molecular methods, including quantitative polymerase chain reaction,
amplicon sequencing, metagenomics, and metatranscriptomics, can be combined with
culture-based methods to identify both resistance genes and viable resistant organisms.

Resistance surveillance should include antimicrobial-resistant bacteria, clinically im-
portant resistance genes, mobile genetic elements, antimicrobial residues, and the physico-
chemical conditions that may promote selection or horizontal gene transfer. Wastewater is a
useful population-level matrix because it provides composite information about microbial
communities and resistance genes in a defined catchment. However, wastewater results
cannot automatically be attributed to human clinical sources because resistant organisms
and genes may also originate from animals, agriculture, food production, and the wider
environment [112].

Environmental surveillance should also consider the possibility that low concentra-
tions of antimicrobials may contribute to selection for resistance. A recent meta-analysis
found considerable variation in selective concentrations among antimicrobial compounds
and highlighted the limited standardisation of methods used to derive environmental
thresholds [113]. Therefore, resistance-gene data should be interpreted together with an-
timicrobial concentrations, bacterial abundance, mobility markers, land-use information,
antimicrobial-use records, and clinical or veterinary resistance patterns. The Quadripartite
guidance provides a framework for integrating antimicrobial-resistance and antimicrobial-
use surveillance across human, animal, plant, and environmental sectors [108].

6.2.5. Food and Feed Monitoring

Food and feed surveillance should cover primary agricultural products, processed
foods, animal feed, forage, drinking water for livestock, and products from aquaculture
and apiculture. Monitoring targets should include pesticide residues, veterinary-drug
residues, mycotoxins, heavy metals, persistent organic pollutants, antimicrobial residues,
and microbial hazards. Sampling plans should account for both local consumption and
trade pathways, particularly where commodities move between regions with different
regulatory standards.

Food monitoring should be connected to environmental and production data. For
example, residues in crops may reflect soil persistence, irrigation-water contamination,
spray drift, post-harvest treatment, or contamination during storage and processing. Feed
monitoring is equally important because contaminated feed can transfer chemicals or my-
cotoxins to livestock, poultry, fish, and ultimately animal-derived foods. Codex maximum
residue limits provide internationally recognised reference points for pesticide residues in
food and feed, but they should be complemented by exposure assessment for vulnerable
groups, cumulative dietary exposure analysis, and surveillance of commodities that are
locally important but poorly represented in international datasets [110,114].

Food and feed data should also be linked to animal-health and population-health
surveillance. Intensified agricultural and livestock production can generate simultaneous
exposures to pesticides, veterinary medicines, antimicrobial-resistant pathogens, and envi-
ronmental contaminants. However, the combined health risks of these exposures remain
insufficiently characterised in many settings [42]. A One Health monitoring system should
therefore track contamination from production to consumption rather than treating food
safety as an isolated endpoint.

https://doi.org/10.3390 /agrochemicals5030040


https://doi.org/10.3390/agrochemicals5030040

Agrochemicals 2026, 5, 40

32 of 42

6.2.6. Sentinel Animals and Wildlife

Sentinel animals can provide early evidence of contaminant exposure and ecological
change when their ecology, feeding behaviour, habitat use, or physiological characteristics
place them at relevant exposure interfaces. Suitable sentinel species may include honey
bees and other pollinators, livestock, companion animals, fish, amphibians, birds of prey,
small mammals, and wildlife inhabiting agricultural margins or downstream habitats.
Sentinel selection should be based on a clearly defined exposure hypothesis rather than
convenience alone.

Sentinel monitoring should combine measurements of chemicals or metabolites in
tissues, blood, milk, feathers, hair, eggs, or excreta with physiological, pathological, re-
productive, behavioural, immunological, microbiological, and genotoxicity endpoints. A
recent One Health review identified cattle and domestic dogs as potentially informative
sentinel models in agricultural and shared human environments, whilst emphasising
that environmental chemical measurements are too often disconnected from biomarker
assessment in sentinel populations [38].

Wildlife monitoring is particularly important for detecting exposure beyond farm
boundaries. However, sentinel data should not be interpreted as direct evidence of
population-level decline unless exposure measurements are linked with survival, repro-
duction, recruitment, movement, and population abundance. For bees, for example, field
monitoring should connect individual-level exposure and sublethal effects with colony
performance, reproductive output, and wider pollinator-population trends [11].

6.2.7. Occupational and Population-Health Surveillance

Occupational surveillance should prioritise agricultural workers, pesticide applicators,
mixers and loaders, seasonal workers, livestock keepers, greenhouse workers, agricultural
transport workers, and individuals involved in pesticide storage and disposal. Exposure as-
sessment should record active ingredients, formulations, application methods, crops, tasks,
frequency, duration, use of personal protective equipment, re-entry intervals, equipment
maintenance, and accidental spills. These variables should be collected using standardised
definitions so that exposure estimates can be compared across studies and regions.

Biological monitoring may include urinary metabolites, blood concentrations,
cholinesterase activity where appropriate, oxidative-stress markers, endocrine or repro-
ductive biomarkers, and other validated indicators of internal dose or early biological
effect. These measurements should be combined with occupational histories and health
outcomes rather than used as isolated laboratory results. A meta-analysis of occupational
pesticide studies found substantial variation in the determinants used to characterise expo-
sure and recommended harmonised information on formulation, intensity, duration, and
frequency [37].

Population-health surveillance should include acute poisonings, emergency-
department visits, respiratory and neurological symptoms, reproductive outcomes, de-
velopmental outcomes, selected cancers, chronic disease indicators, and mental-health
outcomes where scientifically justified. Surveillance should also include nearby residents,
children, pregnant people, older adults, and communities dependent on contaminated
water or locally produced food. Exposure data should be geographically linked with
agricultural practices, environmental residues, food-consumption patterns, occupational
activities, and socioeconomic characteristics.

A major priority is the integration of routinely collected data with targeted epidemi-
ological studies and biomonitoring. Current evidence is often fragmented across envi-
ronmental, veterinary, occupational, and clinical systems, making it difficult to estimate
combined exposure to multiple agrochemicals and other agricultural hazards [42]. Inte-

https://doi.org/10.3390 /agrochemicals5030040


https://doi.org/10.3390/agrochemicals5030040

Agrochemicals 2026, 5, 40

33 of 42

grated surveillance should therefore use interoperable databases, common identifiers for
sampling locations and time periods, transparent quality-control procedures, and clear
rules for data governance and privacy.

6.2.8. Data Integration and Decision Thresholds

The value of One Health monitoring depends on whether measurements can be
integrated into actionable assessments. Monitoring systems should define, before sampling
begins, the management questions they are intended to answer, such as whether a residue
source is active, whether soil functions are deteriorating, whether resistance selection
is increasing, whether a food commodity presents unacceptable exposure, or whether a
vulnerable population requires intervention.

A practical system should combine four components: exposure indicators, biological-
effect indicators, ecological-function indicators, and health-outcome indicators. Data
should be analysed using spatial and temporal models that account for mixtures, re-
peated exposure, seasonality, hydrological transport, land use, climate, and socioeconomic
vulnerability. Results should be reported using common terminology and uncertainty
estimates, with alert thresholds linked to predefined actions such as confirmatory sampling,
source investigation, worker protection, food recall, remediation, or changes in pesticide-
use practices.

The principal objective is not to produce more isolated measurements, but to establish
a surveillance system capable of connecting chemical pressure with changes in ecosystems,
animals, food systems, and human health. Such a system would provide an evidence base
for prevention, support earlier intervention, and improve the evaluation of integrated pest
management and other risk-reduction measures.

6.3. Priority Knowledge Gaps

Despite substantial progress in agrochemical toxicology and environmental monitor-
ing, important uncertainties continue to limit One Health risk assessment. The most urgent
gaps concern exposure realism, biological mechanisms, field-scale effects, remediation
safety, and the integration of environmental and public-health evidence.

6.3.1. Chronic Low-Dose and Mixture Exposure

Most toxicological evidence is still based on individual active ingredients, relatively
short exposure periods, and endpoints measured at concentrations higher than those
commonly observed in the environment. In contrast, people, livestock, wildlife, plants,
and microorganisms are commonly exposed to repeated low doses of multiple pesticides,
metabolites, veterinary medicines, fertilisers, and other environmental contaminants. The
health significance of these exposures remains difficult to establish because dose-response
relationships may be non-linear, effects may occur after long latency periods, and sensitive
developmental windows may be overlooked.

Mixture assessment is particularly important because compounds with different
modes of action may produce additive, synergistic, or antagonistic effects. A system-
atic review concluded that cumulative effects should generally be addressed even when
strong synergy is uncommon across all chemical combinations [99]. However, the available
evidence is uneven across species and endpoints, and many studies examine acute mor-
tality rather than chronic immune, reproductive, behavioural, metabolic, or microbiome-
related outcomes. Future research should prioritise environmentally realistic mixture
ratios, repeated-dose designs, developmental exposure, multiple biological levels, and
combined chemical and non-chemical stressors. The European Food Safety Authority
has developed tiered methods for assessing combined exposure, but major uncertainties
remain regarding chemical grouping, common modes of action, exposure correlation, and
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interactions among substances [115]. Emerging evidence also shows that pesticides can
promote bacterial antibiotic resistance through direct selection and enhanced horizontal
gene transfer, underscoring the need to integrate resistance endpoints into pesticide risk
assessment [16].

6.3.2. Formulation and Metabolite Toxicity

Regulatory and experimental studies frequently emphasise the toxicity of pesticide
active ingredients, whilst giving less attention to commercial formulations, adjuvants,
safeners, impurities, and transformation products. This distinction is important because
co-formulants may alter absorption, persistence, transport, bioavailability, and toxicity. A
systematic review of comparative studies found that pesticide formulations can produce
toxic effects that differ from those predicted from the active ingredient alone [106].

Metabolites also require more systematic assessment. Some transformation prod-
ucts may be less toxic than the parent compound, but others can be more persistent,
mobile, bioavailable, or biologically active. They may also occur in food, pollen, nectar,
soil pore water, groundwater, and animal tissues even when the parent compound is no
longer detectable. Current risk assessment should therefore evaluate relevant metabolites
and formulations using environmental concentrations and realistic exposure pathways.
EFSA guidance for bee risk assessment specifically identifies the need to consider metabo-
lites, formulated products, mixture toxicity, and sublethal effects in the same assessment
framework [116].

Priority research should compare active ingredients with complete commercial prod-
ucts under chronic, field-realistic conditions. It should also establish validated ana-
lytical methods for co-formulants and transformation products, determine their envi-
ronmental fate, and identify when formulation-level testing is necessary for regulatory
decision-making.

6.3.3. Microbiome-Mediated Effects

The microbiome is a major but insufficiently characterised mediator of agrochemical
effects. Pesticide exposure can alter the composition, diversity, metabolic activity, and
functional interactions of microbial communities in soil, plants, animals, wildlife, and
humans. These changes may influence nutrient cycling, plant growth, pathogen resistance,
immune development, metabolism, and the persistence or transformation of chemicals.

Evidence from soil studies remains inconsistent because experiments differ substan-
tially in soil type, pesticide concentration, exposure duration, microbial endpoints, and
sequencing methods. In a systematic review of neonicotinoid exposure, only a minor-
ity of studies were field-based, and the influence of soil physicochemical conditions
was poorly addressed [12]. This limits the ability to distinguish direct pesticide toxic-
ity from changes caused by pH, organic matter, moisture, nutrient availability, climate, or
agricultural management.

A further gap concerns the movement of microbial effects across One Health interfaces.
Environmental and animal microbiomes can influence human microbiomes, whilst the
human microbiome can modify responses to environmental chemicals through metabolic
and immune pathways [117]. Future work should therefore combine exposomics, metage-
nomics, metabolomics, microbial culturing, host-health measurements, and longitudinal
sampling. Research should move beyond taxonomic descriptions and determine whether
observed microbial changes produce adverse functional consequences, alter chemical
susceptibility, or affect pathogen and resistance-gene dynamics.
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6.3.4. Field-Scale Ecological Consequences

A central knowledge gap is the limited translation of laboratory and plot-level findings
into field-scale ecological consequences. Agrochemical effects may be diluted, amplified,
or redirected by landscape structure, hydrology, crop rotation, weather, soil heterogeneity,
refuge habitats, repeated applications, and interactions among species. Consequently,
changes observed in a single organism under controlled conditions do not necessarily
predict effects on populations, communities, food webs, or ecosystem services.

Large-scale evidence indicates that pollution can produce substantial negative effects
on soil biodiversity, yet the mechanisms and consequences for ecosystem functioning
remain poorly resolved [118]. Similarly, soil-fauna responses differ among taxonomic
groups, and pesticide sensitivity may alter community composition and food-web structure
rather than simply reduce total abundance [107].

Research should therefore prioritise replicated landscape-scale studies that measure
exposure, population dynamics, community composition, reproductive success, species in-
teractions, ecosystem functions, and recovery after exposure. Important endpoints include
pollination, natural pest regulation, decomposition, nutrient cycling, aquatic productivity,
soil formation, and resilience following drought or other environmental stressors. Long-
term ecological observatories and harmonised monitoring networks are needed to identify
cumulative effects that are not detectable in short-term experiments.

6.3.5. Pesticide-Associated Antimicrobial Resistance Mechanisms

The relationship between pesticide exposure and antimicrobial resistance remains
insufficiently understood. Most resistance research has focused on antibiotics and clinical or
veterinary settings, whilst the potential contribution of herbicides, insecticides, fungicides,
pesticide mixtures, and formulation components has received less attention. The key
uncertainty is whether pesticide exposure directly selects for resistance, indirectly promotes
co-selection, changes microbial community structure, increases horizontal gene transfer, or
alters the persistence and transmission of resistant organisms.

Wastewater environments illustrate the complexity of this problem because antibiotic-
resistance genes and resistant bacteria occur alongside multiple chemical pollutants. Poten-
tial resistance drivers include antibiotics, metals, disinfectants, non-antibiotic pharmaceuti-
cals, personal-care chemicals, and other contaminants that may impose overlapping selec-
tion pressures [47]. However, the specific contribution of agricultural pesticides remains
difficult to separate from antimicrobial use, manure application, wastewater contamination,
soil properties, and microbial community changes. Distinguishing these contributions is an
explicit priority in current One Health reviews of pollution and the soil microbiome [15].

A priority research programme should use environmentally realistic pesticide concen-
trations and investigate oxidative stress responses, membrane permeability, efflux systems,
mutation rates, plasmid stability, integrons, and horizontal gene transfer. Experiments
should also measure resistance selection thresholds under mixed exposure to pesticides,
antibiotics, metals, and other contaminants. Current evidence for environmental selection
is highly compound-dependent and methodologically heterogeneous, which complicates
the establishment of protective thresholds [113]. Integrated studies should connect environ-
mental resistance-gene measurements with animal, food, and clinical surveillance.

6.3.6. Long-Term Safety of Remediation Technologies

Remediation technologies are often evaluated according to their ability to reduce the
concentration of a target contaminant, but contaminant removal does not always mean risk
elimination. Biological, chemical, advanced oxidation, nanotechnology, and engineered-
biology approaches may transform contaminants into products with different toxicity,
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mobility, persistence, or bioavailability. They may also disturb microbial communities,
generate secondary waste, release nanoparticles, or create new selection pressures.

Reviews of nanotechnology-based remediation have identified concerns related to
nanoparticle persistence, bioaccumulation, trophic transfer, and ecotoxicological effects
on non-target organisms [95]. Biological remediation also requires stronger evidence
beyond laboratory demonstrations. Although microorganisms and mixed cultures can
degrade persistent pollutants under controlled conditions, field performance depends on
temperature, pH, nutrient availability, contaminant mixtures, soil structure, hydrology, and
competition with indigenous communities [102].

Long-term safety assessment should therefore include transformation-product iden-
tification, residual toxicity, microbial-community recovery, resistance-gene abundance,
non-target effects, bioaccumulation, food-chain transfer, greenhouse-gas emissions, and
post-remediation land use. Remediation studies should include untreated controls, realistic
field conditions, follow-up periods lasting several seasons or years, and monitoring of both
the treated site and surrounding ecosystems. Emerging engineering-biology approaches
also require explicit assessment of containment, persistence, gene transfer, governance, and
ecological reversibility before large-scale deployment [103].

6.3.7. Integration of Environmental and Public-Health Data

The final priority gap is the weak integration of environmental measurements with
occupational, veterinary, food-safety, and population-health data. Environmental monitor-
ing often reports concentrations in soil, water, or food, whilst health surveillance records
symptoms or disease outcomes without sufficiently detailed exposure information. This
separation creates exposure misclassification, prevents identification of shared sources, and
makes it difficult to evaluate cumulative risks across humans, animals, and ecosystems.

A systematic review of intensified food production in the Greater Mekong Subregion
found that studies commonly examined individual hazards in isolation, despite simultane-
ous exposure to pesticides, antimicrobial-resistant pathogens, livestock-related hazards,
and other stressors [42]. Similar limitations occur when environmental data are collected
at a different spatial or temporal scale from health data, or when laboratory results use
incompatible units, detection limits, metadata, and quality-control procedures.

Future One Health research should establish interoperable data systems linking en-
vironmental samples, agricultural practices, food and feed chains, animal health, occupa-
tional histories, human biomonitoring, clinical outcomes, and socioeconomic vulnerability.
Shared geographic identifiers, common exposure definitions, harmonised analytical meth-
ods, and transparent data-governance procedures are essential. The Quadripartite One
Health Intelligence framework identifies interoperability, minimum datasets, risk-pathway
mapping, and cross-sector data sharing as necessary for effective hazard identification and
early warning.

The objective should not be to collect more disconnected measurements but to gen-
erate linked evidence that can identify sources, explain mechanisms, quantify risks, and
support prevention. Closing this gap would allow environmental changes to be interpreted
alongside human and animal health outcomes, thereby making One Health surveillance
more predictive and more useful for regulatory and public-health decision-making.

7. Conclusions

Assessment of agrochemical risks should span the entire agro-food chain within a
One Health framework, integrating environmental fate, chronic and mixture exposure,
transformation products, soil health, biodiversity and food safety. Risk reduction should
prioritise prevention and integrated pest management, supported by surveillance that
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extends from soils and water to crops, feed, livestock and human biomonitoring. Reme-
diation technologies should complement rather than replace prevention; their evaluation
must distinguish contaminant removal from transformation, detoxification and miner-
alisation, and emerging tools such as nanomaterials, engineered microorganisms and
synthetic-biology systems require staged testing, containment and long-term monitoring.
Future work should prioritise field-scale validation, mixture and chronic low-dose toxicity,
pesticide-associated antimicrobial resistance and integrated One Health surveillance, so
that agricultural productivity can be reconciled with ecosystem protection and safer, more
resilient food systems.
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