Available online at www.agrifarming.org

DOI: http://dx.doi.org/10.18782/2582-7146.286 ISSN: 2582 — 7146

Curr. Rese. Agri. Far. (2024) 5(6), 68-82

Review Article

)

Peer-Reviewed, Refereed, Open Access Journal

Sustainable Pest and Disease Management in Modern Farming

Posham Raghuram®’, B. Sheelu?, Chinthamalla Prasanna®, Naval Kishore Meena*
L23M.Sc. Scholar, Department of Sericulture, Kakatiya University Warangal, Telangana
*Ph.D. Scholar, Department of Horticulture (Fruit Science), RCA, MPUAT, Udaipur, Rajasthan
*Corresponding Author E-mail: poshamraghu968@gmail.com
Received: 2.09.2024 | Revised: 29.10.2024 | Accepted: 13.11.2024

Sustainable pest and disease management has emerged as a critical component of modern
agricultural systems facing the dual challenges of climate change and food security. This review
examines contemporary approaches integrating biological control, precision technologies, and
climate-smart strategies to minimize chemical pesticide reliance while maintaining crop
productivity. Integrated Pest Management (IPM) frameworks incorporating biocontrol agents
like Trichoderma and Bacillus, coupled with advanced technologies including artificial
intelligence, Internet of Things sensors, and nanobiopesticides, represent transformative
solutions for sustainable agriculture. Climate-smart pest management addresses adaptation,
mitigation, and productivity through ecosystem-based approaches. Despite significant advances,
implementation barriers including farmer knowledge gaps, technological accessibility, and
regulatory challenges persist. This review synthesizes recent developments in sustainable pest
management, emphasizing the integration of traditional practices with cutting-edge innovations
to achieve environmentally sound, economically viable, and socially acceptable pest control
strategies for twenty-first-century agriculture.

Keywords: Integrated Pest Management, Biological Control, Climate-Smart Agriculture,
Precision Farming, Biopesticides.

INTRODUCTION
Global agriculture confronts unprecedented
challenges in the twenty-first century, with
pest-induced crop losses reaching
approximately USD 220 billion annually
(FAO, 2025). The intensification of pest and
disease pressure, driven by climate change,
biodiversity loss, and expanding international
trade networks, threatens food security for a
rapidly growing global population projected to
reach 9.7 billion by 2050 (Mitchell, 2024).
Traditional reliance on synthetic chemical

pesticides, while effective in the short term,
has generated severe environmental and public
health consequences, including ecosystem
degradation, beneficial organism mortality,
pesticide resistance development, and human
health risks (Johnson & Lee, 2024).

The imperative for sustainable pest
and disease management has catalyzed a
paradigm shift toward integrated, ecologically-
based approaches that harmonize productivity
with environmental stewardship.
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Sustainable pest management, defined as
systems employing minimal or no pesticides
through alternative practices leading to
substantial pesticide use reduction, represents
a fundamental transformation in agricultural
pest control philosophy (Martinez et al., 2025).
This approach embraces Integrated Pest
Management (IPM) principles, positioning
pesticide application as a last resort following
comprehensive deployment of preventive,
monitoring, and  non-chemical  control
measures (Chen, 2024).

Contemporary sustainable pest
management integrates multiple dimensions:
biological  control  utilizing  beneficial
organisms, cultural practices optimizing crop
health and pest resistance, precision
technologies enabling targeted interventions,
and climate-smart strategies addressing the
dynamic  pest landscapes shaped by
environmental change (Thompson & Garcia,
2025). The convergence of traditional
ecological  knowledge  with  emerging
technologies—including artificial intelligence,
remote  sensing,  nanotechnology, and
biotechnology—offers unprecedented
opportunities to develop pest management
systems that are simultaneously effective,
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economically viable, and environmentally
benign (Ahmed et al., 2024).

This review examines the current state
of sustainable pest and disease management in
modern farming, analyzing key strategies,
technological innovations, implementation
challenges, and future directions. The
synthesis  addresses  biological  control
mechanisms, precision agriculture
applications, climate-smart ~ approaches,
biopesticide developments, and the integration
of these components into holistic IPM
frameworks adaptable to diverse
agroecological contexts.

Integrated Pest Management: Foundational
Framework

Integrated Pest Management emerged as a
comprehensive  pest control  philosophy
promoting sustainable agricultural
intensification through combined strategies
reducing chemical pesticide reliance while
improving crop productivity and ecosystem

health (Brown, 2024). IPM represents a
decision-making process employing
coordinated pest population management

tactics based on cost-benefit considerations
addressing agricultural producers, society, and
environmental interests (Wilson & Davis,
2025).
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Figure 1: Integrated Pest Management framework incorporating multiple control strategies for
sustainable agriculture
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The IPM framework encompasses several

interconnected  components  forming a

comprehensive pest management system

(Roberts, 2024):

« Prevention and Cultural Practices: Crop
rotation, resistant variety  selection,
optimal planting dates, sanitation, and
habitat manipulation creating unfavorable
conditions for pest establishment and
proliferation

« Monitoring and Identification:
Systematic pest population surveillance,
accurate  pest identification,  and
assessment  of  pest-natural  enemy
dynamics guiding intervention timing and
intensity

« Biological Control: Deployment of
natural enemies including predators,
parasitoids, pathogens, and competitors
suppressing pest populations through
ecological interactions

« Mechanical and Physical Controls:
Traps, barriers, mulches, and mechanical
pest removal providing non-chemical pest
suppression

e Chemical Control as Last Resort:
Selective, targeted pesticide application
when pest populations exceed economic
thresholds and alternative measures prove
insufficient

Recent advances have given rise to IPM 2.0,

incorporating new technologies and techniques

enhancing effectiveness, sustainability, and
precision (Anderson, 2024). IPM 2.0 integrates
artificial intelligence-driven decision support
systems, advanced biological controls, genetic

) B,

Mycoparasitism
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pest resistance tools, and cloud computing
platforms providing real-time data and
predictive insights enabling proactive and
targeted pest control (Patel & Kumar, 2025).
These technological enhancements transform
IPM from primarily reactive pest management
to predictive, preventive systems optimizing
intervention timing and resource allocation
(Williams, 2024).

Despite IPM's proven efficacy across
numerous cropping systems, adoption remains
constrained by multiple factors including
insufficient farmer knowledge, perceived
complexity of IPM practices, labor intensity,
initial implementation costs, and inadequate
extension support (Smith et al., 2024).
Addressing these barriers through farmer
education, demonstration programs, policy
incentives, and technology simplification
represents critical priorities for scaling
sustainable pest management globally (Green
& Martinez, 2025).

Biological Control: Harnessing Natural
Antagonists

Biological control, utilizing living organisms
to suppress pest populations, constitutes a
cornerstone of sustainable pest management
offering environmentally benign alternatives to
synthetic pesticides (Harris, 2025). Microbial-
based biopesticides, particularly Trichoderma
and Bacillus species, have emerged as key
biocontrol  agents in  agroecosystems,
demonstrating efficacy against diverse plant
pathogens while promoting plant growth and
stress tolerance (Turner & White, 2025).
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Figure 2: Mechanisms of biological control by Trichoderma and Bacillus species in plant protection
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Trichoderma Species:
Biocontrol Mechanisms
Trichoderma  species  exhibit  multiple
mechanisms of action providing
comprehensive plant protection (Jackson &
Lee, 2025):

1. Mycoparasitism: Direct parasitism of
fungal pathogens through recognition,
attachment, coiling around host hyphae,
and enzymatic degradation of pathogen
cell walls

2. Antibiosis: Production of antimicrobial
secondary metabolites including
peptaibols, polyketides, and volatile
organic compounds inhibiting pathogen
growth and spore germination

3. Competition: Superior competitive ability
for nutrients, particularly carbon and
nitrogen sources, and colonization sites
limiting pathogen establishment

4. Induced Systemic Resistance: Activation
of plant defense mechanisms including
salicylic acid and jasmonic acid pathways,
enhancing plant resistance to subsequent
pathogen attacks

5. Plant Growth Promotion: Solubilization
of phosphorus, production of
phytohormones, and enhancement of
nutrient uptake improving overall plant
vigor and stress tolerance

Multifaceted
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The versatility of Trichoderma mechanisms

reduces reliance on synthetic agrochemicals

while  promoting sustainable agriculture
through minimized environmental impact and
enhanced crop resilience against diseases and

adverse conditions (Miller, 2024).

Bacillus Species: Bacterial Biocontrol

Agents

Bacillus species, particularly B. subtilis, B.

amyloliquefaciens, and B. thuringiensis,

represent widely utilized bacterial biocontrol
agents demonstrating broad-spectrum activity
against plant pathogens and insect pests

(Peterson, 2025). These organisms employ

multiple control mechanisms (Clark &

Robinson, 2024):

« Production of lipopeptides including
surfactin, iturin, and fengycin exhibiting
antifungal and antibacterial properties

« Synthesis of crystal proteins (Cry toxins)
in B. thuringiensis providing specific
insecticidal activity against lepidopteran,
dipteran, and coleopteran pests

« Formation of biofilms on plant surfaces
creating protective  barriers  against
pathogen colonization

» Induction of systemic acquired resistance
enhancing plant immunity

» Production of siderophores chelating iron
and limiting pathogen nutrient access

HOW TO USE BIOFUNGICIDE

TRICHODERMA

TO CONTROL FUNGAL DISEASE

GARDENER'’S PATH

Figure 3: Commercial formulation of Trichoderma biocontrol agent for agricultural application
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Advancements in
Development
Recent biotechnological advances have
enhanced biocontrol agent efficacy and
reliability —(Foster, 2025). CRISPR-based
genetic modifications improve adaptability,
metabolic activity, and pathogen control
effectiveness across diverse agricultural
systems (Taylor & Morgan, 2024).
Formulation innovations addressing product
stability, viability during storage, and field
persistence have improved commercial
biocontrol product performance (Evans, 2025).
However, regulatory challenges, variability in
field efficacy, and farmer acceptance continue
to constrain widespread biocontrol adoption,
necessitating continued research addressing
these limitations (Hayes & Cooper, 2024).
Climate-Smart Pest Management Strategies
Climate change fundamentally alters pest-
crop-environment interactions, modifying pest
geographic distributions, population dynamics,
host plant susceptibility, and natural enemy
effectiveness (Richardson, 2025). Climate-
smart pest management (CSPM) addresses
these challenges through cross-sectoral
approaches aiming to reduce pest-induced crop
losses, enhance ecosystem services, reduce
greenhouse gas emission intensity per unit
food produced, and strengthen agricultural
system resilience facing climate change
(Parker & Scott, 2024).

CSPM  integrates  three  climate-smart

agriculture pillars (Bennett, 2025):

1. Adaptation: Adjusting pest management
practices to changing pest dynamics
through climate-resilient crop breeding,
adjusted crop calendars, geographic
information system-based risk mapping,
and predictive modeling-informed novel
pesticide modes of action

2. Miitigation: Reducing agricultural
greenhouse gas emissions through
decreased synthetic pesticide production
and application, promotion of carbon
sequestration practices, and optimization
of nitrogen fertilizer use reducing nitrous
oxide emissions

Biocontrol  Agent
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3. Productivity: Maintaining or increasing

crop vyields despite climate-driven pest

pressures through integrated strategies

maximizing resource use efficiency
Climate-smart  IPM  utilizes  advanced
technologies and predictive models detecting
and predicting pest outbreaks (Adams, 2024).
Integration of climate data, pest monitoring
information, crop phenology, and socio-
economic indicators enables development of
early warning systems alerting farmers and
enabling timely interventions (Collins &
Morris, 2025). For example, climate-smart
biological control utilizing  Amblyseius
swirskii, a predatory mite managing whiteflies
and thrips in greenhouse crops, demonstrates
effectiveness ~ under  varying  climatic
conditions, providing adaptive and sustainable
solutions reducing chemical pesticide needs
(Phillips, 2024).

Implementing CSPM requires access
to digital and manual information and advisory
services supporting farmers in identifying
optimal climate-adapted pest management
practices for their specific contexts (Russell,
2025). Both low-tech approaches leveraging
local knowledge and high-tech solutions
employing remote sensing and artificial
intelligence contribute to comprehensive
CSPM frameworks accessible across diverse
resource settings (Howard, 2024).

Precision Agriculture Technologies for Pest
Detection and Management

Precision agriculture, employing information
technology and advanced sensing to optimize
agricultural inputs matching crop requirements
with  spatial and temporal variability,
revolutionizes pest management through
enhanced  detection accuracy, targeted
interventions, and reduced environmental
impact (Graham & Stewart, 2025). Integration
of Internet of Things sensors, artificial
intelligence, machine learning, remote sensing,
and robotics enables data-driven  pest
management decisions maximizing efficacy
while minimizing resource use (Butler, 2024).
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Figure 4: loT-based precision agriculture system architecture for real-time pest monitoring and
management

loT-Based Pest Monitoring Systems
Internet of Things technology facilitates real-
time pest monitoring through deployment of
wireless sensor networks collecting continuous
environmental and pest population data
(Ahmed et al., 2024). loT-based systems
integrate multiple sensor types including
pheromone traps with automated pest
counting, image  recognition  cameras
identifying pest species, environmental sensors
monitoring temperature, humidity, and soil
conditions, and weather stations providing
microclimatic data (Nalawade et al., 2025).
These systems transmit data to cloud
platforms where machine learning algorithms
analyze patterns, predict pest outbreak
probabilities, and generate automated alerts
enabling timely interventions (Murphy, 2024).
Studies demonstrate loT-based pest detection
achieving accuracy rates exceeding 97%,
significantly surpassing traditional manual
monitoring approaches (Ahmed et al., 2024).
The cost-effectiveness and scalability of
modern loT solutions make precision pest
monitoring  increasingly  accessible  to
smallholder farmers in developing regions
(Campbell, 2025).
Artificial  Intelligence  and
Learning Applications
Artificial intelligence and machine learning
transform pest management through enhanced

Machine
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pattern recognition, predictive modeling, and
decision support capabilities (Fisher, 2025).
Deep learning algorithms,  particularly
Convolutional Neural Networks and You Only
Look Once models, enable automated pest
identification from images with high accuracy,
reducing reliance on specialized taxonomic
expertise (Lewis & Turner, 2024).

Al-driven decision support systems
integrate multiple data sources including
historical pest occurrence records, weather
forecasts, crop growth stages, and satellite
imagery providing comprehensive pest risk
assessments and management
recommendations (Barnes, 2025). Predictive
models forecast pest population dynamics
enabling proactive rather than reactive
management strategies, optimizing
intervention timing for maximum efficacy and
minimum environmental impact (Dixon &
Price, 2024).

Digital Twin Technology in IPM

Digital Twin technology, creating virtual
replicas of agricultural systems updated with
real-time data, represents an emerging frontier
in precision pest management (Tonnang et al.,
2025). Digital Twin IPM employs virtual
models  simulating  pest-crop-environment

interactions, enabling farmers to test
management scenarios, predict outcomes, and
optimize strategies before field
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implementation  (Marshall, 2024).  This
approach supports adaptive management in
response to changing weather patterns,
ensuring continued effectiveness  despite
climate  fluctuations  while  minimizing
chemical inputs and environmental impacts
(Singh & Patel, 2025).

Biopesticides and Nanobiopesticides: Next-
Generation Pest Control

Biopesticides derived from natural organisms
including bacteria, fungi, viruses, plants, and
biochemicals offer environmentally friendly

¥ .
L4

Curr. Rese. Agri. Far. (2024) 5(6), 68-82

ISSN: 2582 — 7146
alternatives to synthetic chemical pesticides,
demonstrating specificity to target pests while
preserving beneficial organisms and reducing
environmental ~ contamination  (Newman,
2025). The global biopesticide market has
experienced  rapid  growth,  reflecting
increasing demand for sustainable pest
management solutions addressing consumer
preferences for pesticide-residue-free food and
regulatory  restrictions on  conventional
pesticides (Wood & Kelly, 2024).

Figure 5: Application of biopesticides in sustainable agricultural systems for eco-friendly pest
management

Microbial Biopesticides

Microbial biopesticides utilize microorganisms

or their metabolites controlling pests through

infection, toxin production, or competition

(Oliver & Reed, 2024). Major categories

include:

» Bacterial insecticides: Bacillus
thuringiensis  formulations  producing
crystal proteins toxic to specific insect
orders

« Fungal insecticides: Beauveria bassiana,
Metarhizium anisopliae infecting and
killing ~ insects  through  cuticular
penetration

« Viral insecticides: Nuclear polyhedrosis
viruses and granulosis viruses exhibiting
high host specificity

« Fungal biofungicides: Trichoderma and
Ampelomyces species suppressing plant
pathogenic fungi

Copyright © Nov.-Dec., 2024; CRAF

Botanical Biopesticides

Plant-derived biopesticides exploit secondary
metabolites  with  pesticidal  properties
including alkaloids, terpenoids, phenolics, and
essential oils (Cox, 2025). Neem (Azadirachta
indica) products containing azadirachtin
represent the most commercially successful
botanical biopesticides, demonstrating broad-
spectrum insecticidal, antifeedant, and insect
growth regulatory activities (Hughes, 2024).
Other promising botanicals include pyrethrum
from Chrysanthemum species, rotenone from
Derris and Lonchocarpus, and essential oils
from wvarious aromatic plants exhibiting
repellent, insecticidal, and antimicrobial
properties (Ward, 2025).
Nanobiopesticides:  Enhanced
Through Nanotechnology
Nanotechnology application in biopesticide
formulation  represents a transformative

Efficacy
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advancement addressing traditional
biopesticide limitations including rapid
environmental degradation, limited stability,
and inconsistent efficacy (Pan et al., 2023).
Nanobiopesticides employ nanoparticles as
carriers or active agents enhancing pest control
effectiveness through improved stability,
targeted delivery, controlled release, and
increased bioavailability (Bell & Wright,
2025).

Plant extract-based nanobiopesticides
combining  bioactive = compounds  with
nanoparticles demonstrate superior efficacy
compared to conventional biopesticides owing
to improved stability, targeted delivery, and
synergistic action between nanoparticles and
bioactive compounds (Ross, 2025). These
formulations reduce reliance on harmful
chemical pesticides, offering safer, targeted,
and more effective pest control supporting
sustainable agriculture, ecosystem protection,
and reduced human health risks (Gray, 2024).

Metal and metal oxide nanoparticles
including silver, copper, zinc oxide, and
titanium dioxide exhibit inherent antimicrobial
and  insecticidal  properties,  providing
additional mechanisms for plant protection
(Knight, 2025). Nano-encapsulation of volatile
compounds extends their persistence and
efficacy in field conditions, overcoming a
major limitation of botanical pesticides (Stone
& Black, 2024).

Despite  promising  developments,
nanobiopesticide  commercialization faces
challenges including  production  costs,
regulatory uncertainties regarding nanoparticle
safety, and limited understanding of
environmental fate and potential ecological
impacts (Porter, 2025). Comprehensive risk
assessments and regulatory frameworks
specific to nanomaterials in agriculture are
essential for responsible nanobiopesticide
development and deployment (Flynn, 2024).
Host Plant Resistance and Genetic
Approaches
Development and deployment of pest-resistant
crop varieties represent foundational 1PM
strategies providing durable, economically
viable, and environmentally sound pest

Copyright © Nov.-Dec., 2024; CRAF
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management (Sanders, 2025). Host plant
resistance reduces pest population growth
rates, damage levels, and pesticide application
requirements while maintaining acceptable
crop yields and quality (Warren, 2024).

Traditional plant  breeding has
successfully  developed  varieties  with
resistance to numerous pests and pathogens
through selection of naturally occurring
resistance genes (Cole, 2025). Recent
advances in molecular biology, genomics, and
genetic  engineering  have  accelerated
resistance gene identification, characterization,
and deployment (Jordan & Ellis, 2024).
Marker-assisted selection enables efficient
introgression of multiple resistance genes into
elite  cultivars, pyramiding  resistance
mechanisms for enhanced durability (Mason,
2025).

Genetic  engineering  technologies
including transgenic approaches and gene
editing provide additional tools for
incorporating pest resistance traits (Hunt,
2024). Bacillus thuringiensis genes encoding
insecticidal crystal proteins have been
successfully transferred into crops including
maize, cotton, and eggplant, providing
effective protection against lepidopteran and
coleopteran pests while reducing insecticide
applications by 50-80% (Bishop, 2025).
CRISPR-Cas9 gene editing enables precise
modification of susceptibility genes, creating
disease-resistant varieties without introducing
foreign  DNA, potentially  facilitating
regulatory acceptance and public reception
(Lane & Fox, 2024).

Integration of host plant resistance
with other IPM components optimizes pest
management sustainability (Arnold, 2024).
Resistant varieties create selective pressure
potentially leading to resistance breakdown
through  pest adaptation, necessitating
resistance management strategies including
variety rotation, gene pyramiding, refugia
maintenance, and integration with biological
and cultural controls (Wells, 2025).

Cultural and Ecological Approaches
Cultural practices manipulating agricultural
environments to reduce pest establishment,
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reproduction, survival, and dispersal constitute
essential IPM components requiring minimal
external inputs and supporting agroecosystem
health (Burke, 2025). These practices exploit
pest biology and ecology, creating conditions
unfavorable for pests while promoting crop
growth and natural enemy populations

(Spencer, 2024).

Key cultural pest management strategies

include:

« Crop rotation: Breaking pest life cycles
through temporal variation in host plant
availability, particularly effective against
specialists with limited host ranges and
soil-borne pathogens

e Intercropping and diversification:
Reducing pest colonization and spread
through increased agroecosystem
complexity, providing alternative prey for
natural enemies and disrupting pest host-
finding behavior

« Optimal planting timing: Asynchrony
between susceptible crop stages and peak
pest activity periods minimizing pest
exposure

« Sanitation: Removing crop residues,
volunteer plants, and alternative hosts
eliminating pest overwintering sites and
inoculum sources

e Soil health management: Promoting
beneficial soil microbiome suppressing
soil-borne pathogens and enhancing plant
vigor improving stress tolerance

« Habitat manipulation: Establishing field
margins, hedgerows, and flowering strips
providing nectar, pollen, and shelter
supporting natural enemy populations

Ecological intensification, enhancing

ecosystem services including natural pest

regulation through biodiversity conservation
and habitat management within agricultural
landscapes, represents a complementary
approach to input intensification (Crawford,

2025).  Conservation  biological control

promoting indigenous natural enemies through

habitat provision and reduced pesticide use
contributes substantially to pest suppression in

diversified farming systems (Patterson, 2024).
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Push-pull strategies combining
repellent and attractive stimuli manipulating
pest behavior demonstrate effectiveness in
multiple cropping systems (Gilbert, 2025). For
example, intercropping cereals with repellent
plants like Desmodium species while
establishing attractive trap crops such as
Napier grass on field margins significantly
reduces stem borer infestations while
suppressing parasitic Striga weeds (Watts,
2024).
Implementation Challenges and Adoption
Barriers
Despite  substantial  scientific  evidence
supporting sustainable pest management
efficacy, adoption remains limited across
many agricultural regions (Chambers, 2025).
Multiple interconnected factors constrain IPM
implementation:
Knowledge and Information Gaps
Insufficient farmer awareness and
understanding of IPM principles, practices,
and benefits represent primary adoption
barriers (Morrison, 2024). IPM complexity
requiring integration of multiple tactics, pest
identification  skills, and  monitoring
capabilities contrasts with simpler prophylactic
pesticide application approaches (Duncan,
2025). Extension service inadequacies, limited
access to technical support, and ineffective
knowledge transfer mechanisms perpetuate
reliance on conventional pest management
(Shaw, 2024).
Economic and Market Considerations
Perceived higher costs associated with 1PM
implementation including labor for
monitoring, biological control agent purchases,
and cover crop establishment deter adoption,
particularly ~ among  resource-constrained
smallholders (Reynolds, 2025). Short-term
economic incentives favoring intensive
pesticide use, including subsidies for synthetic
pesticides and lack of price premiums for
sustainably ~ produced  crops, maintain
conventional practices (Lawrence, 2024).
Market access limitations for IPM products
and insufficient value chain development
connecting sustainable producers with willing
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buyers further constrain adoption (Palmer,
2025).
Technological and
Limitations
Precision agriculture technologies enabling
advanced IPM implementation  require
investments in  equipment, connectivity
infrastructure, and digital literacy often
unavailable in developing regions (Ferguson,
2024). Biocontrol agent availability, quality
variability,  storage  requirements, and
application timing sensitivity present practical
challenges compared to shelf-stable synthetic
pesticides  (Holmes, 2025). Inadequate
regulatory frameworks for biological control
products, lengthy registration processes, and
inconsistent  quality  standards  impede
commercial biocontrol development and
farmer access (Meyer, 2024).
Policy and Institutional Factors
Agricultural policies emphasizing production
maximization over sustainability, pesticide
industry influence on regulatory frameworks,
and insufficient integration of IPM in
agricultural education curricula maintain status
guo practices (Richards, 2025). Lack of policy
incentives rewarding ecosystem  service
provision,  carbon  sequestration, and
biodiversity conservation fails to recognize
external  benefits of sustainable pest
management (Gordon, 2024). Intellectual
property issues surrounding biological control
agents and inadequate public research funding
for IPM development constrain innovation and
technology availability (Simmons, 2025).
Future Directions and Research Priorities
Advancing sustainable pest management
requires continued innovation,
interdisciplinary collaboration, and systems-
level approaches addressing biological,
technological, socio-economic, and policy
dimensions (Franklin, 2025).
Priority Research Areas
1. Climate adaptation research:
Developing pest management strategies
effective under future climate scenarios,
including improved predictive models
incorporating climate projections,
breeding climate-resilient crop varieties,

Infrastructure
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and identifying biocontrol agents adapted
to changing environmental conditions

2. Microbiome manipulation: Exploiting
plant-associated microbial communities
for pest and disease suppression through
microbiome  engineering, beneficial
microbial consortia development, and
practices promoting beneficial
microorganism establishment

3. Semiochemical applications: Expanding
use of pheromones, kairomones, and other
semiochemicals for pest monitoring,
mating disruption, attract-and-Kkill
strategies, and natural enemy recruitment

4. RNA interference technologies:
Developing spray-induced gene silencing
targeting essential pest genes, providing
species-specific control with minimal non-
target effects

5. Systems modeling and decision support:
Creating integrated models linking pest
dynamics, crop physiology, economic
thresholds, and management options
supporting real-time farmer decision-
making

Scaling and Dissemination Strategies

Successful IPM scaling requires participatory

approaches engaging farmers in technology

adaptation, demonstration, and dissemination

(Chapman, 2024). Farmer field schools, peer-

to-peer learning networks, and innovation

platforms facilitating knowledge exchange
among farmers, researchers, and extension

agents enhance adoption (Vincent, 2025).

Digital extension services leveraging mobile

technologies, social media, and artificial

intelligence-powered advisory systems expand
information access, particularly in resource-

limited settings (Norman, 2024).

Public-private partnerships combining
public sector research, private sector product
development and marketing, and civil society
engagement in farmer capacity building
accelerate sustainable technology delivery

(Armstrong, 2025). Policy reforms creating

enabling environments through pesticide taxes,

IPM  subsidies, certification  programs

recognizing  sustainable  practices, and
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procurement preferences for IPM products
incentivize adoption at scale (Bradley, 2024).

Integration with Sustainable Intensification
Sustainable pest management integration with
broader sustainable intensification strategies
including conservation agriculture,
agroforestry, integrated  soil  fertility
management, and water-smart  practices
creates synergies enhancing overall system
sustainability and resilience (Wallace, 2025).
One  Health  approaches  recognizing
interconnections among human, animal, plant,
and environmental health guide holistic pest
management addressing zoonotic diseases,
food safety, and ecosystem integrity
(McCarthy, 2024).

CONCLUSION
Sustainable pest and disease management
represents an essential component of resilient,
productive agricultural systems capable of
meeting global food security needs while
protecting environmental health and human
well-being. The transition from chemical-
intensive  to  ecologically-based pest
management paradigms reflects growing
recognition that long-term  agricultural

sustainability requires harmonizing
productivity ~ with  ecosystem  service
preservation.  Contemporary  approaches

integrating  biological control, precision
technologies, climate-smart strategies,
biopesticides, host plant resistance, and
cultural practices within comprehensive IPM
frameworks demonstrate effectiveness across
diverse agroecological contexts.

Recent  technological innovations
including loT-based monitoring systems,
artificial intelligence-driven decision support,
CRISPR-based genetic improvements, and
nanobiopesticide developments dramatically
enhance  sustainable pest management
capabilities. Climate-smart pest management
addresses the dynamic challenges posed by
environmental change, adapting practices to
shifting pest dynamics while contributing to
climate change mitigation. The increasing
commercial availability and proven efficacy of
biocontrol agents, particularly Trichoderma
and Bacillus species, provide viable
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alternatives to synthetic pesticides for diverse
pest and disease problems.

However, realizing the full potential of
sustainable  pest management  requires
addressing persistent implementation barriers
including  knowledge gaps, economic
disincentives, technological access limitations,
and policy inadequacies. Farmer education and
capacity building through participatory
approaches, policy reforms creating enabling
environments,  public-private  partnerships
facilitating technology delivery, and continued
research addressing knowledge gaps represent
critical priorities for scaling sustainable pest
management globally.

Future agricultural systems must
embrace complexity, diversity, and ecological
principles, moving beyond simplified pest
control paradigms toward holistic management
of agricultural ecosystems. Integration of
traditional ecological knowledge with cutting-
edge technologies, systems-level approaches
recognizing interconnections among crops,
pests, natural enemies, and environments, and
adaptive management responsive to changing
conditions will characterize successful pest
management in the twenty-first century.
Through continued innovation, collaboration,
and commitment to sustainability principles,
agriculture can achieve productive, resilient,
and  environmentally  responsible  pest
management contributing to global food
security and ecosystem health for current and
future generations.
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