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griculture remains a cornerstone of the global economy, yet it faces an escalating crisis 

driven by plant pest organisms (OPTs) that destroy up to 40% of global crop production 

annually. For decades, the primary response to this threat has been a heavy reliance on 

synthetic chemical pesticides, a paradigm often referred to as IPM 1.0. However, this 

dependence has led to a “pesticide treadmill” characterized by environmental degradation, 

water and soil pollution, human health risks and the rapid emergence of pest resistance. This 

article explores the transition toward Integrated Pest Management (IPM) 2.0, a framework 

that shifts the focus from reactive chemical application to proactive agroecological processes 

and pathogen population monitoring. The transition is supported by the digital transformation 

of agriculture, which introduces Precision Pest Management (PPM). By leveraging drones, 

hyperspectral sensors and artificial intelligence (AI), farmers can now identify pest 

“hotspots” and apply localized treatments rather than blanket-spraying entire fields. 

Furthermore, advances in genomics and the Sterile Insect Technique (SIT) offer species-

specific, non-polluting alternatives for managing invasive pests and disease vectors like 

mosquitoes. Using Agam Regency, Indonesia, as a case study, this article examines how 

Interpretive Structural Modeling (ISM) identifies local government policy as the foundational 

driver for sustainable pesticide management. Ultimately, achieving a sustainable food system 

requires a multidisciplinary approach that aligns technological innovation with robust policy 

frameworks, independent advisory services and consumer education to break the cycle of 

chemical dependence. 

Keywords: Integrated Pest Management, IPM 2.0, Sustainable Agriculture, Biopesticides, 

Precision Pest Management, Agroecology. 

Introduction 
The challenge of feeding a growing global population is increasingly compromised by the 

relentless attack of pests and plant diseases. Plant diseases alone cost the global economy 

approximately $220 billion annually, while invasive insects contribute another $70 billion in 

losses. Without effective management, production losses for essential food groups can be 

staggering: 78% for fruits, 54% for vegetables and 32% for cereals. To safeguard food 

security, modern agriculture has historically turned to synthetic pesticides as a “silver bullet.” 

Global pesticide use rose from an average of 2.06 kg/ha in 2000 to 2.66 kg/ha by 2018, with 

the market projected to reach $130.7 billion by 2030. However, this reliance has created a 

crisis of chemical dependence. Excessive and unwise application has polluted water, soil and 
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air, while accumulating in ecosystems and harming non-target organisms, such as natural 

enemies of pests that are essential for biological control. In many low-literacy agricultural 

communities, farmers often resort to mixing multiple pesticide brands or using doses higher 

than recommended, further exacerbating health risks and resistance. The introduction of 

Integrated Pest Management (IPM) sixty years ago aimed to curb this overuse. The initial 

version, IPM 1.0, focused on reducing the frequency of applications through threshold-based 

interventions derived from field scouting. However, this “preventative” approach often 

remained a rebranded form of chemical control. IPM 2.0 represents a significant upgrade, 

broadening the scope to include agroecological principles such as biological control, habitat 

management and the use of pathogen population data to inform decisions. This article details 

the components of IPM 2.0 and the pathway from chemical reliance to a sustainable, digital 

and ecologically-driven future for pest control. 

The Evolution of IPM: From 1.0 to 2.0 and Beyond 
The history of pest management is marked by three distinct phases of innovation. IPM 1.0, 

originating in the 1960s and 70s, introduced the concept of the Economic Injury Level (EIL) 

and the Economic Threshold (ET). The goal was to ensure that farmers only applied 

pesticides when the cost of potential damage exceeded the cost of control. While theoretically 

sound, this required intensive knowledge and scouting, which many smallholder farmers 

lacked, leading them back to calendar-based spraying. IPM 2.0 emerged over the last two 

decades by integrating nature-based solutions and agroecology. This version prioritizes 

“prevention over cure” by utilizing disease-resistant varieties and enhancing the efficacy of 

biological control agents through ecological engineering, such as planting companion flower 

banks. One of the most successful examples of IPM 2.0 is the “push-pull” system developed 

in East Africa. This system uses repellent companion plants inside the field to “push” pests 

away and attractive trap crops at the borders to “pull” them into non-host areas, 

simultaneously improving soil health. We are now entering the era of IPM 3.0, which anchors 

management on three pillars: real-time farmer access to decision-making tools, science-

driven nature-based approaches and advanced genomic tools. This new paradigm uses 

artificial intelligence (AI) and nanosensors to provide farmers with instant, accurate 

diagnostics through smartphone applications. 

Table 1: Comparison of Integrated Pest Management Paradigms 

Feature 
IPM 1.0 (Threshold-

Based) 
IPM 2.0 (Agroecological) 

IPM 3.0 (Digital & 

Genomic) 

Primary Goal 
Reduce pesticide 

frequency 

Minimize chemicals via 

ecology 

Precision, real-time 

control 

Core Strategy 
Scouting & 

thresholds 

Habitat management & 

biocontrol 

Big data, AI, & 

genomics 

Pest Detection Manual field scouting 
Pathogen population 

monitoring 

Automated traps & 

sensors 

Control Tools Synthetic pesticides 
Biopesticides & “Push-

Pull” 

CRISPR, SIT, & 

RNAi 

Decision 

Support 
Basic rules of thumb Web/Mobile DSS modules 

Real-time AI digital 

advisors 

Digital Transformation: The Precision Pest Management (PPM) Arsenal 
The digital transformation of agriculture is a critical enabler of IPM 2.0. Traditional IPM is 

often limited by the scale of fields; manual scouting in vast soybean or maize fields is 

laborious and often results in “calendar-based” spraying because farmers cannot monitor 

every plant. Precision Pest Management (PPM) addresses this by delivering solutions only 

where and when pest populations reach economic levels. 
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Remote Sensing and AI 
Using drones and satellites, farmers can now monitor fields at the plant or even leaf level. 

Spectral remote sensing detects insect-induced stress indirectly by measuring changes in 

photosynthesis and physical plant structures. While the common Normalized Difference 

Vegetative Index (NDVI) can signal stress, hyperspectral sensors allow for the differentiation 

between specific stressors, such as identifying the difference between a nutrient deficiency 

and a specific pest attack. 

Smart Traps and Real-Time Data 
The evolution of smart traps has replaced periodic manual inspections with cloudless Internet 

of Things (IoT) devices. These traps use machine learning (ML) algorithms to process images 

in situ, classify insects and send real-time alerts to a farmer’s smartphone. This allows for the 

establishment of management zones-homogeneous field regions where treatment is 

prioritized, leaving other areas untreated to conserve natural enemies and reduce costs. 

 
Figure 1: The Precision Pest Management Workflow 

The Genetic Frontier: SIT, CRISPR and RNAi 
To move away from broad-spectrum chemicals, IPM 2.0 incorporates highly targeted genetic 

technologies. The Sterile Insect Technique (SIT) is a species-specific, environmentally 

benign approach that has been used for decades to control fruit flies and moths. SIT works by 

mass-rearing male insects, sterilizing them with radiation and releasing them to mate with 

wild females, thereby suppressing the population. 

Genetic Sexing Strains (GSS) 
A major hurdle in SIT is the need for male-only releases. In some species, such as 

mosquitoes, releasing females is dangerous because they are the sex that transmits diseases 

like Malaria and Zika. Advanced Genetic Sexing Strains (GSS) solve this by linking sex to 

selectable traits, such as pupal color or temperature sensitivity. For example, the VIENNA-8 

strain of the Mediterranean fruit fly uses a temperature-sensitive lethal (tsl) mutation to 

eliminate females during the embryonic stage by simply heating egg collections to 34°C. 

CRISPR and RNAi 
Modern gene-editing tools like CRISPR-Cas9 are now being used to rationally design these 

traits in new species, bypassing the decades of research required for “classical” mutagenesis. 

Additionally, RNA interference (RNAi) offers a way to silence specific genes essential for 

female development or pest survival. Feeding larvae double-stranded RNA (dsRNA) can 

cause up to 100% mortality in specific pests without harming beneficial insects. 
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Table 2: Key Selectable Markers for Genetic Sexing in SIT 

Marker Type Description 
Target Species 

Examples 

White/Black Pupae 
Changes in puparium color for robotic 

sorting 
B. dorsalis, A. ludens 

Temperature-Sensitive 

(tsl) 
Heat-inducible lethality in embryos 

C. capitata, An. 

arabiensis 

Red-Eye (cardinal) Easily distinguishable visual eye marker 
Aedes aegypti, P. 

xylostella 

Slow Development 
Delays female growth for temporal 

separation 

B. tryoni, Ae. 

albopictus 

Fluorescent Markers 
GFP/DsRed proteins for automated 

identification 
B. mori, An. arabiensis 

Case Study: Pathogen Monitoring in Potato Late Blight 
A hallmark of IPM 2.0 is the use of pathogen population data to improve Decision Support 

Systems (DSS). In Europe, Potato Late Blight (PLB) costs approximately €900 million 

annually. Managing this disease traditionally requires up to 25 fungicide applications per 

season. However, the IPMBlight2.0 project has pioneered a new approach by coupling rapid 

genotyping with targeted phenotyping. By monitoring the genetic structure of Phytophthora 

infestans populations, researchers identified the emergence of a new, highly aggressive clone 

(37_A2) that is insensitive to common pesticides like fluazinam. This information is fed into 

DSS modules, allowing farmers to adjust their spraying schedules based on the actual 

likelihood of infection and the specific characteristics of the local pathogen population, rather 

than relying on a rigid calendar. This strategic stewardship of host resistance and fungicides 

is central to the sustainability of IPM 2.0. 

Socio-Economic Barriers and the Agam Regency Model 
The technical feasibility of IPM 2.0 is often hindered by complex socio-economic factors. A 

study in Agam Regency, Indonesia, used Interpretive Structural Modeling (ISM) to analyze 

the hierarchy of factors influencing pesticide use. The study identified nine key factors, 

including local government policy, infrastructure, extension worker roles and farmer 

knowledge. 

The Hierarchy of Intervention 
The ISM analysis revealed that local government policy is the strongest independent driver 

with the highest driving power. It serves as the foundation for the entire system (Level 7). 

Without supportive policies-such as tax incentives for biopesticide distributors or subsidies 

for organic inputs-downstream factors like infrastructure and farmer awareness cannot reach 

their full potential. 

The Market Pressure Dilemma 
A significant barrier to sustainable pest control is the global market demand for visually 

“perfect” agricultural products. Consumers and retailers often reject produce with minor 

cosmetic imperfections, creating an economic imperative for farmers to use intensive 

pesticides to prevent any visible damage. Transitioning to IPM 2.0 requires reshaping these 

market dynamics through certification systems that value food safety and sustainability over 

aesthetics. 

Agroecological Integration and Policy Recommendations 
Achieving a “zero-pesticide” farming challenge requires more than just technical tweaks; it 

demands a redesign of agricultural systems around ecological processes. This approach, 

known as Agroecological Crop Protection (ACP), uses plant diversity to boost agrosystem 

health and natural pest regulation. 
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Figure 2: Hierarchical Structure of Sustainable Pesticide Management 

The Transition Pathway 
Evidence from EU policy recommendations suggests that increment solutions, like precision 

spraying, are insufficient to tackle the systemic “lock-ins” of chemical dependency. A 

credible transition involves: 

1. Binding Reduction Targets: Legally mandated pesticide reduction goals at the regional 

level. 

2. Independent Advisory Services: Moving away from advisors linked to input sales to 

ensure farmers receive unbiased ecological guidance. 

3. Farmer Field Schools (FFS): Expanding FFS programs where farmers learn hands-on 

agro-ecosystem analysis, which has been shown to reduce pesticide use by up to 92% in 

specific crops. 

Involving Youth and Gender 
Transitioning to IPM 3.0 also requires addressing social inequalities. Digital advisories that 

use voice commands and animation can bridge the gap for low-literacy farmers and overcome 

cultural barriers that prevent women from attending traditional training sessions. Engaging 

the younger generation, who are more tech-savvy, is essential for operationalizing complex 

digital tools at the farm level. 

Conclusion 
Integrated Pest Management 2.0 represents a vital shift from the narrow, chemical-centric 

focus of the past to a holistic, data-driven and ecologically integrated future. By combining 

the precision of digital tools and drones with the power of nature-based solutions and 

genomic innovations like SIT, we can significantly reduce the environmental footprint of 

agriculture while maintaining, or even increasing, yields. However, technology alone is not a 

panacea. The roadmap to sustainability must be built on the foundation of robust local and 

regional policies that incentivize ecological production and break the cycle of market-driven 

chemical reliance. Phased strategies-starting with policy reform and infrastructure 

investment, followed by capacity building for extension workers and culminating in farmer 

empowerment-provide a clear path forward. With a sustained multidisciplinary commitment, 

Agam Regency and other agricultural regions can transform from chemical dependence to 

sustainable, climate-resilient pest control, ensuring both human health and global food 

security for generations to come. 
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