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Introduction

Every year, an estimated 20-40% of global crop
production is lost to pests, diseases, and weeds losses
equivalent to the food required to feed over one billion
people (Food and Agriculture Organization [FAO], 2025).
For decades, the default response to this crisis was
straightforward: spray more pesticides. The result was a
chemical treadmill escalating costs, increasing pest resistance,
collapsing populations of beneficial insects, contaminated
soil and water bodies, and a growing burden of pesticide-
related illness among farm workers and rural communities.
It was against this backdrop that Integrated Pest Management
(IPM) emerged as a transformative alternative not a rejection
of pest control, but a fundamental rethinking of how it is
practiced. IPM is defined by the FAO as an ecosystem
approach to crop protection thatcombines different
management strategies and practices to grow healthy crops
while minimizing pesticide use (FAO, n.d.). It is built on
ecological intelligence understanding pest biology, natural
enemy populations, thresholds, and agro-
ecosystem dynamics and using that intelligence to make
smarter, more targeted decisions.

economic

India adopted IPM as the cardinal principle of
national plant protection policy as early as 1985, and has
since established 31 Central IPM Centres across 28 states to
coordinate biological control agent production, pest
monitoring, and farmer training (Press Information Bureau,
Government of India, n.d.). The impact has been
measurable: IPM implementation has reduced chemical
pesticide use by 50-100% in rice and 29-50% in
cotton while simultaneously increasing yields by 6-40%
compared to conventional fields (Council on Energy,
Environment and Water [CEEW], 2023). This article
explores the core strategies of IPM, the science underpinning
each component, and the evidence for its effectiveness in
India and globally.

What Is IPM? The Foundational Principles

IPM is not a single technique it is a decision-making
framework that integrates multiple tools and strategies in a
logical, ecologically informed sequence. Its foundational
principles, as synthesized by Barzman et al. and affirmed in
the most recent critical review of IPM science, include:

e Prevention first: Design the farming system to be
inhospitable to pests through cultural and ecological
management

¢  Monitor and assess: Regularly scout fields, monitor
pest and natural enemy populations, and gather
weather and phenological data

e Set economic thresholds: Intervene only when pest
populations exceed the level at which economic
damage justifies control costs

e Prioritize non-chemical methods: Use biological,
physical, cultural, and behavioral controls before
reaching for a pesticide

e Use pesticides judiciously: When chemical control
is necessary, choose selective, low-risk products
applied at the right time and dose

This systematic approach ensures that each
intervention is justified, targeted, and proportionate
replacing calendar-based spraying schedules with science-
based decision-making (Barzman et al., 2024).

Strategy 1: Cultural Control Prevention Through

Agronomy

The most cost-effective pest management strategy is
one that prevents pest problems from arising in the first
place. Cultural controls are agronomic practices that disrupt
pest establishment, reproduction, and spread by
manipulating the farming environment itself.

Key cultural control practices include:

e Crop rotation: Alternating non-host crops (such as
cereals) with host crops (such as vegetables) disrupts
the life cycle of soil-borne pathogens, plant-parasitic
nematodes, and hostspecific insect pests. Research
confirms that strategic crop rotation effectively
reduces the incidence and severity of soil-borne
diseases across a diverse range of crops (Barzman et

al., 2024)

e Intercropping and companion planting: Growing
aromatic plants such as Ocimum basilicum (basil)
or Mentha spp. as intercrops has been shown to repel
or mask volatile olfactory cues used by pests to locate

host plants, reducing infestation levels significantly
(Barzman et al., 2024)
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e Sanitation and field hygiene: Removing crop
residues, infected plant material, and volunteer
plants eliminates overwintering sites and primary
inoculum sources for pests and diseases

e Resistant varieties: Deploying crop cultivars with
genetic resistance to major pests and diseases is
perhaps the most durable and cost-effective cultural
control tool available to farmers

e Adjusted planting dates: Timing sowing to avoid
peak pest population periods or to allow the crop to
escape critical vulnerability windows is a widely
practiced but often undervalued IPM strategy

Cultural controls are the first line of defence in IPM
and, when well-implemented, can dramatically reduce the
pest pressure that downstream strategies must address

(Nanda Ram, 2015).
Strategy 2: Biological Control Nature as an Ally

Biological controlis the use of living organisms’
natural enemies, parasites, predators, and pathogens to
suppress pest populations. It is one of the most ecologically
elegant dimensions of IPM, harnessing the pest regulation
services that healthy agroecosystems provide naturally.
Biological operates through three primary
mechanisms:

control

e Conservation biological control: Managing field
margins, cover crops, and on-farm biodiversity to
shelter and support populations of beneficial
predators and parasitoids such as ladybird beetles,
lacewings, parasitic wasps, and spiders that naturally
suppress pest populations

e Augmentative biological control: Releasing mass-
reared natural enemies into fields to reinforce
naturally occurring populations. India
operates more than 45 biological control
laboratories producing and releasing agents such
as Trichogramma spp. (egg parasitoids of lepidopteran

pests) and Chrysoperla carnea (a generalist predator of
soft-bodied pests) at scale (Nanda Ram, 2015)

e Classical biological control: Introducing exotic
natural enemies to control introduced invasive pests
a strategy with historic successes in managing cassava
mealybug, coconut rhinoceros beetle, and other
invasive species in India

Beyond macro-organisms, biopesticides including
microbial agents such as Bacillus thuringiensis (Bt), Beauveria
bassiana, Metarhizium  anisopliae, =~ and  plant-derived
compounds like neem (Azadirachta indica) are a rapidly

growing component of IPM. India's consumption of

biopesticides grew from 123 metric tonnes in 1994-95 to
7,682 metric tonnes in 2018-19, reflecting increasing farmer
adoption of biological alternatives to synthetic chemicals

(CEEW, 2023).
Strategy 3: Mechanical and Physical Control

Mechanical and physical controls use physical
barriers, traps, light, heat, or manual removal to reduce pest
populations without chemicals. While labour-intensive at
scale, they are particularly valuable in high-value crops,
organic systems, and situations where chemical use is
restricted. Common mechanical and physical IPM tools

include:

e Yellow sticky traps for monitoring and mass-trapping
whiteflies, thrips, and aphids in vegetable crops

e Pheromone traps using synthetic sex pheromones to
monitor and trap male moths of key Lepidopteran
pests such as spodoptera, helicoverpa, and fruit
borers

e  Bird-scaring devices and reflective mulches to reduce
bird damage and aphid immigration in horticultural
crops

e  Soil solarization covering moist soil with transparent
polyethylene sheets to use solar heat for killing soil-
borne pathogens, nematodes, and weed seeds

e Light traps to monitor and reduce adult insect pest
populations during critical crop growth stages

Pheromone-based monitoring is especially valued in
IPM as a decision-support tool providing real-time data on
pest flight activity that helps farmers determine whether
economic thresholds have been crossed and treatment is
warranted.

Strategy 4: Chemical Control the Last Resort

Chemical pesticides are not eliminated in IPM they
are rationalized. The IPM framework positions chemical
control as the last line of defense, deployed only when
monitoring confirms that pest populations have exceeded
economic threshold levels and that non-chemical
interventions are insufficient (FAO, n.d.). When chemical
control is necessary, IPM principles prescribe:

e Selecting selective, low-toxicity pesticides that target
the pest with minimal impact on beneficial
organisms and non-target species

e Applying pesticides at the correct dose, timing, and
application method to maximize efficacy while
minimizing environmental exposure

e Rotating pesticide modes of action to delay the
development of resistance
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e Using targeted delivery technologies such as nano
emulsions and controlled-release formulations that
reduce the total volume of active ingredient required
while maintaining pest control efficacy (Barzman et

al., 2024)

The shift from calendar-based pesticide applications
to threshold-based, selective chemical use is one of the most
economically significant benefits of IPM adoption directly
reducing input costs while maintaining or improving crop
productivity.

Strategy 5: Monitoring, Scouting, and Economic
Thresholds
Running through all IPM strategies is the

indispensable practice of regular field monitoring. IPM is a
data-driven system it functions only when farmers or
extension agents have accurate, timely information about
pest and natural enemy populations, crop growth stage, and
environmental conditions.

Economic thresholds (ET)the pest population level
at which the cost of control is justified by the crop damage
prevented are the decision triggers of IPM. Acting below the
ET wastes resources and disrupts natural enemies; acting
above it risks unacceptable yield loss. In rice, for example, the
ET for brown planthopper (Nilaparvata lugens) is established
at 10-15 nymphs per tiller before intervention is warranted
level that allows natural predators to function without being
overwhelmed.

The integration of digital scouting tools, Al-based
pest identification apps, weatherlinked pest forecasting
systems, and remote sensing is now transforming monitoring
from a labour-intensive manual activity into a precision, data-
rich process linking IPM strategy with the broader digital
agriculture revolution.

Comparative Overview of IPM Strategies

Table 1: Key IPM Strategies Components, Benefits, and
Limitations

n of natural
enemies
Mechanical/Ph | Pheromone | Chemical- | Labor-intensive;
ysical traps, sticky | free; limited
traps, monitorin | scalability
solarization | gbased
decisions
Chemical Selective Rapid Resistance risk;
Control pesticides, knockdow | environmental
(Judicious) threshold- n; reliable | impact
based efficacy
application
Monitoring Field Data- Requires
and Scouting scouting, Al | driven trained
apps, decision- personnel; time-
pheromone | making consuming
monitoring,
weather
data
Farmer  Field | Participator | Builds Resource-
Schools y learning, | longterm | intensive to
demonstrati | IPM implement
on plots capacity widely

Source: Adapted from Barzman et al. (2024); FAO (n.d.);
CEEW (2023); Nanda Ram (2015)

IPM in India: Progress and Prospects

India's national IPM programme, implemented
through the Directorate of Plant Protection, Quarantine and
Storage (DPPQS) and a network of 31 Central IPM Centres,
has made measurable progress over four decades. Key
outcomes documented by the Press Information Bureau
(Government of India, n.d.) include:

e Crop yield improvement of 6.72 to 40.14% in
rice and 22.7 to 26.63% in cotton in IPM fields
compared to non-IPM fields

of 50-100% in

e Desticide spray reduction
rice and 29-50% in cotton

e Training of thousands of extension officers and
farmers through IPM Farmer Field Schools across

IPM Strategy Key Primary Limitations
Tools/Prac | Benefit the country
tices ¢ Biopesticide consumption growth from 123 MT in
Cultural Crop Prevents Knowledge- 1994-95 to 7,682 MT in 2018-19
Control rotation, | pest fntensive; lo.n & Despite these gains, IPM adoption remains uneven
intercroppi | establishm | term planning i
ng, resistant | ent;  low | needed across crops, states, and farmer categories. Small and
varieties, cost marginal farmers who constitute the majority of India's
sanitation farming community often lack access to quality biological
Biological Trichogramm | Ecologicall | Slow-acting; control agents, trained extension support, and IPM
Control a, y climate/environ monitoring tools. Strengthening the last-mile delivery of IPM
biopesticide | sustainabl | ment sensitive inputs and knowledge through digital platforms, KVKs, and
s, e long FPOs remains the central challenge for India's plant
conservatio | lasting protection system.
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Conclusion

Integrated Pest Management is not an idealistic
vision of a pesticide-free agriculture it is a pragmatic, science-
based framework for making pest control smarter, safer, and
more sustainable. By combining cultural prevention,
biological augmentation, targeted chemical wuse, and
continuous monitoring, IPM delivers what no single strategy
alone can achieve: effective pest suppression, reduced input
costs, protected ecosystem services, and safer food for
India's four decades
demonstrates that IPM works when farmers are adequately
trained, when quality biological inputs are accessible, and
when extension systems deliver timely, reliable monitoring
data. The integration of digital tools Albased pest
identification, pheromone trap networks, satellite-based crop
health monitoring is now amplifying IPM's potential,
enabling real-time, precision pest management decisions that

consumers. experience over

were unimaginable a generation ago.

The path forward requires sustained investment in
three pillars: knowledge (through IPM-focused Farmer Field
Schools and digital advisory), inputs (through expanded
biopesticide production and distribution infrastructure),
and policy (through regulatory frameworks that incentivize
biological control and penalize indiscriminate pesticide use).
Together, these investments will move India's agriculture
decisively away from the chemical treadmill and toward the
ecological intelligence that IPM promises.
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