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Abstract

Biological control is a core ecological component of integrated pest management (IPM) because it uses predators,
parasitoids, microbial agents and other natural enemies to suppress pest populations while reducing unnecessary
dependence on broad-spectrum pesticides. Its value lies not only in replacing a chemical treatment, but in
strengthening the biological regulation that operates within crop ecosystems throughout the season. Conservation
of resident natural enemies, planned releases of mass-reared predators or parasitoids, microbial insecticides and
antagonistic microorganisms can all contribute to pest suppression when they are matched with the target pest, crop
stage and local environment. Biological control is most effective when supported by regular scouting, economic
thresholds, correct timing, habitat management, resistant varieties, sanitation and selective pesticide use. Important
agents include ladybird beetles, lacewings, predatory mites, Trichogramma parasitoids, Bacillus thuringiensis,
entomopathogenic fungi and baculoviruses. However, biological control is not automatically successful.
Temperature, humidity, pesticide residues, product quality, pest stage and release timing can strongly influence
performance, and introductions intended for permanent establishment require careful ecological risk assessment.
New developments in molecular identification, mass rearing, microbial formulation, digital monitoring and
precision release are making biological control more reliable and easier to integrate with other tactics.
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Introduction control is one of the most important

Integrated pest management (IPM) is built ecological components of this approach
on the idea that crop protection should not because it uses living organisms or their
depend on a single method. Instead, farmers products to suppress

combine prevention, monitoring, cultural
practices, resistant varieties, mechanical
measures, biological control and carefully
selected pesticides so that pest populations
remain below damaging levels. Biological

pests. Predators, parasitoids, pathogenic
microorganisms and naturally occurring
antagonists can reduce pest pressure while
helping to conserve the wider farm ecosystem.

The value of biological control becomes
especially clear when pest management is
viewed over an entire season rather than as a
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single spray decision. Broad-spectrum
pesticide use may provide rapid knockdown,
but repeated use can disrupt beneficial
organisms, select for resistance and allow
secondary pests to become more important.
Biological control works differently. It aims to
strengthen the regulating forces that are already
present in agricultural ecosystems or to
introduce  carefully selected beneficial
organisms where natural regulation is
inadequate.

A successful IPM programme therefore
asks two questions at the same time: how many
pests are present, and what is happening to their
natural enemies? Decisions based only on pest
counts can miss an important part of the field
situation. A moderate pest population may
decline naturally when predators or parasitoids
are abundant, while a smaller population may
increase rapidly if beneficial organisms have
been destroyed. Biological control makes IPM
more responsive to these ecological
relationships.

Biological Control within the IPM

Biological control can be broadly described
as the use of natural enemies to reduce the
population, activity or damage caused by a pest.
In IPM it is rarely used in isolation. Instead, it
is integrated with agronomic practices that
make the crop less favourable to pests and more
favourable to beneficial organisms. Crop
rotation, sanitation, balanced fertilization,

appropriate planting time, trap crops, habitat
management and selective pesticide use can all
influence the success of natural enemies.

The objective is not necessarily to eliminate
every pest individual. Complete eradication is
usually unnecessary and may even be
ecologically unrealistic. IPM focuses on
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keeping pest numbers below the economic
threshold, the level at which action is justified
to prevent unacceptable loss. Biological control
contributes by slowing pest population growth,
reducing peak densities and lowering the
frequency with which chemical intervention is
required.

This preventive role is important. Natural
enemies often work continuously in the
background and may suppress pests before crop
damage becomes obvious. Their effect can be
difficult to notice because the result is the
absence of an outbreak. For this reason,
scouting should record predators, parasitoid
activity, parasitized eggs or larvae, diseased
insects and other signs of natural regulation, not
simply count the target pest.

Predators as Natural Pest Regulators

Predators consume several prey individuals
during their life and can act across different pest
stages. Ladybird beetles, lacewings, predatory
bugs, spiders, mites and many other groups are
common examples in agricultural systems.
Their importance varies with crop, climate and
pest complex, but they often contribute to
suppression of aphids, whiteflies, thrips, mites,
caterpillars, eggs and other soft-bodied pests.

Predator conservation begins with reducing
avoidable mortality. Unnecessary broad-
spectrum sprays can remove beneficial
organisms faster than pests recover, particularly
when pest species reproduce rapidly or migrate
into the field. Selective products, spot
treatment, need-based application and correct
timing can help preserve predator populations.
Flowering borders, refuges and diversified
vegetation may provide pollen, nectar, shelter
or alternative prey, but habitat manipulation
must be planned carefully so that it does not
also favour key pests.

Predators are especially useful as part of a
community of natural enemies. One species
may feed mainly on eggs, another on early
larvae and another on mobile adults. This
complementary action can make biological
regulation more stable. However, predator
abundance alone should not be treated as a
guarantee of control. Field observations are still
needed to determine whether predation is
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sufficient to keep the pest below the
action threshold.

Parasitoids and Their Role in Targeted
Suppression

Parasitoids are insects whose immature
stages develop on or inside a single host and
ultimately kill it. Many parasitoid wasps and
flies are highly specialized, making them
valuable against particular crop pests. Egg
parasitoids such as Trichogramma species are
widely recognized in crop protection because
they attack the pest before the damaging larval
stage emerges. Other parasitoids attack larvae,
pupae or adults.

Parasitoid performance depends strongly
on timing. Releasing an egg parasitoid after
most eggs have already hatched gives little
benefit. Monitoring pest phenology, moth
activity, egg laying and crop stage therefore
improves release decisions. In augmentative
biological control, beneficial insects may be
mass-produced and released in inoculative or
inundative programmes. Release rate, interval,
distribution across the field and product quality
all affect results.

Field conditions also matter. Extreme
temperature, heavy rain, pesticide residues and
a shortage of food resources for adult
parasitoids can reduce survival. Conserving
flowering plants that provide accessible nectar
can support some species, while selective
pesticide programmes can prevent unnecessary
mortality. Compatibility between biological
releases and other IPM tactics should be
considered before the season begins rather than
after problems occur.

Microbial Biological Control Agents

Microorganisms provide another major
group of biological control tools. Bacteria,
fungi, viruses and other microbes can infect or
antagonize pests. Bacillus thuringiensis is one
of the best-known microbial insecticides; its
protein toxins are active against susceptible
insect groups when used correctly.
Entomopathogenic fungi such as Beauveria
bassiana and Metarhizium species infect insects
through the cuticle, while
nucleopolyhedroviruses can be highly specific
to particular caterpillar pests.
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Microbial agents can fit well into IPM
because many are selective and leave predators
and  parasitoids relatively  undisturbed
compared with broad-spectrum insecticides.
Their performance, however, is closely linked
to environmental conditions. Ultraviolet light,
temperature, humidity, rainfall, formulation,
spray coverage and the developmental stage of
the target pest can all influence field efficacy.
For example, many microbial products perform
best when applied against young pest stages
before severe crop damage has occurred.

Microbial Biocontrol Agents

'\ Antagonistic

* Root architecture regulation
+ Root and shoot length
+ Plant vigor

* Yield

» Stress adaptation

Biological control is also important in plant
disease management. Antagonistic fungi and
bacteria can compete with pathogens, produce
inhibitory substances, parasitize pathogen
structures or stimulate plant defence responses.
Products based on Trichoderma and beneficial
bacteria are used in several crop systems as
seed, soil or root-zone treatments. As with
insect biocontrol, quality, viable propagule
count, storage and correct application are
essential for dependable results.

Classical, Augmentative and
Conservation Biological Control

Biological control strategies are often
grouped into classical, augmentative and
conservation approaches. Classical biological
control involves the introduction and
establishment of a natural enemy against an
invasive or introduced pest, normally after
detailed study of host specificity and
environmental risk. When successful, the
natural enemy can provide long-term
suppression, but such programmes require
rigorous scientific and regulatory assessment
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because the organism is intended to
establish in the environment.

Augmentative biological control uses
repeated releases of natural enemies that are
already known to be useful. Inoculative releases
introduce relatively small numbers early so that
the beneficial population can increase, whereas
inundative releases use larger numbers for more
immediate suppression. Commercial
production of parasitoids, predators and
microbial agents has made this approach
increasingly practical in protected cultivation
and in some field crops.

Conservation biological control focuses on

protecting and  strengthening beneficial
organisms  already  present in  the
agroecosystem. It may include reducing

disruptive pesticide use, providing shelter or
floral resources, maintaining field margins and
improving crop diversity. Conservation is often
the most economical starting point because the
natural enemies are already adapted to local
conditions. The goal is to avoid destroying an
ecosystem service that is available at no
additional purchase cost.

Monitoring, Thresholds and Decision
Making

Biological control works best when
supported by regular field monitoring. Scouting
should be systematic and should record pest
density, crop damage, beneficial organisms and
environmental conditions.  Sticky traps,
pheromone traps, light traps, plant inspections
and direct counts can help identify changes in
pest activity. The information is then compared
with action thresholds or locally validated
decision rules.

Timing is critical because natural enemies
often need time to act. A farmer who waits until
the crop is heavily damaged may conclude that
biological control is too slow, when the real
problem is delayed intervention. Early
detection allows parasitoids, predators or
microbial agents to be used against more
susceptible pest stages. It also allows chemical
measures, when necessary, to be chosen in ways
that preserve biological agents.

Digital scouting tools, mobile applications,
remote sensing and image-based identification
are beginning to improve monitoring. Their role
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is not to replace field knowledge but to make
records more consistent and help identify
trends. When pest and natural-enemy data are
stored over several seasons, farms can better
understand recurring hotspots and the
conditions under which biological control
succeeds or fails.

Compatibility with Pesticides and Other
IPM Tactics

Biological and chemical control do not
have to be opposing strategies. In well-designed
IPM they can be compatible when pesticide
selection and timing are based on need.
Selective insecticides, biopesticides, insect
growth regulators and localized treatments may
preserve more beneficial organisms than
routine broad-spectrum applications. The
pesticide label, known effects on natural
enemies, residual activity and crop stage should
be considered before treatment.

Cultural tactics can also strengthen
biological control. Removal of infested crop
residues can reduce carry-over populations,
while crop rotation interrupts pest life cycles.
Balanced nitrogen management is important
because excessive vegetative growth can
sometimes favour sap-feeding pests. Resistant
varieties reduce pest establishment or damage
and can give natural enemies more time to act.
Physical barriers, traps and sanitation further
reduce the population that biological agents
must suppress.

The strongest IPM programmes use several
moderate pressures rather than expecting one
tactic to solve the whole problem. A pest
population weakened by host-plant resistance,
cultural practices and natural enemies may
require fewer pesticide interventions. This
reduces selection pressure for resistance and
helps maintain the effectiveness of both
chemical and biological tools.

Table 1. Major biological control approaches used in
integrated pest management.

Approach Role in IPM

Protects resident predators, parasitoids and
antagonists through selective inputs and
supportive habitat.

Conservation biological
control

Adds mass-reared natural enemies at critical

Augmentative release . .
crop stages to reinforce pest suppression.

Uses organisms such as Bacillus
thuringiensis, Beauveria, Metarhizium or
baculoviruses against susceptible pests.

Microbial control
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Approach Role in IPM

Introduces carefully selected natural
enemies for long-term suppression of
invasive pests after risk assessment.

Classical biological
control

Uses beneficial fungi or bacteria to reduce
pathogen survival, infection or root-zone
disease pressure.

Biological disease
suppression

Advantages of Biological Control in
Sustainable Agriculture

Biological control can provide important
environmental and economic benefits. By
reducing reliance on repeated broad-spectrum
pesticide use, it can help conserve pollinators
and other non-target organisms, reduce
pesticide residues and slow the development of
resistance. Established natural enemies may
continue to provide suppression across seasons,
while microbial and augmentative products
offer options where residue restrictions or
worker-safety considerations are important.

The approach also fits the wider goal of
ecological intensification, in which biological
processes are used to support production.
Healthy predator and parasitoid communities
contribute to resilience because they can
respond when pests begin to increase. This does
not mean that biological control is free or
effortless. Monitoring, identification, habitat
management and quality biological products
require knowledge and investment. The benefit
is a more balanced system with fewer
unnecessary interventions.

For farmers, the economic value should be
assessed at the programme level. A biological
product may appear more expensive than a
single conventional spray, but the comparison
changes if it reduces later treatments, prevents
resistance  problems, protects beneficial
organisms or supports market requirements for
lower residues. Local cost, crop value and
expected pest pressure must therefore be
included in decision making.

Table 2. Compatibility of biological control with other IPM
components.

IPM component Compatibility point

Use scouting, traps and natural-enemy
counts so intervention is timed only when
needed.

Monitoring and
thresholds

Choose products and timings with lower
impact on beneficial organisms; avoid
disruptive broad-spectrum residues.

Selective pesticides

Provide flowering resources or refuges
where appropriate while avoiding pest or
disease reservoirs.

Habitat management
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IPM component Compatibility point

Coordinate sanitation, rotation and resistant
cultivars so they lower pest pressure
without unnecessarily destroying
beneficials.

Cultural control

Pheromone monitoring, mating disruption
or attract-and-kill can complement releases
and microbial agents.

Behavioural tools

Limitations and Practical Challenges

Biological control is not equally reliable
under all conditions. Natural enemies are living
organisms and their activity changes with
temperature, humidity, crop structure, pesticide
exposure and availability of hosts or prey. Some
agents act more slowly than chemical
insecticides, which can be a disadvantage when
pest density is already far above the economic
threshold. Biological products also require
careful storage and handling to maintain
viability.

Correct identification is another challenge.
Releasing the wrong natural enemy or applying
a microbial product against a non-susceptible
pest stage can waste time and money. Product
quality is equally important. Commercial
cultures must have adequate survival, vigour
and biological activity, and field releases should
be distributed uniformly. Farmers and advisers
therefore need reliable suppliers and practical
guidance.

Ecological risk must also be considered,
especially for introductions intended to
establish permanently. Modern biological
control programmes emphasize host-range
testing, regulatory review and post-release
monitoring. The objective is to obtain pest
suppression without unacceptable effects on
non-target species. Careful selection and
responsible use are essential parts of biological
control, not obstacles to it.

Emerging Directions in Biological
Control

New technologies are making biological
control more precise. Molecular tools can
improve identification of pests, parasitoids and
microbial strains, while population genetics can
help trace establishment and dispersal.
Improved mass-rearing systems are increasing
the consistency of commercial natural enemies.
Formulation research is helping microbial
agents survive storage, ultraviolet exposure and
field application.
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Semiochemicals and behavioural
tools can also be combined with biological
control. Pheromone traps may indicate the best
release time for parasitoids, and attract-and-
retain approaches may help concentrate
beneficial insects where they are needed. In
protected cultivation, banker plants and
managed flowering resources can sustain
natural enemies between pest outbreaks.
Automated release devices and drones are being
explored for distributing some biological agents
over larger areas.

The future of biological control within IPM
will depend less on a single new organism and
more on better system design. Reliable
monitoring, quality-controlled agents, selective
pesticides, habitat management, farmer training
and locally validated thresholds need to work
together. Biological control is strongest when it
is treated as a central management process
rather than an emergency substitute after other
methods fail.

Conclusion

Biological control is a practical and
scientifically = grounded component of
integrated pest management. Predators,
parasitoids, microbial agents and conserved
natural enemies can suppress pests while
reducing dependence on repeated broad-
spectrum pesticide use. Their success depends
on correct identification, early monitoring,
appropriate timing, good product quality and
compatibility with cultural, physical and
chemical tactics.

The most effective strategy is not to replace
every pesticide with a biological product, but to
design a crop-protection system in which
biological regulation is protected and used
whenever it can contribute. Conservation of
beneficial organisms, threshold-based decisions
and selective interventions make IPM more
durable. As monitoring, mass production,
microbial formulation and digital decision tools
improve, biological control is likely to become
even more important in productive, resilient
and environmentally responsible agriculture.
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