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Agriculture remains the backbone of life for millions of people around the world. It provides food,
employment and economic security for families and communities. As the global population continues
to grow, the need for food is rising rapidly. It is estimated that the world population may exceed ten
billion by 2050, which means food production will need to increase significantly to meet future demand
(Bahar et al., 2020). At the same time, the amount of land available for farming is limited. This creates
a major challenge: how can we grow more food using fewer resources? Increasing crop production has
therefore become one of the most important goals of modern agriculture. Over the past decades,
pesticides have played a major role in helping farmers protect crops and reduce losses both before and
after harvest. Their use expanded greatly after the Green Revolution, when farming methods became
more intensive and production-focused. According to the Food and Agriculture Organisation of the
United Nations, global food production has risen significantly over time (Saravi & Shokrzadeh, 2011).

Pesticides are chemicals used to control pests such as insects, weeds and plant diseases.
Insecticides, a type of pesticide, are specifically made to kill harmful insects that damage crops. While
they can be useful in protecting harvests, they can also create serious problems when used carelessly or
excessively. These chemicals may affect soil, water and air, and can disturb the natural balance of the
environment. There are many kinds of insecticides. Some are made from synthetic chemicals, while
others come from natural sources such as plants, microbes or bacteria. Common chemical groups
include organophosphates, organochlorines, carbamates, pyrethroids and neonicotinoids. Natural
alternatives are often considered safer, although they must also be used responsibly.

Different insecticides work in different ways. Some attack the nervous system of insects,
causing paralysis and death. Others interfere with growth, feeding or reproduction. However, these
effects are not always limited to harmful pests. Beneficial insects and other animals can also be harmed.
Research has shown that pesticides can negatively affect biodiversity as well as human health (Agrawal
& Sharma, 2010). In farming, pesticides are mainly used for three reasons: to control pests, reduce crop
damage and prevent losses during storage and harvest (Rembiatkowska, 2007; Castro et al., 2019).

Although they have helped increase crop yields and improve food supply, they have also caused
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unintended harm to many helpful organisms. This unwanted impact is often described as collateral
damage. For example, pesticide residues can enter the soil, where they may reduce the activity of useful
microorganisms that help maintain soil fertility. They can also be washed into rivers, ponds and lakes,
where they may harm fish, frogs and other aquatic life. Some chemicals may drift through the air during
spraying and settle in nearby areas. Others can build up in living organisms over time.

This is where ecotoxicology becomes important. Ecotoxicology is the study of how chemicals
affect living things and the environment. It combines ecology, which looks at how organisms interact
with each other and their surroundings, with toxicology, which studies harmful substances. Instead of
focusing only on one species, ecotoxicology examines the health of the whole ecosystem. From this
point of view, the widespread use of synthetic insecticides can pose serious risks to non-target
organisms such as honey bees, butterflies, earthworms, birds and aquatic animals. Some chemicals
remain in soil and water for long periods. They may also build up in animals and move through the food
chain, causing greater harm at higher levels.

This article explores the environmental effects of insecticides used in agriculture, with special
attention to the unintended damage they cause to beneficial species and ecosystems. It also highlights
the need for safer and more sustainable methods of pest control for the future.

Types of Insecticides

Farmers use many kinds of insecticides to protect crops from harmful insects. These chemicals
can help reduce crop losses and improve yields, but they may also harm useful insects, wildlife and the
wider environment. Understanding the main types of insecticides can help us see both their benefits and
their risks.

a) Organochlorine insecticides

Organochlorines were among the most widely used insecticides during the twentieth century.
Famous examples include DDT and lindane. They were effective against many pests, but later became
a major environmental concern. These chemicals break down very slowly and can remain in soil and
water for many years. Because they dissolve easily in fats, they can build up in the bodies of animals
over time and move through the food chain. This may harm birds, fish, soil organisms and pollinators
such as honey bees. In some cases, animals may also be poisoned after eating contaminated food or
prey. Due to these long-term dangers, many organochlorines have now been banned or severely
restricted in several countries (Walker et al., 2012).

b) Organophosphates

Organophosphates were introduced as an alternative to organochlorines. They became widely
used in agriculture because they are effective and usually break down faster in the environment.
Common examples include chlorpyrifos and malathion. They work by blocking an enzyme
(acetylcholinesterase) that controls the propagation nerve signals. When this happens, nerves continue
firing without stopping, which can lead to tremors, breathing difficulty and even death in severe

poisoning cases. Although designed to kill pests, organophosphates can also harm fish, birds, beneficial
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insects and humans if exposure occurs. Farm workers are especially at risk when safety measures are
poor (Eddleston et al., 2008).
¢) Carbamates

Carbamates are another group of insecticides commonly used in farming. Examples of
carbamates include carbaryl and carbofuran. They affect the nervous system in a way similar to
organophosphates, though their effects are often shorter-lasting. These chemicals may enter the body
through skin contact, breathing contaminated dust or eating contaminated food. They can harm
earthworms, soil microbes, amphibians, birds and other non-target species. Pollinators such as honey
bees may be affected even at low levels of exposure. This can reduce their ability to find food, return
to the hive and maintain healthy colonies. Since pollinators are vital for many crops, their decline is a
serious concern for agriculture (Desneux et al., 2007).
d) Synthetic pyrethroids

Synthetic pyrethroids are synthetic insecticides based on the structure of natural pyrethrins,
substances originally taken from chrysanthemum flowers. They are popular because they work quickly
and are generally less toxic to mammals than some older insecticides. Common examples include
cypermethrin and deltamethrin. They affect the insect nervous system by disturbing their sodium
channels, which are important for normal nerve function. Pyrethroids are grouped into Type I and Type
II depending on their chemical structure. Even though they are useful in pest control, pyrethroids can
still harm beneficial insects and aquatic life. They may stick strongly to soil and sediments, where they
can remain long enough to affect beetles, mites, wasps and other creatures that naturally help control
pests (Casida & Durkin, 2013).
¢) Neonicotinoids

Neonicotinoids are modern systemic insecticides widely used around the world. Common
examples include imidacloprid, clothianidin, thiamethoxam and acetamiprid. These chemicals are
absorbed by the plant and move through its tissues, which means insects feeding on the plant are
exposed to them. They act on the insect nervous system and can cause paralysis and death. However,
because they can also be present in pollen, nectar and water droplets on plants, bees and other pollinators
may be exposed over time. Many studies have linked neonicotinoids with reduced bee numbers, poor
navigation and weakened colonies. This has led to restrictions on some of these products in several
countries (Goulson, 2013).
A Need for Safer Choices

Each type of insecticide has helped farmers protect crops, but all can cause unwanted side
effects if used carelessly. The challenge today is to balance food production with environmental
protection by using safer chemicals, biological controls and smarter pest management methods.
Pathways of Environmental Exposure to Insecticides

Insecticides are used to protect crops from harmful pests, but they do not always remain where

they are applied. Once released into the environment, they can travel through air, water, soil and living
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plants. This movement may expose wildlife, pollinators, aquatic animals and even people to unwanted
chemical residues. Insecticides are designed to control pests, but their movement through air, water,
soil and living systems means they often reach places where they were never intended to go. By
understanding these pathways, farmers and policymakers can promote safer spraying methods, careful
waste management and more sustainable pest control practices that protect both food production and
the natural world. Understanding these pathways helps explain why the careful use of pesticides is so
important.
1. Spray Drift

Spray drift happens when insecticide droplets move away from the target field during spraying.
Instead of settling only on crops, fine droplets may be carried by wind to nearby ponds, rivers, gardens,
grasslands or neighbouring farms. There are two common forms of drift. Primary drift happens during
spraying, while secondary drift happens later when chemicals evaporate from soil or plant surfaces and
re-enter the air. Wind speed, temperature, humidity, spraying height and droplet size all influence how
far the spray travels. Smaller droplets can drift over longer distances. This may harm bees, butterflies,
birds and other organisms outside the treatment area (Matthews, 2008).
2. Runoff

Runoff is one of the main ways by which insecticides reach water bodies. After rain or
irrigation, water flowing across farmland can carry chemicals into drains, canals, ponds, rivers and
lakes. Some insecticides dissolve in water, while others stick to soil particles and are washed away. The
amount of runoff depends on rainfall, land slope, soil type, plant cover and the nature of the chemical
used. Once in the water, insecticides may harm fish, frogs and many small aquatic organisms. Continued
contamination can upset the balance of freshwater ecosystems (Schulz, 2004).
3. Leaching

Leaching occurs when insecticides move down through the soil with rainwater or irrigation
water. Over time, some chemicals may reach deeper soil layers or groundwater. This movement depends
on soil type, water solubility of the insecticide, persistence of the chemical and the amount of water
passing through the soil. Sandy soils usually allow faster movement than clay soils. Leaching is a
serious concern because groundwater is often used for drinking, irrigation and domestic purposes. It
may also affect useful organisms living beneath the soil surface (Aktar et al., 2009).
4. Atmospheric Deposition

Some insecticides enter the air during spraying or through evaporation after application. These
chemicals or tiny particles may then travel through the atmosphere before settling again on land or
water. This is known as atmospheric deposition. As a result, contamination may occur far away from
the original farm. Wildlife in distant places may be exposed even though no spraying took place there.
Wind direction, temperature and the chemical properties of the insecticide all affect this process

(Bidleman, 1999).
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5. Soil Residues

Not all insecticides disappear quickly after use. Some remain in the soil for weeks, months or
even years. These leftover residues may continue affecting the environment long after spraying has
ended. Persistent chemicals can reduce populations of earthworms, beetles and useful soil microbes that
help keep soil fertile and healthy. Residues may also later move through runoff or leaching during heavy
rain.
6. Uptake by Plants

Some modern insecticides are systemic, which means they are absorbed by the plant and move
through its tissues. They may be taken up through roots, leaves or seeds and spread throughout the plant.
This can protect crops from pests, but it also means traces of insecticide may be present in pollen, nectar,
leaves and sap. Bees, butterflies and other pollinators may then be exposed while feeding. This pathway
has become an important concern with certain newer insecticides such as neonicotinoids (Goulson,
2013).
7. Dust from Treated Seeds

Many crop seeds are coated with insecticides before planting. During mechanical sowing, tiny
particles of treated dust may be released into the air. This dust can settle on nearby flowers, soil and
water sources. Pollinators such as bees may come into contact with contaminated flowers soon after
sowing. In several countries, this route has been linked with sudden bee deaths and colony stress.
8. Improper Disposal

Environmental contamination can also happen after spraying is finished. Leftover spray
mixtures, empty containers and water used to wash spraying equipment may pollute land and water if
not disposed of properly. Pouring waste into drains, rivers, or open ground can create serious local
pollution problems. Safe disposal and proper cleaning practices are, therefore, essential.
9. Food Chain Transfer

When insects, worms or small aquatic animals are exposed to insecticides, they may be eaten
by larger animals such as fish, frogs, birds or reptiles. In this way, chemicals can move through the food
chain. Predators higher in the chain may receive repeated exposure over time. This can weaken
reproduction, growth and survival, especially when persistent chemicals are involved.
10. Accidental Spills and Storage Leaks

Leaks during transport, storage or mixing can directly contaminate soil and water. Damaged
containers or poor storage conditions may create concentrated pollution in one area. Although such
incidents may be local, the effects can be severe if they occur near wells, streams or farmland.
Effects on Non-target Organisms

Insecticides are designed to kill harmful pests, but they often affect many other living creatures
as well. These unintended victims are known as non-target organisms. They include bees, butterflies,
earthworms, fish, birds, frogs and many useful insects that support farming and healthy ecosystems.

Their decline can create problems far beyond the field where the chemicals were applied (Mehdizadeh
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etal., 2021).
a) Pollinators (Bees)

Bees are among the most important helpers in nature. They pollinate flowers and crops, making
fruit and seed production possible. Many food crops depend partly or fully on pollinators. When
pesticides are used, bees may be exposed through contaminated pollen, nectar, water droplets or dust
from treated seeds. High exposure can kill bees within a short time. Lower exposure may not cause
immediate death, but it can still be harmful. Subtle effects include poor navigation, difficulty returning
to the hive, reduced learning ability and less efficient food collection. Some insecticides, especially
neonicotinoids, can interfere with the bee nervous system, leading to confusion and colony decline.
Long-term exposure may also weaken immunity, making bees more vulnerable to disease (Riggi et al.,
2022). The loss of pollinators threatens both biodiversity and food production.

b) Soil Organisms (Earthworms)

Earthworms are natural engineers of the soil. They improve soil structure, help water move
through the ground, recycle nutrients and break down dead plant material. Healthy earthworm
populations are a sign of healthy soil. Earthworms are exposed mainly through direct contact with
contaminated soil or by feeding on organic matter containing residues. Insecticides can reduce their
growth, slow reproduction and change normal behaviour such as burrowing. Some chemicals may also
damage body tissues or disturb important biological processes. When earthworm numbers fall, soil
fertility may decline and the activity of useful soil microbes may also be affected (Pelosi et al., 2013).
¢) Aquatic Organisms

Insecticides often reach ponds, rivers and wetlands through runoff, spray drift or leaching. Once
in water, they can affect fish, insects, crustaceans and other aquatic life. Organophosphates and
pyrethroids are especially harmful to many aquatic organisms because they affect the nervous system.
Even small amounts may kill sensitive species. Long-term exposure can reduce reproduction, delay
growth and alter behaviour. For example, small freshwater animals such as Daphnia magna may become
less active or reproduce poorly when exposed to pesticide residues. Neonicotinoids, which dissolve
easily in water, may remain in aquatic systems and harm non-target invertebrates for long periods. This
can reduce biodiversity and disturb the food chain.

d) Birds and Amphibians

Birds may be affected directly by eating contaminated seeds, insects or water.
Organophosphates and carbamates can damage the nervous system and may cause weakness, breathing
difficulty or death in severe cases. Birds that feed on insects may also suffer indirectly when insect
populations decline, leaving less food available for chicks and adults. Amphibians such as frogs and
toads are especially sensitive because they have absorbent skin and spend part of their life in water.
Pesticides entering wetlands and streams may weaken their immune system, disrupt hormones and
interfere with normal development. In some cases, deformities or poor survival of young amphibians

have been reported.
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¢) Lethal and Sublethal Effects

The effects of insecticides are not limited to sudden death. Scientists usually describe two main
types of harm: lethal effects and sublethal effects. Lethal effects mean the chemical causes death, often
after high exposure. This may happen soon after spraying or after eating contaminated food. Toxicity
is often measured using terms such as LD50 or LC50, which estimate the amount needed to kill half of
a test population. Sublethal effects are more subtle but often more damaging in the long term. These
include reduced fertility, poor growth, weak immunity, hormonal changes, altered behaviour and
difficulty finding food or mates. Such effects may slowly reduce populations over time, even when
immediate deaths are not obvious.

f) Effects on the Whole Ecosystem

The impact of insecticides does not stop with individual species. When pollinators, natural
predators and decomposers decline, the balance of the ecosystem begins to change. Fewer pollinators
can reduce crop yields. Loss of predatory insects may allow pest outbreaks to increase. The decline of
decomposers such as earthworms can reduce soil fertility. Water contamination may damage aquatic
food webs. In this way, insecticides can affect natural pest control, soil health, biodiversity and farm
productivity at the same time. Protecting non-target organisms is therefore essential not only for
wildlife, but also for sustainable agriculture and long-term food security.

Why Collateral Damage Occurs?

Insecticides are meant to kill crop pests, but in many cases, they also harm other living
organisms. This unintended harm is known as collateral damage. It happens because pesticides rarely
affect only the target pest. Once released into the environment, they can reach many other species and
continue causing harm long after spraying has finished. Collateral damage is not an isolated problem.
It affects pollinators, soil health, clean water, biodiversity and food production itself. Reducing this
harm requires better regulation, safer products, improved application methods and farming systems that
rely less on routine chemical use.

a) Not Limited to One Species

Only a small number of pesticides are highly selective. Most insecticides work by attacking
basic body systems such as the nervous system. These systems are not unique to pests. Bees, butterflies,
earthworms, fish, birds and many other animals have similar biological processes, so they may also be
affected. For example, a chemical designed to disrupt nerve signals in crop pests may also interfere with
nerve function in pollinators or aquatic insects. This is one of the main reasons collateral damage occurs.
b) Movement Beyond the Field

After application, insecticides do not always stay on the crop. They may spread through spray
drift, evaporation, runoff after rain or movement through soil. As a result, nearby ponds, hedgerows,
grasslands and surrounding farmland may also become contaminated. This means organisms that were

never meant to be exposed can come into contact with pesticide residues.
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¢) Long-lasting Residues

Some insecticides remain active in soil or water for long periods. Even after the visible spraying
has ended, residues may still affect wildlife and soil life for weeks, months or longer. Repeated use can
increase this burden over time.
d) Build-up in Living Organisms

Certain chemicals can build up in the bodies of animals. This process is called bioaccumulation.
When one animal eats another, the chemical may move up the food chain and become more
concentrated at higher levels. This is known as biomagnification. As a result, top predators such as
birds, reptiles or larger fish may receive higher exposure than expected.
e) Harm at Low Doses

Not all damage is obvious. Even small amounts of insecticides may reduce fertility, weaken
immunity, change behaviour or lower the ability of animals to find food, escape predators or care for
young. These hidden effects can slowly reduce populations over time.
f) Limitations of Current Pesticide Regulation

Modern pesticide laws have improved safety in many countries, but important gaps still remain.
In many cases, approval systems focus strongly on short-term toxicity and may not fully capture the
real environmental picture.
g) Focus on Immediate Effects

Many tests concentrate on whether a pesticide causes rapid death in a few selected test species.
This is important, but it does not always show what happens after long-term low-level exposure in real
farming conditions.
h) Long-term and Hidden Effects Often Underestimated

Chronic exposure may cause reduced reproduction, weaker immune systems, poor growth or
behavioural changes. These effects may appear slowly and can be harder to measure than immediate
poisoning.
i) Limited Range of Species Tested

Regulatory testing often uses a small number of standard species. However, ecosystems contain
thousands of different organisms, each with different sensitivities. A chemical considered safe for one
species may still harm another.
j) Indirect Ecological Effects

Some damage happens indirectly. For example, if insecticides reduce insect populations, birds
may lose food sources. If pollinators decline, crop production may suffer. These wider food web effects
are not always fully considered.
k) Monitoring and Enforcement Challenges

Even good regulations may fail if products are misused, labels are ignored, or monitoring is

weak. Illegal or excessive use can greatly increase environmental harm.
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1) Combined Effects of Multiple Chemicals

In real agricultural settings, organisms are rarely exposed to only one pesticide at a time. They
may encounter mixtures of insecticides, herbicides and fungicides together. These combinations can
interact in different ways:

Additive effects — the total harm equals the sum of each chemical

Synergistic effects — the mixture is more harmful than expected

Antagonistic effects — one chemical reduces the effect of another

For bees, earthworms, fish and other wildlife, these mixtures may disturb body functions, feeding
behaviour, movement, reproduction and survival. A pesticide that seems safe on its own may become
risky when combined with others.

m) Interaction with Climate Change

Climate change can increase the environmental risks linked with insecticides. Rising
temperatures may increase evaporation and sometimes increase toxicity. Changing rainfall patterns can
lead to heavier runoff, flooding or greater leaching into water bodies. Drought, heat stress and habitat
loss may already weaken wildlife. When pesticide exposure is added, organisms may struggle even
more because their natural ability to recover or detoxify chemicals is reduced. This means climate
change and pesticide use can work together, increasing ecological stress. It also highlights the need for
climate-aware pesticide risk assessment and smarter farming practices.

Management and Mitigation Strategies

Modern farming needs effective pest control, but it must also protect nature, water and soil. The
good news is that several practical methods can reduce the unwanted damage caused by insecticides.
These approaches aim to control pests while keeping farms productive and ecosystems healthy.

a) Integrated Pest Management (IPM)

Integrated Pest Management, often called IPM, is one of the most effective ways to reduce the
harmful side effects of pesticides. Instead of relying only on chemical sprays, IPM combines several
smart methods to manage pests. These may include crop rotation, resistant crop varieties, regular pest
monitoring, biological control using natural predators and careful field management. Chemicals are
used only when truly needed and in the smallest effective amount. When pesticide use becomes
necessary, safer and more selective products are preferred. This helps reduce exposure to pollinators,
earthworms, fish and other beneficial species. IPM offers two major benefits. First, it lowers
environmental pollution by reducing unnecessary chemical use. Second, it helps maintain the natural
balance of the farm ecosystem by protecting useful organisms that support crop production.

b) Organic Farming

Organic farming is another approach that can reduce collateral damage caused by synthetic
insecticides. It focuses on natural methods of pest control, healthy soils and biodiversity. Farmers may
use crop rotation, composting, beneficial insects, trap crops and plant-based products instead of routine

chemical spraying. Because fewer synthetic pesticides are used, wildlife and non-target organisms are
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usually less exposed to harmful residues. Organic systems often improve soil health, increase
biodiversity and support long-term ecological stability. However, even natural pesticides must be used
carefully, as overuse can still harm beneficial insects and other species. Natural does not always mean
harmless.
¢) Biopesticides

Biopesticides are pest control products made from natural sources such as bacteria, fungi, plant
extracts, or naturally occurring compounds. They are becoming increasingly important in sustainable
agriculture. Many biopesticides are more targeted, meaning they affect specific pests while causing less
harm to bees, pollinators, aquatic life and other beneficial organisms. They also tend to break down
more quickly in the environment, reducing the risk of long-term build-up. Examples include products
based on Bacillus thuringiensis (Bt), neem extracts and certain fungal agents. While promising,
biopesticides still need proper testing and careful use to ensure safety and effectiveness.
d) Precision Agriculture

Precision agriculture uses modern technology to apply farm inputs more accurately. With tools
such as GPS, sensors, drones and data mapping, farmers can identify where pests are present and treat
only those areas. This means insecticides are used only when needed, where needed and in the correct
amount. As a result, overuse is reduced and less chemical enters soil, water and nearby habitats.
Precision methods can lower costs, reduce environmental pollution and protect beneficial organisms
such as pollinators and soil microbes. It also works well alongside Integrated Pest Management.
e) Better Farmer Awareness and Training

Reducing collateral damage is not only about products and technology. Farmer knowledge is
equally important. Proper training in spray timing, nozzle choice, safe storage and disposal, protective
clothing and label instructions can greatly reduce misuse. Applying pesticides during calm weather,
avoiding flowering periods when bees are active and respecting buffer zones near water bodies are
simple but highly effective steps.
Conclusion

Insecticides have played an important role in protecting crops and improving food production,
but they have also caused serious unintended harm to many beneficial organisms. Through pathways
such as runoff, spray drift and soil contamination, these chemicals may reach bees, earthworms, fish,
birds and many other species that are essential for healthy ecosystems. While insecticides target pests,
they may also disturb pollination, natural pest control, soil fertility and food webs. This means their
impact goes far beyond the farm field itself. Habitats such as wetlands, hedgerows, field margins and
streams are especially vulnerable. To understand the real environmental cost of pesticides, simple
laboratory tests alone are not enough. More realistic assessment methods are needed that consider
geography, climate, long-term exposure and ecological interactions. Scientists now recognise the need
to study how pesticides behave in real landscapes and over long periods.

Future research in ecotoxicology is focusing on long-term ecosystem monitoring, safer pest
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control products and earlier detection of environmental stress. New tools such as molecular biomarkers,
satellite imaging and remote sensing may help identify problems before major damage occurs. At the
same time, practical solutions already exist. Integrated Pest Management, biopesticides, precision
agriculture and responsible farming practices can greatly reduce unnecessary pesticide use. Strong
policies, farmer education and science-based regulation are also essential. Protecting crops and
protecting nature should not be seen as opposing goals. With smarter farming methods, it is possible to
produce food while preserving biodiversity, clean water, healthy soil and ecological balance for future
generations (Macneale et al., 2010).
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