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Preface

Semiochemicals, including phercmones, karomones, allomones and plant volatile
cusz, represent a promizing class of tocls for transforming pest management in
Indian agriculiure. Their zpecies-specific mode of action, snvironmental safety, and
compafibility with integrated and ecological farming systems makes them important
for reducing dependence on conventional inseclicides, lowering pesficide residues in
food, and enhancing the competitivensss of Indian agricultural produce in domestic
and sxport markets.

Dezpite proven research outputs and emerging fisld successes, the large-zcale
deployment of semicchemical-baged interventions in India remains limited. Gaps in
focused R&D, regulatory clarity, product guality assurance, standardized deployment
protocols, manufacturing capacity, and extension support continue to constrain wider
adoption. & coordinated national straiegy is thersfore needed to address these
challenges and position semiochemicals as a mainstream component of susiainable
pest management.

In this context, the braingtorming zession on “Semiochemical-Driven Strategies for
Sustainable Pest Management in Indian Agriculfure” organized by the Academy
wasz timely and highly refevant. The =zession brought together leading scienfizis,
industry representatives, regulatory authorities, and developmental agsncies, and
generated valuable insights on dedicated R&D platforms, regulatory reforms, quality
assurance mechanisms, infrastructure development, farmer adoption modsls, and
commercialization pathways.

| appreciate the efforts of the Convener, Reviewer and Editors for bringing out the Policy
Paper. | am confident that this document will provide useful guidance to policymakers,
researchers, indugiry, extension perzonne! and other stakesholders in accelerating the
adoption of semiochemical-based pest management strategies in India.
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Semiochemical-Driven Strategies for
Sustainable Pest Management in
Indian Agriculture

1. INTRODUCTION

Semiochemicals operate within complex agro-ecological networks, mediating interactions
among plantz, herbivores, natural enemies, pollinatorz, and az=ociated microorganizms.
Thesze chemical gignals regulate essential behaviours such as host locafion, feeding,
mating, oviposition, and natural enemy recruitment, thereby enabling pest regulation
through ecological proceszses rather than direct lethal action (Kamala Jayanthi
et al., 2015; 2020; Thomasz ef al, 2023). While thiz functicnal diversity underpins the
effectivenesz and environmental compatibility of semiochemical-based interventions,
their successful franslation into field-scale pest management depends nof only on
ecological understanding but also on enabling policy frameworks, requlatory clarity,
quality azsurance sysiems, and standardised deployment machanisms. Recognizing and
sirengthening this science-policy interface iz essential for transforming semicchemicals
from context-specific research iools into scalable, reliable, and farmer-trusted components
of susiainable pest management in Indian agriculturs.

Globally, =zemiochemical-bazed technologies have gainsd prominence asz a core
component of integrated pest management {IPM), enabkling effective peat surveillance,
early detection, mass trapping, mating disrupfion, & attract-and-kill strategiss.
Commercial adopltion has been mest pronounced in high-value horticultural crops
and niche production systems, including organic agriculiure, protected cultivation, and
geographically certified produce. Recent advances in formulation chemistry, dizpenzer
technologies, controlled-releaze syatems, and digital monitoring platforms have further
expanded the scope and reliability of semicchemical applications.

India has made significant confributions to semicchemical research, paricularly in the
zynthesiz, and field validation of pheromones for major pestz of rice, cotton, fruifs,
vegetables, and plantation crops. Proven technologies, such as those developed for
vellow stem borer in rice, pink bollworm in cotfon, and red palm weevil in palms,
demonstrate clear potential for scale-up and commercial deployment. However, the
tranzlation of theze technologies into widespread fisld adoption remains fragmented.
Constraintz related to regulatory bottlenecks, variability in product quality, uneven field
implementation, limited exisnsion support, and the absence of standardised deployment
and operational protocols continue to limit their broader adoplion, despite India's
growing manufacturing capability.

Az India aims to sfrengthen sustainable pest management and expand ecological,
export-criented, and residue-sensitive production systems, semiocchemicals offer a
sirategic opportunity to enhance productivity, market access, and envircnmental
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sfewardzhip. Realising thizs potenfial will require coordinated action across ressarch
& development, regulatory & standardigation frameworks, manufacturing & industry
engagement, extension systems, and farmesr networks.

Thiz policy paper examinges the current siatus, opportunities, challenges, and sirategic
pricrities for advancing semicchemical-based peat management in India. It draws
upon the defliverations of the brainstorming seszion organized by the Academy and
prezentz policy recommendations o guide national efforts towards improved adoption,
innovation, and institutional support for semiochemicalzs in Indian agriculiure. In this
context, zemicchemical-based pest management iz considersed in a broad zense,
encompassing both molecule-bassd interventions and agro-ecological practices that
manipulate semicchemical cues within cropping systems (Box 1).

BOX 1. Semiochemical-Bazed Pezt Management: An Infegrated Framework

Semiochemical-based pest management refers to a spectrum of approaches that exploit
chemical cues governing plant-insect, insect-insect and plant-insect-microbe interactions.
These approaches include both the application of formulated semiochemicals and the
use of agro-ecological practices that manipulate semicchemical signals within cropping
sysiems.

Molecule-based approaches involve the uwse of identified semicchemicals including
pheromones, kairomones, allomones, synomones, and herbivore-inducad plant volatiles
{HIPY=) through traps, dispensers, or formulated delivery systems for monitoring, behavioural
manipulation, and suppression of pest populations.

Practice-based approaches rely on cropping and habitat-management pracfices that
enhance, disrupt, or redirect naturally occcuming semiochemical cues without isolating
individual compounds, including push-pull sfrategies, companion planting, frap cropping,
and attract-and-reward systems.

Together, theze complementary approaches position semiochemical-bazed pest
management a5 3 flexible and =zcalable component of infegrated pesf mansgement across
diverse agro-ecological conditions and farming syatema.

2. GLOBAL & NATIONAL CONTEXT OF SEMIOCHEMICALS

Semiochemicals have emerged globally as a sfrategic component of susiainable pest
management, driven by increazing demand for residus-fres production, scological
farming, and precision pest menitoring. Semiochemical-based fechnologies are
increaszingly deployed acrose diverse crogping systems for moniicring, mass frapping,
mating dizruption, attract-and-kill, and push-pull strategies, with commercial adoption
particularly evident in fruit, vegetable, plantation, protected-cultivation, and organic
production systemes. The glokal semicchemical market iz alzo expanding rapidly, with
recent analyzes projecting growth from USD 6.29 hillion in 2025 to USD 17.51 billion
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by 2032, representing a compound annual growth rate (CAGR) of 15.75% (Fortune
Busginess Ingights, 2025). This expansion reflects growing confidence in species-specific
and environmentally compatible tocls for precizion pest management.

Several countries, including the United States, member states of the European Union,
Japan, Brazil, and Ausfralia, have established enabling regulatory and technical
frameworks to accelerate semiochemical adoption. These include proportionate
registration pathways for low-risk behavioural modifiers, harmonised quality standards,
and standardized deployment protocolz that have facilitated commercialisation and
wider field adoption. These international experiences demonstrate that successful
mainstreaming of semiochemical-bazed pest managemeant depends not only on scientific
advancesz but alzo on enabling regulatory systems, quality assurance, coordinated
extension, and sustained insfitutional support.

India has made notable progress in semiochemical synthesis over the [ast decade,
tranzitioning from a predominantly import-dependent market to an emerging exporter
of pheromone-hased products. Indian indusfriez currentfy manufacture and expori
zemiochemical producis targeting =40 sconomically important pest species, reflecting
the couniry's growing capabilities in synthesis, formulation, and quality assurance.
Theze products are supplied to intermational markets, contributing to export earnings
and supporiing IPM programmes worldwide (Renee ef al., 2025), thereby positioning
India as an emerging global supplisr and inngvation hub for semiocchemical technologies.

This apparent conirast between India's strong export capability and relatively limited
domesfic adoption reflects systemic rather than technological constraints. While the
country poszesses well-establizshed expertize in semiochemical synthesiz, formulation,
and manufacturing, widespread field deployment has been constrained by regulatory
bottlenacks, inconsistent product gquality, the absence of standardised deployment
protocolz, limited extension support, inadeguate institutional coordination, and the limited
availability of validated semicchemical technologies for many economically important
pestz. Furthermore, the absence of a coordinated national platform integrating research,
regulation, quality assurance, extenzion, and industry participation continuss to consfrain
wider adoption despite the couniry's strong zcientific and industrial capacity.

Aligning semiochemical deployment with national priorifies such as the National Mission
an Sustainable Agriculiure and broader sustainakbility and export-crisntsd production
goals presents a timely opporfunity o mainstream chemical ecology-bazed interventions
in Indian agriculturs. Building on exizsting rezearch atrengths, manufaciuring capability,
expanding industrial participation, and growing stakeholder awareness, a coordinated
national approach can enable semiochemicals to become a mainstream component
of suztainable crop protection in India.

3. EXISTING TECHNOLOGIES & DEPLOYMENT EXPERIENCE IN INDIA

India hasz developed a diverze and mature porifolio of zemicchemical-based technologies
across multiple cropping systems, reflecting strong nafional capabilifies in semiochemical
=zynthesiz, formulation, and fisld validation. Proven applications are available for major
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pests of rice, cotton, sugarcane, vegstables, fruits and plantation crops, demonstrating
the technical readiness and versafility of semiochemical approaches for large-zcale
deployment.

“alidated semiochemical-bazed interventions are available for several important crop-
pezt systems, including:

+ Yellow stem borer in rice, uzing pheromone-based monitoring and mass fragping,
with standardised trap denszities and lure replacement intervals validated through
long-term research, and supporsd by a sustained-releass patent filed by ICAR-
Indian Institute of Rice Research.

+ Pink bollworm in cotton, where pheromone-based mating disruption and mass
trapping have demonsiraied compatibility with 1FM programmes and potential for
area-wide deployment.

+  Fruit flieg in mango and other horticultural crops, through para-pheromone-
based male annihilation and attract-and-kill sirategies.

+ Brinjal shoot and fruit borer, using pheromone-baszed mass trapping approaches.

+ Sugarcane borers and early shoot borer, through semicchemical-assisted
manitoring systems.

+ Red palm weevil in coconut and date palm plantationg, using aggregation
pheromone trapping.

+ Tomato fruit borer and other lepidopteran pests in vegetables, through dispenzer-
based systems.

A motable Indian example is the 300-acre area-wide deployment of pheromone-hased
mating disruption against pink bollworm in cotton under Project Bandhan in Maharashtra.
PEKnot™ deployment reduced flower, bell, and locule damage by 45 2%, 58.3%, and
51.8%, respectively, achieved more than 93% mating disruption after approximately
three monthz, and increased average zesd cotton yield by 550 kg ha™", demonsirating
the effectiveness and scalability of cluster-based mating digruption under Indian farming
conditions (Mayee el al., 2023).

In addition to these satablished applications, mating disruption haz emerged globally as
one of the most effective semiochemical-bazed strategiez for area-wide management
of several lepidopteran pests. Advances in dispenser technologies, controlled-release
formulations, asrozol aystems, SPLAT-bazed delivery platforms, and other long-lasting
delvery systems have significantly improved the operational feasibility of mafing dizruption
programmes. These developments offer considerable opportunities for adaptation and
deployment in Indian cropping systems, particularly for pests whers conventicnal
monitoring and mass trapping have already demonstrated success.

International field evidence further demonstrates the potential environmental benefiis
of semiocchemical-bazed interventions through reducsd dependence on conventicnal
inzecticidez. In codling moth management, pheromons-bassd mating disruption reducsed
the number of codling-moth-targeted insecticide applications by approximately £4-45%




over two successive seasonz compared with the conventionally managed orchard,
while maintaining substantially lower fruit infestation (Kutalnug and Ogir, 2025).
Reduced reliance on broad-zpectrum insecticides may lower sxposure pressure on
non-target organisms, while chemical ecology approaches that conzerve or manipulate
zemiochemical cuss can support predators, parasitoids, and asszociated ecosystem
zervices; however, the magnitude of these benefits remains context dependent
{(Sharma et al.,, 2019, Kansman ef al., 2023, Wyckhuys et al., 2024).

India’s zemiochemical manufacturing sector has expanded szignificantly over the [ast
decade, with domestic industries capable of aynthesizing & wide range of pheromone
actives at bulk scale and supplying both research-grade and field-ready productz for
massz trapging and mating disruplion programmes. In addition to domestic use, Indian
manufacturars currently supplying high-guality semiochemical productz to infernaticnal
markets and supporting global IPM programmes. Theze developments reflect growing
national sirengths in synthesis, formulation, and quality assurance, and reinforce India's
potential to emerge as a significant global hub for ssmicchemical technologies.

Despite theas achievements, commercial deployment within India remains concenirated
in a relatively limited number of validated crop-pest systems compared with the country's
agricultural diverzity. Considerable opportunities therefore exist to expand semiochemical
dizcovery, characterization, validation, and deploymeant for economically imgortant pests
across fisld crops, horticultural crops, plantation crops, stored products, and emerging
invasive species.

Taken together, these experiences demonstrate that India possesses a strong scientific,
technological, and industrial foundation for zemicchemical-bazed pest management.
Thiz foundation provides a credible basiz for scaling deployment under appropriate
regulaiory, institutional, and implementation frameworks, which are examined in the
following zection.

4. KEY CHALLENGES & SYSTEMIC GAPS IN SCALING SEMIOCHEMICALS

Despite significant scientific achievements and industrial capability in semiochemical
aynthesiz and formulation, mainsiream deployment in India remains limited. Muliiple
interlinked challenges spanning semiochemical isclation and identification, regulatory
systems, product quality, deployment practices, institufional coordinafion, capacity
development, and field-level implementation have been identifisd. Collectively, theze
interconnected constraints limit the ability of semiochemical-based interventionz to
coniribute fully to sustainable pest management in India. Theze challenges are clossly
interrelated and therefore require coordinated policy, regulatory, scientific, and inatitutional
responses rather than isolated interventions.

In addition to deployment-related constraints, a major gap exizfz in the coverage
of zemiochemical toolzs acrozs the full gpectrum of sconomically important pests
in Indian agriculture. While validated semiochemical interventions are available for
zeveral major crop-pest systems, many peste across field crops, horiculiure, plantation
crops, stored productz, and emerging invasive species remain without identified,
characterized, or standardized semiochemical =olutions. Thiz gap iz particularly
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relevant for invasive and rapidly expanding pests, where early detection, surveillance,
and behaviour-based management could provide critical advantages. Strengthening
research on semiochemical-mediated surveillance and management of invasive and
emerging pests, including fall armyworm {Spodopfera frugiperda), tomato pinworm
{Phthorimaea absoluta), and other emerging threats, iz therefore needsd to expand
technology coverage and support repid pest-responze systems.

Another major limiting factor is the regulatory envircnment, which currently treats
zsemiochemicals within the same approval framework as conventional inzecticides. The
abzence of a simplified, low-risk regisiration pathway has resulisd in high compliance
costs, prolonged approval fimelines, and unclear data requirements for semiochemical
products. This situation persists even for compounds already agproved in other regulatory
jurizdictions zuch as the European Union and MNorth America. Streamlined approval
processes, including fast-track pathways and recognition of relevant international safety
and efficacy data, are therefore needed to facilitate timely market access.

Closely associated with regulatory constraints is the lack of standardized naticnal
deployment protocols. Current fisld practices wvary widely across crops, regions,
and implementing agencies, parficularly in relation to frap densities, placement
airategies, installation patterns, lure replacement schedules, and monitoring thresholds.
Thig wariakility contributzs to inconzistent field performancs and undermines confidence in
zemiochemical-based interventions among farmers and extension agencies. Stakeholders
emphasiged the need for nationally harmonized technical sheets and guidelines to
ensgure uniform and effective deployment.

Product quality variakility emerged as a critical concern, with reports of inconzistent
formulations, incomglete pheromone blends, and producis of uncertain quality entering
the market through conventional as well az digital commercial channelz. Muliiple visually
similar products are currently available without transparent digclosure of pheromone
composition, blend ratioz, release charactenstice, dizpenser performance, or validated
field fongevity. In the absence of nationally enforced gqualifty standards, traceability
mechanisms, and independent verification systems, farmers and extension agencies are
unakle to distinguish validated products from substandard formulations. Such variakility
contributes o inconziztent fisld performance, undermines farmer confidence, and threatens
the credibility of semiochemical-based pest management interventicns. Accordingly, the
need for robust quality assurance frameworks and effective mechanizsms to prevent the
manufaciure and distribution of low-quality products was asfrongly emphasized.

Climate wvariability presents an additional challenge to the reliable deployment of
zemicchemical-based interventions acrozs India’s diverze agro-climatic regions.
Temperature, humidity, rainfall, and wind regimes can influence semiochemical volatility,
release rates, atmospheric dizpersion, and dispenzer longevity, while changing climatic
condifions may alter insect phenclogy, behaviour, seasonal aclivity, and geographic
distribution. Consequently, deployment parameters validated under one =zet of
environmental conditions may not perdorm consistently across regiong or seasons.
Climate-rezponszive validation of formulations, dizpenzer systems, trap denszities, lure
replacement achedules, and monitoring thresholds will therefore be ezzential to ensure
reliable field performance under currsnt and future climatic acenarios.




In addition, stakeholders pointed to limited seasonal availability and distribution challenges,
even for well-established technologies such as yellow stem borer phercomone traps.
Farmers in regions with strong awareness and demand freguently experience dificuliies
in accesszing qualty-gzsured traps and lures during critical crop stages, highlighting
weakneszes in production planning, supply-chain management, and last-mile distribution.

Farmesr adoption is further constrained by socio-sconomic, beshavioural, and
awarensgs-related barriers, pardiculary in smallholder-dominated production systems.
Upfront costs of fraps, lures, dispenzers, and their periodic replacement can discourage
adoption where benefitz are not immediatsly visible or where farmers compars these
investments with familiar, rapidly acting insecticide applications. Limited awarenszs of
pest behaviour and the preventive mode of action of semicchemical-based interventions
may alzo lead o unrealisiic sxpectalions of immediate psst mortality and premature
dizeontinuation. Adoption iz further influenced by fragmented landholdings, dependance
on neighbouring-farm participation for area-wide approaches such as mafing disruption,
uncertainty regarding product quality and eficacy, limited access to timely t=chnical
support, and =easonal availability of reliable inputz. These constraintzs highlight the
need for locally adapted exienzion, demonstration-based learning, collective deployment
models, and affordable access mechanismes tailored to smallholder farming systems.

The brainstorming session alzo revealed significant human resource and capacity
constraints in 2emicchemical idenfification and deploymesnt. Effective deployment of
semicchemicals reguires specializsed kKnowledge in behavioural ecology, formulation
zcience, and field implementation practices. However, trained personnel in theze domains
remain limited acrozs ICAR institutes, State Agricultural Universities (SalUs), Krizhi YVigyan
Kendras (KWKs), and exiension networks. Inadeguate training contributes to improper
inztallation, inconsiztent deployment, and reduced field performance, thereby lmiting
farmer confidence and wider adoption of zemiochemical-bazed technologies.

Instilutiocnally, the secior sufers from a policy-ressarch-implementation gap, wherein
national rezearch capacity and manufacturing capabilty have not translated into
coordinated field deployment. While India possesses sirong scientific expertise and
industrial synthesis infrastruciure, the abszence of a national platform to align research
ingtitutions, regulatory agencies, extenzion syatems, and indusiry staksholders has limited
large-scale adoption. The need to formally infegrate chemical ecology into national pest
management frameworks and extension programmes emerged az a strategic priority.

Further, the busineaz and implementation models for 2emicchemicalz are still evolving in
India. Most deployments remain product-centric rather than service-onented, with limited
emphaszis on frap maintenance, lure replacement schedules, and anahtical decision
support. The absence of service-based or cluster-based implementation models limits
adoption, particularly in smallholder production systems. Stakeholders highlighted the
potential of subscription-based services and seascon-long IPM packages to improve
adoption, ensure timely maintenance, and enhance field outcomes.

Owerall, the constraints facing semiochemical deployment are not solely technical
but systemic. Addressing regulatory clarity, guality assurance, deployment protocols,
inzfitutional coordination, capacity development, and technology coverage through
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an integrated policy framework will be =ss=zential o unlock the full potential of
semiocchemical-based interventions as a mainstream strategy for sustainable pest
management in India.

5. OPPORTUNITIES & STRATEGIC PRIORITIES

Following the challenges outlined abowve, India = well positioned to sirengthen
the rocle of semiochemical-based pest management within sustainable agricultural
zyziems. The country possesszes a sfrong scientific base in chemical ecology,
expanding manufaciuring capability, and increasing industrial participation, providing
a golid foundation for translating research into scalable field applications. Coupled
with growing demand for residue-zafe food production, ecological intensification,
and export-oriented agriculture, thess sirengthz present significant opporunities to
mainstream semicchemical-based interventions as an infegral component of naticnal
pest management straiegies.

India'z expanding manufacturing ecosysiem offers a particularly important sirategic
advantage. Domestic industries have developed capakilities in semiochemical synthesis,
formulation, dispenzer technologies, and commercial produciion, enabling the manufacture
of both research-grade and field-ready products. Continued growth of this ecosystem,
supporied by cloger collaboration among research institutions, indusiry, and extensicn
agencies, can accelerate technology transfer, improve product availability, strengthen
supply chainz, and enhance India’s compefitiveness in the rapidly growing global
semiochemical markst

These opporiunities are closely aliogned with national pricrities promoting sustainable
agriculture, ecological farming, reducsd pesticide dependence, climate resilience, and
export compettiveness. Integrating zemicchemical-based approaches within ongoing
naticnal programmess on suzstainable agricutture, infegrated pest management, natural
farming, and residus-safe production can significantly strengthen envircnmentally compatitle
crop protection while improving market access for Indian agricultural commodities.

Semicchemical-based interventions should be viewed as complementary to, rather than
replacements for, other emerging sustainakle pest management technologies such as
biopesticides, microbial biological control, RMA interference (RMADD, sterile inssct technigue
{SIT), host-plant resistance, and precigion agriculture. Each technology possesses distinet
sirengths and operational limitations. Semicchemicals provide highly species-specific
behavioural manipulation for surveillance, monitoring, mass trapping, mating dizruption,
atiract-and-kill, and habitat-mediated pest regulation with minimal environmental
residuss. In confrast, RMAI technologiss require effective delvery systems and stable
gens silencing under field conditions; SIT depends on large-acale inssct mass rearing
and coordinated area-wide implementation; white microbial biocentrol ageniz may be
influgnced by environmental conditions and often require repeated applications. Rather
than compesting approaches, theze fechnologiss offer complementary componenis of
integrated pest management, with semicchemicalz ssrving as an important platform
for surveillance, behavioural manigulation, decision support, and integration with other
sustainable interventions.

r 143




Beyond direct pest suppression, wider deployment of semicchemical-based interveniions
offers important environmental oppertunities through reduced reliance on broad-spectrum
inzecticides and lower chemical exposure of non-target organisms. Their high biclogical
zpecificity can minimise disturbance to pollinators, predators, parasiioids, and other
bensficial anthropods while strengthening conzervation biclogical confrol and aszociated
ecoaystem services. Practice-based approaches that manipulate naturally occurring
semiochemical cues within cropping systems including push-pull sfrategies, companion
planting, trap cropping, and atiract-and-reward systems offer additional opportunities to
enhance ecological regulation and improve the rezilience of agroecosystemsa. Although
the magnitude of these benefits will vary among crop-pest systems and production
environments, they reinforce the role of semiochemicals a2 an important component
of environmentally compatible pest managemesnt.

Expanding the national research scosystem pressnts ancther major opportunity for
advancing semiochemical-based pest management. Although India hag established
sfrong scientific capakility in chemical ecclogy, semiochemical synthesis, behavioural
sfudiez, and field validation, substantial opportunities remain to broaden t=chnology
coverage across economically important crop-pest systems. In particular, semicchemical
dizcovery, characterigation, surveillance, and validation for invasive and emerging pests
represent an important frontier for strengthening national preparednsszs and expanding
behaviour-bazed pest management opfions. Greater integration of multidisciplinary
expertize in chemical escclogy, anabftical chemistry, molecular biology, behavioural
ecclogy, formulation science, and digital agriculture can further accelerate innowvation
and transfation of rezearch into field-ready technologies.

Emerging technologies are rapidly expanding the scope and effectivenszs of
semicchemical-based interventions. Continused advances in semicchemical izolation,
identification, synthesis, and formulation science, together with improvements in
controlled-releaze matrices, nano-formulations, dizpenzer technologiss, asrozol
zyztems, SPLAT-based formulations, biodegradable delvery platfiorms, and other
long-lasfing release systems, are enhancing the stability, precision, and field longevity
of semiochemical delivery systems (An ef ai., 2022). Thege developmenis create new
opporiunities for area-wide pest suppression, parficularly through mating disruption,
while reducing dependence on conventional insecticides in suitable crop-pest sysiems.

Climate change further highlights the importance of continued innovation in
zemiochemical technologiss. Rizing temperatures, alterad rainfall patternz, and changing
pest distributions are likely to influence semiochemical releaze characteristics, insect
behaviour, and field performance. Conseguently, development of climats-resilient
formulations, dispenser sysfems, and deployment strategies adapted to diverse agro-
climatic condifions represents an important opportunity to improve the reliability and
zcalability of semiochemical-bazed intsrventions across India’s varied production
environmenis.

The ongoing digital fransformation of agriculture provides additional opporunities to
enhance the effectivensss of semiochemical-based pest management. Infegration of
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zemiochemical tools with Al-enabled decision-support syziems, loT-based amart traps,
automated sensors, remote sensing, GIS platforms, weather-based forecasting, and
precision agriculture technologies can substantially improve pest surveillance, real-time
monitoring, and evidence-based decision-making. Such digital integration can enable
more precise deployment of semiochemical interventions, improve resource-use
efficiency, strengthen early-warning systems, and facilitate area-wide implementation,
particularly in geographically disperzed smalltholder production systems.

Service-oriented deployment models alzo present significant opportunities for improving
adoption and long-term sustainability. Beyond the supply of traps and lures, integrated
zervice models incorporating installation, monitoring, (ure replacement, advisory support,
and digital decigion-making can improve implementation guality and consistency.
Cluster-based deployment approaches, particularly for mating disruption, mass trapping,
and surveillance programmes, are well suited to India's predominantly smallhclder
farming systems and can generate greater collective benefits than izolated farm-level
interventions.

From an economic perspective, semiochemical-based pest management offers
conziderable potential to improve farm profitability while reducing environmental costs
associated with excessive insscticide use. Reduced pesticide inputs, lower residue risks,
improved marketable yields, and enhanced export opporiunities collectively strengthen
the economic case for wider adoption. &t the naticnal level, expansion of domestic
manufacturing, innovation, technology transfer, and export of semiochemical products
can contribute fo rural enfrepreneurship, industrial growth, and India's position as a
glabal supplier of sustainable pest management technologiss.

Finally, clozer integration among research inzfitutions, regulatory sgencies, indusiny,
extension systems, and farming commurnities repressnts a significant opportunity
o strengthen the owverall semiocchemical ecosystem. Improved coordination across
these siakeholders can accelerate techneology validation, regulatory harmonigation,
quality assurance, manufaciuring, extension, and field deployment, thersby creating
a more enakling environment for widespread adoption of semicchemical-bazed pest
management.

Given the diversity of India's cropping systems and pest complexes, prioritization
of semicchemical research and deployment should follow a siructured, need-hased
framework rather than a fixed national list of crop-pest systems. Priority may be
quided by economic importance, crop losses, pesticide burden and resistance risk,
technology readiness, suitability for area-wide or cluster-based deployment, residue
and export-market concerng, invasive or emerging pest status, and compatibility with
exizting integrated peat management programmes. Crop- and pest-specific priorities may
subsequently be refined through coordinated nafional programmes, with participating
ICAR Institutes, State Agricultural Universities, and other research organizations
addreasing systems aligned with their respective crop, commodity, regional, and
ingtifutional mandates. Such a flexible framework will enable strategic invesiment
while allowing timely responzes o emerging pest threats, regional pricrities, and future
advances in semicchemical science and technology.
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Collectively, theze opportunities demonsztrate that India poszeszes the =acientific
capability, manufacturing capacity, and institutional foundation necessary to substantially
expand the role of semiochemical-bazed pest management in sustainable agriculture.
Sirateqgic investments, coordinated institutional mechanizms, and alignment with naticnal
agricultural priorities can enable the systematic franslation of scientific advances and
industrial capacity into effective field deployment.

Accordingly, the brainstorming session identified the following strategic priorities (see
Box 21, which form the basgis for the destailed policy recommendations pressnted in
Section G.

6. RECOMMENDATIONS

The strategic priorties oullined in Box 2 provide the broad direction for strengthening
India's semiochemical ecosystem. Building on these pricrities, the foliowing policy

BOX 2. Strategic Priorities Identified

4+  Establish a coordinated natiomal programme on semiochemical-based pest
management to strengthen ressarch, innovation, mulii-location validation, technology
deployment. and institulional coordination.

+ Dewvelop a proportionate and science-based regulatory framework for
semiochemicals, including simplified approval pathways for low-risk behavicural modifiers
and greater harmonisation with international regulatory practices.

4+  Strengthen national quality assurance systems through harmonised standards,
traceability mechanisms, referral laboratories. and standardised deployment protocols
to ensure product quality and fisld performance.

4+  Expand semiochemical discovery, characterisation, validation, and deployment
across economically important, invasive. and emerging pest systems while strengthening
climate-resilient formulations, advanced delivery systems, and arsa-wide technologies
such as mating disruption.

+  Promote integration of semiochemicals with digital and precision agriculture
techmolegies, including Al, loT-enabled smart traps, and decision-support systems.

+  Strengthen manufacturing ecosystems, technology transfer, public—private
partnerships, and service-oriented deployment models to improve commercialisation,
seasonal availability, and farmer access fo quality-assured products.

+  Promote farmer-centred adoption strategies through targeted incentives, extension,
demonstration programmes, cluster-based implementation. and specialised human
resource develocpment.

+  Foster investment, entreprensurship, intermational collaboration, amd export
competitiveness to postion India as a global leader in semiochemical technologies.
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recommendationg and phazed aclion plan present a coordinated national framework to
advance scientific innovation, regulatory clarity, quality assurance, institutional capacity, and
effective field deployment of semiochemical-based interventions. Implementation should
be aupporied through phased resource mobilisation involving public research funding,
competitive grants, industry co-investment, and public-private partnership mechanisms,
with defailed financial requirementz determined through programme-specific costing.

The propossd policy actionz are organized within & phassd implementation roadmap
comprising shori- (1-2 years), medium- (= 2-5 vearz), and long-term (= 5-10 years)
priorities. Short term actions focus on regulatory clarity, guality standards, and enabling
mechanisma; medium term aclions emphasise research infrastructure, coordinated
validation, capacity building, and scalakle deployment models; and long ferm actiong aim
to institutionalise innovation ecozystems, sustained market development, and integration
of semiochemical-bazed pest management within national agriculiura! programmes.
Implementing agencies and expected cutcomes are indicated under each recommendation
arza to support coordinated and accountable implementation.

The recommendations are designed o be complementary and mutually reinforcing,
recognizing that regulatory reforms, guality assurance, research, manufaciuring, extension,
and farmer adoption must progress in parallel to achieve large-zcale deployment of
zemicchemical-bazed pest management.

6.1. Regulatory and Policy Reforms (Short Term: 1-2 years)
+ Establish a fast-track approval pathway for low-risk semiochemicalz, recognizing
international safety and efficacy data where applicakle

+ [Develop a regulatory sandbox within CIB&RC for proven semiochemical technologies
to enable conditional approvalz and monitored field deployment

+  Clarify regulatory exemptions or simplfied pathways for monitoring and mating
disruption applications, where toxicological rigk is minimal

4+ Streamline dossier formats and data requirements for semicchemical products,
including blends and formulations

+ Hammonize national regulatory guidelines with relevant intermational frameworks,
including OECD (Organization for Economic Co-operation and Development)
guidance, and facilitate domestic registration and sxport

Implementing Agencies: Ministry of Agriculture & Farmers Welfare (MoASFW), Central
Ins=cticides Board and Registration Committee (CIBARC) and Industry

6.2. Quality Assurance and Standards (Short Term: 1-2 years)

+ [Develop nafional quality standards for semicchemicals, specifying minimum
reguiremenis for aclive ingredient purity, isomeric composition, release rates, dispenser
performance, packaging, storage, and shelf life to ensure product consistency,
reliability, and field performance
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+ Establish a network of designated referral laboratoriez across regions for
independent verification of semiochemical quality, releaze characteristics, and
dispenser funclionality

+ |mplement regulatory surveillance and enforcement mechanisms to prevent
the manufaciure, import, distribution, and =ale of low-quality, adulterated, or
incomplete semiochemical products that undermine fizsld performance and farmer
confidence

+ Create a national traceability and quality control portal, modellzd on the NAS sesd
portal!, to enable batch-wise traceability, transparsncy, and regulatory owversight
throughout the semiochemical supply chain (see Figure 1}

Implementing Agencies: ICAR/CSIR Institutez, CIB&RC and Indusiry partners

[ National Digital Platform for Semiochemical Quality Assurance & Traceability ]
r/— Luparsts e Poatal —\1 fmuwm:\ "'f GH“-H‘M-\'I

Eegulatory Authoritie
Mumslemrsmm & Famsslusr
s D A D
G—hih-luT-nl— | birndo dipeaen’ ." mfm:rr
"F.E-.l.l:r:l:-:l _ mwm. e il el L vwrwiinn rarma
AV IEe HEER: ! cemmacn & + NIFHA
¥ " e — = EVEs/ ATAR
Avmrmsce Lok srtorien
—
Ttz i
& 4 8 4 g e
F, B
Outputs & Impact
Farmers: Verified products, confidence in performance, reduced risk of substandard inputs
Industry: Regulstory clarity, market credibility, export readiness
khlm'& Regulation; Feal-time dashboards, evidence-based decision-making, enforcement suppont 7
"
Expected Outcome
Standardized Creality across Markets | Improved Adoption & Field Parformance | Profection of Farmer &
Industry Interests | Strengthened MNational & Export Competitivensss
. A

Figure 1. Conceptual framework for a national semicchemical gualty assurance & fraceasbility in
India agriculiure, modelled on the MAS Seed Pontal

The proposed semicchemical guat™y assurance and traceabity porta’ may be modelled on the WAL Seed
Portal, which demonstrates how a national digital platform can strengthen product traceability, regulatony
owersight, qua'ity compliance, and farmer confidence for agnicultural inputs.
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6.3. Research and Innovation Infrastructure (Medium Term: = 2.5 years)

4+ Establish a ‘Mational Centre of Excellence for Semiochemical Science and
Innovation', with dedicated facilities and expertize focuzed on =zemiochemical
isolation and identification, GC-EAD and behavioural agsays, and formulation and
delivery sysiem development

+ Create a national ressarch conscrtium linking ICAR institutes, SAllz, IS5e, ISERs,
C5IR laboratories, and industry partners to promote coordinated, interdizciplinary
research and translational outcomes

+ Establich dedicated funding streams for semicchemical research through ICAR,
ANREF, and other national compstitive funding mechanizams to support discovery,
validation, and scale-up of promizing technologies

+ Support innovation in advanced and climate-resilient delivery systems, including
controlled-release matrices, nanc-formulationz, and amart trap technologies, and

validate their performance acrozz representative agro-climatic conditions to enhance
efficacy, stability, and field reliability

Implementing Agencies: ICAR, AMNREF, Salls, llsc, IISER=s, CSIR laboratories, and
Industry pariners

6.4. Deployment Models and Extension Capacity (Medium Term: > 2.5 years)

+ [Develop nationally harmmonised deployment protocolz and peat-zpecific technical
sheets to standardize frap dsnsity, placement, lure replacemsnt schedules, and
threshold-baszed decizion criteria across crops and regions

+  |ntroduce mandatory fraining and cedification for KVK and extension personnel
prior to recommending semiochemical interventions, ensuring correct installation,
maintenance, and interpretation of field data

+  Esfablish demonstration clusters in high-value crops and representative agro-climatic

regions to demonstrate and refing deployment models, build farmer confidence, and
facilitate scaling through pesr learning

+  Promoie subscription-based or service-oriented deployment modelz incorporating trap
installation, maintenance, timesly lure replacement, pest monitoring, and data-driven
advisory =enfices

Implementing Agencies: ICAR, SAls, NIPHM, ATARIle, KVEs, State Depariments of
Agriculiure, FPOs, and Industry parners

6.5. Incentives, Market Development, and Enabling Policies (Long Term:
> 5-10 years)

+ Reduce G3T on semiochemical-based products from 18% to 5% to improve
affordability and encourage wider adoption, particularly among small and marginal
farmers
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+ Include zemicchemical-bassd pest management under escological farming,
suztainable agriculture, and inisgrated pest management incentive achemes
to promote wider adopiion of environmentally compafible pest management
practices

+ Enable financial incentives or subsidies for farmer clusters adopting
semiochemical-basaed IPM approaches, particularly high-value and export-oriented
Cropping sysisms.

+ Provide targeted support for indusfry through export facilitation, regulatory
harmonization, and dossier alignment enabling smoother access to intemational
markets, and reducing compliance-related barriers

Implementing Agencies: Moa&FW, Ministry of Finance {(MoF), Agriculiural and
Processed Food Products Export Development Authority (APEDA)Y, CIBE&RC, State
Departments of Agriculture, FPOs and Industry Associations

Sucesaszful implemeantation of the proposed policy actionz will require a coordinated
Monitoring, Evaluaftion and Learning (MEL) framework integrated across the
immediate, medium-, and long-term implemeniation phases. Baseling values should
be established at programme initiation, followed by periodic assessment using a
nationally harmonized set of indicators to track implementation progress, identify
gaps, and evaluaie ouicomes against defined policy chjectives. Regular review of
monitoring resultzs should inform adaptive policy refinement, resource allocation,
and prioritisation of interventions in responss to emerging scientific, regulatory, and
fizld-level developmentz. By embedding evidence-based monitoring and adaptive
learning within the implementation process, the proposed policy framework can ensure
greater accountability, improve programme effectiveness, and support the continucus
refinement of India's national zemiochemical afrategy.

Collectively, the proposed policy framework provides a phased and coordinated
pathway to strengthen India's semiochemical ecosystem through regulatory reform,
quality assurance, scienlific innovation, insfitufional capacity, and farmer-centred
deployment. Supported by sustzined investment, strategic parinerships, effective
implementation, and continuous monitoring and adaptive learning, these measures can
enable zemicchemical-based pest management to contribute significantlhy to sustainable
agricultural intensification, residus-zafe production, and export competitiveness, while
positioning India as a global leader in the development, manufacture, and deployment
of semicchemical technologiss.
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