



Review Article

Integrated Pest Management: A Holistic Approach to Sustainable Agriculture and Ecosystem Health
ABSTRACT
Integrated pest management (IPM) is a sustainable approach of pest control that integrates several effective control strategies, such as cultural, mechanical, physical, biological, regulatory and chemical strategies for pest management. The ecological and socioeconomic effects of the injudicious use of agrochemicals underscore the importance of threshold-based interventions and prevention over the regular use of agrochemicals. This review summarises the historical development and fundamental concepts of IPM, which integrates ecological theory, pest population dynamics, and socioeconomic decision-making criteria. Integrated pest management tactics integrate the use of biological control agents, host plant resistance, precision-based chemical and some recent technologies such as artificial intelligence-driven decision tools, disease forecasting models, digital surveillance and climate-smart pest management. IPM promotes sustainable approaches by lowering the dependence on pesticides, helps in preserving biodiversity and boosts the resilience of the agroecosystem. For the effective adoption of IPM, technological integration and interdisciplinary collaboration and farmer-centred approaches need to be incorporated.
Keywords: Biological, Eco-friendly, IPM, Pesticides, Sustainable
1. Introduction

Pests such as insects, fungi, bacteria, nematodes, and vertebrates are the major constraints that limit food production and ecological stability in agriculture. About 20-40 per cent yield loss occurs in rice, maize, wheat and cotton due to pests (Oerke, 2006). Integrated Pest Management (IPM) is an essential approach for managing pest populations in crop ecosystems (Landge et al., 2024). For the management of these pests, farmers rely on the use of synthetic pesticides to provide effective and quick suppression, but their indiscriminate and prophylactic use has resulted in pest resistance evolution, resurgence of secondary pests, toxic effect on beneficial microbes, soil and water resource contamination and risk to human and animal health (Goulson et al., 2015). Climate change hampers the management strategies of plants by shifting the temperature of soil and moisture and helps in promoting pathogen infection (Akanksha et al., 2025).
The introduction of integrated pest management strategies has marked a paradigm shift in pest control tactics. Chemical pesticides alone cannot provide long-term protection, so the term integrated management has been coined (Stern, 1959) that integrates biological and chemical approaches with natural enemy conservation. The focus of IPM is to reduce the pest population below the economic injury level, unlike the traditional methods, with the aim of complete eradication (Pedigo & Rice, 2014). IPM aims to strike a compromise between production goals and environmental stewardship, ecosystem preservation, while ensuring farm profitability. IPM is a decision support system where cultural, mechanical, genetic, biological and regulatory methods are incorporated. Initiation of pest infection decreased by cultural techniques such as sanitation, crop rotation, intercropping and modification of planting distance and time, whereas mechanical methods help in pest suppression. Genetic defence includes host plant resistance and chemical control is used as the last option of management. Conference on Human Environment and international agreements, focused global attention on sustainable pest management and pesticides externalities and encouraged smallholder farmers to employ locally tailored IPM strategies (Pontius et al., 2002). 
New advances such as remote sensing, artificial intelligence (AI), decision support systems, pest surveillance, and predictive modelling make IPM a more precise approach (Prasad et al., 2020). Furthermore, climate change modifies the host plant interaction and introduces new varieties while expanding the geographic ranges of the existing species, which complicates the decision-making of IPM (Deutsch et al., 2018). IPM combines observation, prevention and intervention, which provides a scientifically sound environment for the reduction of agricultural losses, while preserving the ecosystem functioning and biodiversity. Effectiveness of IPM (Integrated pest management) is cross-disciplinary, dependent on the collaboration of plant pathology, entomology, agronomy, ecology, weed science and socioeconomics.
This review provides a scientific overview of integrated pest management with the incorporation of its historical evolution, primary components and decision-making frameworks. It assesses empirical evidence on the effectiveness of IPM, its limitations and future directions for innovation. This review provides practical recommendations for research and policymakers to integrate into global sustainable agriculture.
2. Historical and Conceptual Evolution

Historical overview of IPM demonstrates a progressive movement in scientific understanding, which starts from a goal of total eradication to management of pest population within economically and environmentally viable limitations. Excessive use of organophosphate pesticides like parathion, DDT (organochlorine insecticide) after World War II revolutionised pest management strategy while having serious ecological and resistance-related repercussions (Metcalf, 1980). Agrochemicals quickly gave way to rising concerns among scientists about the natural enemy collapse, pest resurgence and emergence of new virulent strains (Georghiou, 1969). Conserving natural enemies helped in the stabilization of pest populations and reduced dependency on chemicals, which gives scientific credence to the integrated control approach (Rabb and Guthrie, 1970). The Union States NAS (National Academy of Sciences) supported IPS as a preferable technique for a long-term pest management approach.
FAO (Food and Agriculture Organization) and UNEP (Union Nations Environment Programme) recognized IPM as a major component of sustainable agricultural growth. As the green revolution helped in increasing the production of crops, it also increased pesticide use, which resulted in the development of resistance in Helicoverpa armigera Hubner in cotton and Nilaparvata lugens Stal in rice, highlighting the vulnerability of pesticide-dependent systems (Kenmore, 1881; Kogan, 1998). Scope of IPM increased from field level pest control to agroecosystem management by incorporating the ideas of biodiversity protection, soil health and ecosystem services (Lewis et al., 1997). The ecological intensification movement, which uses natural processes to boost agricultural productivity, aligned well with IPM (Gurr et al., 2003).

Despite decades of research confirming the effectiveness of IPM, pesticide usage continued to increase worldwide, reaching 4.1 million tonnes per year (FAO, 2022). Many farmers still find agrochemicals as the quickest and most reliable answer for pest control, owing to limited extension support, weak governmental incentives and strong agrochemical marketing (Parsa et al., 2014). Management 2.0 paradigm identifies adaptive management, participatory learning and policy integration as essential components for long-term pest regulation (Kogan and Jepson, 2007). Furthermore, technological breakthroughs such as precision agriculture, artificial intelligence, and remote sensing are changing the way IPM systems monitor, forecast and make decisions (Prasad et al., 2020). Nowadays IPM strategy is regarded as a system-based approach rather than a perspective strategy. Its progression corresponds to broader shifts in agricultural research towards sustainability, resilience and system thinking (Table 1).
3. Key Principles of Integrated Pest Management (IPM)

Theoretical and practical underpinnings of IPM are based on a set of principles that govern the design, implementation and assessment of pest control programmes, which are defined by national and international organizations (FAO, 2022; EPA, 2023) (Figure 1). 

3.1 Action thresholds
The concept of action threshold is the heart of IPM, which dictates the initiation of control measures and is often determined by economic injury level (EIL), which is the lowest population density of pest at which economic damage equals management costs (Pedigo & Rice, 2014). Economic threshold, giving the margin of safety for preventive measures before the permanent losses occur. Threshold-based decision-making ensures economically and ecologically sound actions by reducing the usage of pesticides and protecting natural enemies.
3.2 Monitoring and Pest Identification

Pest surveillance system relies on regular field inspection, pheromone and light traps, degree day models and remote sensing tools (Prasad et al., 2020). This not only gives quantitative estimates of pest density but also qualitative information on population dynamics and natural enemy activity.

3.3 Prevention: The first line of Defence

Prevention in IPM is the creation of cropping systems that are naturally resistant to insect infestation, where pest outbreaks can be avoided through ecological balance and cultural resilience rather than reactive chemical suppression (Barzman et al., 2015). Crop rotation interrupts pest life cycles, trap cropping and intercropping increase biodiversity (Ratnadass et al., 2012) and modification of planting time and distance avoids pest peaks (Deguine et al., 2021). Marker-assisted selection (MAS) and CRISPR/Cas-based technologies have accelerated pest resistance in many crops (Larkin, 2015). 
3.4 Integration of Multiple Compatible Control Tactics

Apart from a single tactic, it integrates cultural, mechanical, biological, genetic and chemical processes sequentially (Kogan, 1998). Cultural and mechanical strategies as habitat management, soil solarisation, and pheromone trapping, improve pest control while protecting beneficial organisms (Bale et al., 2008). Genetic resistance provides long-term protection, while chemical measures, when necessary, are carefully incorporated to maintain compatibility and minimise negative impact on natural enemies (Ehler, 2006). This hierarchical deployment from preventive to suppressive measures ensures the efficacy, resilience and environmental safety of IPM systems (Barzman et al., 2015).
3.5 Judicious Use of Pesticides

Pesticides are considered as last choice in IPM strategy, when other techniques fail to maintain pests below economic thresholds (Pedigo & Rice, 2014). Resistance prevention is achieved by rotating active ingredients with diverse modes of action in accordance with the IRAC recommendation. Precision application using calibrated sprayers and tailored treatments decreases environmental pollution. Pesticides should support, not replace pest management, assuring economic viability as well as ecological and human safety (Popp et al., 2013).
3.6 Knowledge-Based Decision-making

Ecological theory, economic analysis and participatory stakeholders’ involvement should be considered while decision-making (Walters, 1986). Farmers' field schools (FFS), participatory research platforms, and digital advising tools allow farmers to develop knowledge, increasing the contextual relevance of IPM methods (Pontius et al., 2002; Van den Berg & Jiggins, 2007) (Table 2).

4. Integrated Pest Management Elements and Strategies

A complex set of strategies, IPM aims to increase crop resilience by taking advantage of weaknesses of pest life cycles. When combined, these elements are synergistic and long-lasting pest suppression with agroecosystems (Kogan, 1998; Barzman et al., 2015) (Figure 2).

4.1 Cultural Regulations

It is the cornerstone of preventive pest management, which entails modified agronomic practices to interfere with the pest establishment, reproduction and their survival (Pedigo & Rice, 2014). Intercropping and trap cropping confuse the host-seeking insects and encourage activities of natural enemies (Ratnadass et al., 2012) and crop rotation disrupts pest-host continuity and suppresses soil-borne diseases (Larkin, 2015). Other cultural interventions are fertilizers and irrigation management for plant vigour, field sanitation, and modification of planting and harvesting time prevent the pest population from reaching its peak (Deguine et al., 2021).
4.2 Biological Regulation

Biological regulation includes augmentation, conservation and traditional biological control techniques (Van Lenteren et al., 2018). Augmentation is the addition of beneficial species to strengthen pest suppression. Conservation preserves natural enemies through habitat management and the selective use of pesticides (Gurr et al., 2017). Coccinella septempunctata as an aphid predator and Trichogramma spp. Parasites of the lepidopteran eggs are the classic example of biological control (Bale et al., 2008). Biopesticides, including entomopathogenic fungi and bacteria, offer promising, eco-friendly pest management options (Yadav et al., 2025a). Beauveria bassiana Vuill, Metarhizium anisopliae Metschn and Bacillus thuringiensis Berliner are mycoparasitic insects (Ehler, 2006). Beauveria bassiana constitutes an important component to supplement or as an alternative to synthetic chemicals (Kumar et al., 2024). The injudicious use of synthetic chemicals to manage these pests has resulted in resistance, resurgence, secondary pest outbreaks, and toxicity to beneficial organisms, where the botanicals and bio-pesticides play an important role in overcoming these problems and providing sustainable management of these insects. Biopesticides derived from natural sources such as plant extracts and microbial agents have gained attention as safer, sustainable alternatives (Yadav et al., 2025b).
4.3 Physical and Mechanical Control

In an organic farming system, physical and mechanical approaches are very helpful as they provide direct and non-chemical methods for pest management, which include barriers, light, pheromone and sticky traps to monitor the pest population (Pedigo & Rice, 2014). Use of translucent polythene sheets for soil solarization to increase the soil temperature is the best method to control nematodes, weed seeds and fungal propagules (Stapleton, 2000), whereas steam and hot water sterilisation are used to control soilborne pathogens (Abawi & Widmer, 2000).
4.4 Host Plant Resistance

Conventional breeding and biotechnological techniques, including marker-assisted selection, genome editing such as CRISPR-Cas, provide the long-term resistance to insects, disease and nematodes (Gupta et al., 2023). Elevated CO2 levels further modify plant-insect dynamics by affecting host plant quality and defence mechanisms (Yadav et al., 2025c). Introduction of Bt maize and cotton has decreased the dependence on pesticide usage for the management of lepidopterans (ISAAA, 2021). For stopping the diverse adaptation of pests, gene pyramiding is crucial (Tabashnik & Carey, 2019).
4.5 Chemical Control

Apart from the different negative impacts of agrochemicals, it is still a crucial part of IPM and is used when non-chemical methods are unable to keep insect numbers below the economic threshold (EPA, 2023). Safety of the environment is the top priority when choosing pesticides; reduced risk formulations, botanicals and microbial-based insecticides are preferred (Popp et al., 2013). Development of resistance is reduced by rotating active ingredients in accordance with the IRAC (2022) recommendation. When integrated into a larger ecological and economic framework, chemical control serves as a corrective measure (Ehler, 2006). 
4.6 Threshold, Monitoring and Decision Assistance

Knowledge-based decision making depends on ongoing monitoring and quantitative thresholds are distinguishing features of IPM. Two important decision-making criteria that weigh control costs against potential yield loss are economic threshold level and economic injury level (Stern et al., 1959). Remote sensing, artificial intelligence and decision support systems are incorporated in the digital agriculture that improve the predicted accuracy and optimize the control measures (Aziz et al., 2025).
4.7 Ecosystem Management and Habitat Manipulation

Ecological engineering of the ecosystem to support the resilience and natural pest control is the long-term viability of IPM. Strategies that improve pest reduction include natural enemy refuges and landscape diversification (Gurr et al., 2017). Preserving the spatial variability and managing the non-crop habitats at the landscape scale stabilizes the predator-prey dynamics and lowers the likelihood of outbreaks (Ratnadass et al., 2021).

5. Framework for Decision-making and Implementation

Accurate diagnosis, ongoing observation, threshold-based action and post-intervention evaluation, all incorporated into a cyclic learning process, are important for successful implementation (Kogan, 1998).
5.1 Identification of Pest Spectrum and Baseline Assessment

Developing an ecologically relevant management plan requires an understanding of the pest spectrum (Bale et al., 2008). To forecast pest risk, elements such as climate, topography and cropping history are examined. To create the ecological baseline for further IPM decisions, the assessment also evaluates host range, invasion paths and resistance status (Ehler, 2006).
5.2 Threshold Setting and Monitoring

An essential component of IPM is ongoing pest population monitoring. Pest density and abundance of natural enemy data can be obtained using visual scouting, pheromone traps, and sticky traps methods (Pedigo & Rice, 2014). Ecological and aesthetic standards may also be used as thresholds, particularly in metropolitan areas (EPA, 2023).

5.3 Initiation of Cultural and Preventive Strategies

Preventive and cultural methods are given priority as the first line of defence when baseline monitoring indicates possible pest hazards (Barzman et al., 2015). Strategies like crop rotation, resistant cultivars, modification in sowing date, sanitation and intercropping increase the agroecosystem resilience and are safe for the environment and cost-effective (Ratnadas et al., 2012). By establishing unfavourable habitats for pests, implementation at this stage seeks to minimise the need for curative chemical interventions and delay epidemics (FAO, 2022).
5.4 Monitoring and Scouting

Scouting offers ongoing feedback, guaranteeing dynamic decision-making. Rapid evidence-based responses are supported by real-time data collection via ICT (Information and Communication Technology) tools and a mobile-based decision support system (DSS).

5.5 Decision making

Management decisions are taken when pest populations exceed the set threshold. Selection of an intervention takes social acceptability, environmental sustainability and economic viability into account (Ehler, 2006). 
5.6 Choosing Control Strategy

Suitable mix of biological, cultural, mechanical, genetic and chemical techniques is used in IPM and chemical methods are used as a last option after biological management and physical barriers (IRAC, 2022). Mode of action, rotation, selectivity and limited persistence serve as selection criteria when pesticide treatment is required. Drone spraying and variable-rate application systems are examples of precision technologies that increase effectiveness while reducing waste and drift.
5.7 Assessment, Input and Flexible Management

Adaptive management is an iterative process that improves strategies based on field results, using data from this stage (Walters, 1986). Frequent feedback promotes ongoing learning and creativity, enabling the incorporation of biocontrol agents, monitoring systems, resistant cultivars and new technology into the upcoming IPM cycle.
6. Impact Evidence

Significant agronomic, economic and environmental benefits have been shown by the global application of IPM, which improves the ecosystem resilience, reduces pesticide use and stabilizes yield (Pretty & Bharucha, 2015; Norton et al., 2019).

6.1 Reductions in Yield and Pesticide Use

Pesticide use was reduced to 30.7 per cent of baseline levels (SD 34.9) and yield increased by 40.9 per cent (SD 72.3) in a seminal synthesis of 85 IPM projects in 24 countries, including 115 crop combinations (Pretty & Bharucha, 2015). Adoption of ecological IPM techniques as field scouting, biological management, pest pest-resistant cultivars, has resulted in considerable economic advantages and decreased farmer exposure to hazardous chemicals (FAO, 2022).
6.2 Research Gaps and Trends

85 per cent of studies concentrated on rural or urban IPM, with 78 per cent addressing agricultural systems (Peterson et al., 2021). There are still significant gaps in the areas of digital decision-support systems, next-generation education for farmers and extension staff, and climate change interaction (Barzman et al., 2015; Ehler, 2006). Additionally, IPM is still unevenly dispersed, with a dearth of smallholders-focused studies in South Asia and Sub-Saharan Africa (Norton et al., 2019).

6.3 Critical Thoughts

IPM continues to confront implementation challenges despite significant advancements (Deguine et al., 2021). IPM spread is additionally hampered by fragmented extension systems, institutional inertia and lack of market incentives (Peshin & Zhang, 2014). For the acceptance of IPM, these difficulties highlight the necessity of policy integration, frame-led innovation platform and context-specific adaptive management frameworks. Technical and ecological soundness of IPM is supported by systemic alignment of science (Kogan, 1998).

7. Difficulties, Limitations and Knowledge Gaps

Widespread implementation of IPM is nevertheless hampered by institutional, technical and socioeconomic issues despite its ecological and financial justifications and these difficulties demonstrate the ongoing disconnect between the theoretical potential of IPM and its actual application in a variety of agroecosystems (Ehler, 2006).
7.1 Conceptual Drift

Conceptual ambiguity in IPM is a major drawback and its inconsistent execution has resulted from the emergence of many interpretations over time, ranging from larger agroecological frameworks to integrated control, which emphasises pesticide biocontrol compatibility (Stern et al., 1959). Ambiguity, where many programmes classified as IPM continue to rely heavily on pesticides and makes performance evaluation more difficult and diminishes the approach’s coherence (Deguine et al., 2021).
7.2 Policy, Economic and Institutional Barriers

IPM spread is still hampered by institutional inertia and policy misalignment. Dependency on chemical control is due to agricultural input subsidies, credit systems and consultancy services (Norton et al., 2019). Adoption of non-chemical methods is less motivated by financial disincentives such as a lack of market premiums for produce cultivated using IPM (Pretty & Bharucha, 2015). Extra efforts needed for scouting, monitoring and decision making serve as an additional obstacle for farmers with limited resources (Ehi-Eromosele et al., 2023).
7.3 Non-target Effects and Resistance

Chemical management maintains its dominance even in an IPM system, encouraging pest resistance. Many pests now exhibit resistance to many groups of pesticides such as pyrethroids, neonicotinoids and organophosphates (Sparks & Nauen, 2015). And this also upsets the beneficial microbial communities and decreases the effectiveness of biological control agents (Goulson et al., 2015).

8. Prospects & Innovation for the Future

To improve scalability, accuracy and sustainability, the next generation IPM strategy must incorporate participatory frameworks, ecological insights and future technology and these technologies should strike a balance between ecological and social inclusivity and technological advancement (Pretty et al., 2018). Pest monitoring and early warning systems are being transformed by developments in remote sensing, drones and machine learning algorithms (Zhang et al., 2021; Liu et al., 2022). Ecological corridors, floral resource strips and habitat diversification can improve ecosystem resilience and biological control (Tscharntke et al., 2016; Bianchi et al., 2021). Use of environmentally safe alternatives such as plant-derived substances (botanicals, pheromones, RNAi-based bioinsecticides), microbial biocontrol (Bacillus thuringiensis, Bacillus subtilis Ehrenberg, Beauveria bassiana, Trichoderma harzianum Rifai) has increased (Glare et al., 2023; Kumar et al., 2022). Adaptive, climate-resilient IPM is required due to climate change. Developing heat-tolerant pest-resistant cultivars, modifying sowing windows and improving pest technology models are crucial factors (Deutsch et al., 2018). Its effectiveness is dependent upon farmers and their behavioural change can be sustained by empowering farmers through knowledge, ongoing feedback and digital advising tools (Berg & Jiggins, 2007). Adoption of IPM can be encouraged by integrating IPM into national pest management plans and sustainable labelling systems (Peshin & Zhang, 2014). Policymakers must make sure that the subsidy and credit system prioritise preventive, ecological measures.
Conclusions
Integrated pest management is a flexible, sustainable and science-based method for controlling agricultural pests. IPM can result in increased yield and decrease dependency on pesticide use and better environmental and human health when implemented fully, utilising precise monitoring, timely application and a variety of strategies. Translating the idea into widespread, long-term practice is quite difficult. Realising the potential of integrated pest management in agriculture and ecosystem management in the future would need overcoming implementation barriers through improved capacity, incentives, monitoring tools and system thinking.
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Table 1. Historical milestones in Integrated Pest Management

	Decade 
	Milestone 

	1950-60
	Integrated control concept (Biological+Chemical)

	1870
	IPM Principal formalization (Ecosystem)

	1980-90
	Extension programme (Farmers' field school)

	2000-2010
	Sustainable extensification and reduction of pesticide use

	2020
	Precision agriculture, Digital decision tool, Ecosystem service approach


Table 2. IPM Categorization

	Category 
	Role 
	Example 

	Cultural control
	Sanitation, Crop rotation, Planting time
	Reduce the establishment of pests

	Mechanical control
	Traps, Barriers, Mulches, Solarisation
	Removal of pests 

	Biological control
	Microbial biopesticides, Natural enemies
	Supress pest population

	Genetic resistance 
	Pest-resistant varieties
	Lower genetic susceptibility

	Chemical control
	Agrochemicals 
	Complete killing of pests

	Decision tools
	ICT (Information and communication technology) DSS (Decision support system)
	Forecasting at a time

	Ecosystem design
	Diversified landscape
	Build resilience and support natural enemies
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Figure 2. Different IPM practices
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Figure 1. Integration of different principles of management for IPM
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