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Abstract
Climate change has emerged as a major driver of agricultural transformation, profoundly influencing the ecology, biology, and distribution of insect pests across diverse cropping systems. Rising global temperatures, erratic precipitation patterns, and elevated CO₂ levels are reshaping pest development rates, voltinism, and survival, often resulting in increased outbreaks and invasions into new agroecological zones. Cereals such as wheat, rice, and maize face mounting threats from pests like the Russian wheat aphid, brown planthopper, and fall armyworm, while horticultural crops are increasingly impacted by invasive species including Tuta absoluta and Bactrocera dorsalis. Plantation crops and forest systems are also at risk due to the expansion of pests such as coffee berry borer and bark beetles into previously unsuitable regions. Climate variability not only intensifies yield losses but also degrades produce quality, amplifies economic stress on smallholder farmers, and exacerbates global food and nutritional insecurity. Interactions with natural enemies, pathogens, and abiotic stressors such as drought and heat further complicate pest management. Emerging technologies in remote sensing, GIS, and artificial intelligence are improving pest surveillance and forecasting, while genomics, RNAi, and microbiome research are opening new avenues for sustainable control. International frameworks led by FAO, IPPC, and regional plant protection organizations play vital roles in strengthening quarantine and biosecurity measures, though significant research gaps persist, particularly in long-term monitoring datasets and predictive modeling under complex climate scenarios. Moving forward, climate-smart integrated pest management, farmer-centered extension systems, and global collaborations in pest surveillance will be critical for building resilience. This review synthesizes current evidence on the nexus between climate change and emerging insect pests, identifies research and policy gaps, and highlights sustainable pathways for protecting crop productivity and food security in an era of accelerating environmental change.
Keywords: Climate change, Emerging insect pests, Food security, Pest distribution, Integrated pest management
I. Introduction
Background on global climate change and agricultural ecosystems
Global climate change has emerged as one of the most critical challenges of the twenty-first century, exerting profound impacts on agricultural ecosystems worldwide (Gornall et.al., 2010). Rising global mean surface temperatures by approximately 1.1°C above pre-industrial levels, coupled with erratic precipitation patterns, increased frequency of extreme weather events, and elevated atmospheric CO₂, are altering the structure and functioning of agroecosystems. These changes influence crop growth, pest distribution, and the ecological balance between insects, their hosts, and natural enemies. For instance, elevated temperatures accelerate insect metabolism, shorten life cycles, and often result in increased population growth rates, while drought stress weakens plant defenses and makes crops more susceptible to pest infestations.
Importance of insect pests in crop yield losses
Insect pests are among the leading biological stressors responsible for global crop yield reduction (Sharma et.al., 2017). According to study, pests contribute to an estimated 18–20% annual yield loss in major food crops, with insect pests alone accounting for around 10–14%. Climate variability magnifies these losses by facilitating the expansion of insect pests into new geographical zones and altering their population dynamics. For example, the fall armyworm (Spodoptera frugiperda), originally confined to the Americas, has rapidly expanded across Africa and Asia due to favorable climatic conditions, causing substantial yield reductions in maize and sorghum. Similarly, locust outbreaks, particularly of Schistocerca gregaria, have become more frequent and devastating under irregular rainfall patterns and warming trends, threatening food security in several regions.
Rationale for reviewing emerging insect pests under changing climate conditions
Shifting climatic variables are creating opportunities for the emergence and re-emergence of insect pests in non-traditional regions and on novel host crops (Wu et.al., 2016). This phenomenon is driven by changes in insect phenology, migration patterns, and interspecific interactions, which often result in unforeseen pest outbreaks. As agricultural systems face increasing stress from climate-related challenges, understanding the dynamics of emerging pests becomes essential for devising proactive management strategies. A synthesis of current knowledge helps identify vulnerable cropping systems, predict high-risk pests, and inform both national and international agricultural policies aimed at ensuring food security.
Objectives and scope of the review
The present review aims to critically assess the role of climate change in influencing the emergence of insect pests across diverse agroecosystems (Lamichhane et.al., 2015). Specific objectives include:
· To analyze the effects of rising temperature, altered precipitation, and elevated CO₂ on insect pest biology and ecology.
· To examine case studies of emerging and invasive pests across cereals, horticultural crops, oilseeds, and plantation systems.
· To evaluate the implications of climate-induced pest emergence on crop productivity and food security.
· To explore the prospects of climate-smart integrated pest management and policy interventions for mitigating risks.
This review integrates data from long-term monitoring studies, pest distribution models, and recent outbreaks across continents, providing a comprehensive perspective on the intersection between climate change and emerging insect pest challenges in agriculture.
II. Climate Change and Insect Pest Dynamics
Rising temperatures and pest development rates
Temperature is the most influential climatic variable affecting insect physiology and population dynamics (Estay et.al., 2014). Increased thermal units shorten development time, enhance fecundity, and extend the activity period of many pest species. For example, the diamondback moth (Plutellaxylostella) completes more generations annually in regions experiencing rising mean temperatures, leading to higher crop damage in crucifers. Similarly, studies have shown that each 2 °C rise in temperature can increase insect metabolic rates by 10–25%, thereby accelerating feeding rates and crop consumption. Warmer climates have allowed pests such as the Colorado potato beetle (Leptinotarsa decemlineata) to colonize new latitudes in Europe.
Altered precipitation patterns and pest outbreaks
Rainfall variability plays a decisive role in determining pest population fluctuations (Davidson et.al., 1948). Erratic and heavy rainfall often triggers outbreaks of locusts (Schistocerca gregaria), as wet soils and green vegetation promote rapid reproduction and swarm formation. Conversely, drought conditions increase infestations of sap-sucking insects such as aphids (Aphis gossypii) and whiteflies (Bemisiatabaci), as moisture-stressed crops exhibit reduced defensive responses. Seasonal flooding has also been linked with increased incidence of rice planthoppers (Nilaparvatalugens), which thrive under high humidity conditions.
Impact of elevated CO₂ levels on host–pest interactions
Increased atmospheric CO₂ modifies plant physiology, particularly through elevated carbohydrate accumulation and reduced nitrogen concentration in plant tissues (Moore et.al., 1999). Such alterations affect herbivore feeding behavior and nutritional ecology. For instance, elevated CO₂ reduces foliar protein content, compelling chewing insects like caterpillars to consume more foliage to meet nitrogen demands, resulting in greater crop defoliation. Elevated CO₂ conditions have also been shown to enhance the performance of Helicoverpa armigera on soybean due to altered leaf chemistry and lower secondary metabolite concentrations. This shift in plant nutritional quality indirectly drives pest pressure across multiple agroecosystems.
Shifts in pest overwintering survival and voltinism
Winter survival of insects is a critical determinant of population buildup in the following season (Bale et.al., 2010). Milder winters under global warming scenarios increase overwintering survival rates of many pests. For example, the cotton bollworm (Helicoverpa zea) and European corn borer (Ostrinianubilalis) show higher overwintering success in warmer regions, leading to early-season outbreaks. Increased survival also extends voltinism, the number of generations produced annually. Species that previously had one or two generations are now capable of completing three or more, as documented for the codling moth (Cydia pomonella) in fruit orchards of central Europe.
Phenological mismatches between pests and natural enemies
Climate change disrupts synchrony between insect pests and their natural enemies, such as parasitoids and predators. Differential responses to temperature shifts create temporal mismatches, reducing the effectiveness of natural biological control. For instance, rising spring temperatures advance aphid emergence, while their parasitoids often lag behind, leading to unregulated aphid outbreaks. Similarly, shifts in the seasonal activity of cereal leaf beetles and their parasitoids have been recorded, highlighting how climate-driven asynchrony can destabilize agroecosystem resilience. Such mismatches jeopardize natural pest suppression and increase reliance on chemical interventions.
III. Emerging Insect Pests in Major Agroecosystems
Case studies of new pest outbreaks in cereals (wheat, rice, maize)
Cereal crops are highly vulnerable to emerging insect pests under changing climate conditions (Bajwa et.al., 2020). Wheat, a staple food crop, has witnessed increased incidence of the Russian wheat aphid (Diuraphisnoxia), which expanded its range in Eurasia and Africa due to warmer winters that enhanced survival and reproduction. Rice ecosystems have shown more frequent outbreaks of brown planthopper (Nilaparvatalugens), driven by higher humidity and increased use of nitrogen fertilizers under climate stress. In maize, the fall armyworm (Spodoptera frugiperda) has become one of the most destructive invasive pests, spreading rapidly across Africa and Asia, causing yield losses up to 20–50% depending on infestation severity. Such outbreaks underline the close link between climatic shifts and pest invasions in cereals.
Pests of horticultural crops under shifting climates
Horticultural systems, including fruits and vegetables, are equally susceptible to emerging insect pests influenced by temperature fluctuations and altered rainfall regimes. The tomato leaf miner (Tuta absoluta) has expanded from South America into Europe, Africa, and Asia, facilitated by warmer temperatures that support multiple generations annually. Similarly, the oriental fruit fly (Bactrocera dorsalis) has increased its distribution and pest pressure on mango, guava, and citrus crops across tropical and subtropical regions. Studies have also shown that apple orchards in temperate regions are increasingly threatened by codling moth (Cydia pomonella) due to extended voltinism under warming conditions.
Invasive insect species in oilseeds and pulses
Oilseed and pulse crops are facing growing threats from invasive insect pests that benefit from climate-driven ecological shifts (Shafiq et.al., 2024). The soybean aphid (Aphis glycines) has expanded its geographic range in North America, causing significant yield losses in soybean cultivation. Pigeonpea pod borer (Maruca vitrata) populations are becoming more damaging under elevated temperatures, with reports of increased infestations across legume-growing regions. Mustard and rapeseed crops are increasingly targeted by flea beetles (Phyllotreta spp.), which thrive under drier conditions that weaken host plant defenses.
Emerging pests in plantation crops and forests
Plantation crops such as tea, coffee, and cocoa are experiencing shifts in pest dynamics due to climate variability. The tea mosquito bug (Helopeltistheivora) has intensified its damage in tea plantations under warmer and humid conditions. Coffee berry borer (Hypothenemushampei), one of the most serious pests of coffee, has expanded to higher elevations as rising temperatures allow survival in previously unsuitable zones. In forestry ecosystems, bark beetles (Dendroctonus spp.) have caused unprecedented mortality in conifer forests of North America and Europe, driven by mild winters and heat stress.
Vector-borne pests and their disease transmission dynamics
Climate change is also altering the prevalence of insect vectors responsible for transmitting plant pathogens (Jones et.al., 2012). Whiteflies (Bemisiatabaci) have expanded their role as vectors of begomoviruses in cotton, tomato, and cassava systems, with outbreaks exacerbated by warm and dry climatic conditions. Thrips (Frankliniella occidentalis) populations, vectors of tospoviruses, have increased under elevated temperatures, intensifying the spread of Tomato spotted wilt virus in vegetables. Climate variability also influences the epidemiology of maize streak virus, transmitted by leafhoppers (Cicadulina spp.), leading to frequent outbreaks in maize-growing regions of sub-Saharan Africa.
IV. Geographical Shifts and Distributional Range Expansion
Poleward migration of insect pests
Climate warming has significantly accelerated the poleward movement of many insect pests, shifting their geographical boundaries into new latitudes (Zeng et.al., 2020). Analysis reported that crop pests and pathogens have been spreading poleward at an average rate of approximately 2.7 km per year. For example, the Colorado potato beetle (Leptinotarsa decemlineata), traditionally confined to mid-latitudes, has expanded northward across Europe, threatening potato cultivation in cooler regions. Similarly, the European corn borer (Ostrinianubilalis) has extended its distribution in northern Europe due to longer growing seasons facilitated by rising temperatures. Such poleward migration enhances pest establishment in previously pest-free zones, raising concerns for biosecurity and food production stability.
Altitudinal shifts into new ecological niches
Insects are also adapting to changing climates by moving into higher elevations, exploiting niches that were earlier unsuitable due to colder temperatures (Shah et.al., 2020). Studies on the coffee berry borer (Hypothenemushampei) show that it has colonized higher elevations in East Africa, a phenomenon linked to increased minimum night temperatures that now support survival at altitudes above 1,500 meters. Similarly, diamondback moth (Plutellaxylostella) populations have been reported in mountainous vegetable production zones where they were previously absent. Such altitudinal range expansions expose fragile highland ecosystems to pest invasions, often lacking established biological control agents.
Expansion into temperate and high-altitude zones
Warming trends are progressively allowing pests to invade temperate and high-altitude agricultural systems. The codling moth (Cydia pomonella), a key pest of apple and pear, has increased voltinism in central Europe, extending its damage period in temperate orchards. Similarly, rice planthoppers, traditionally associated with lowland tropics, are now appearing in higher elevation paddy fields of East Asia, fueled by changing rainfall and temperature regimes. In North America, the corn earworm (Helicoverpa zea) has advanced northward into Canada, exploiting extended frost-free periods for successful breeding. These expansions create new pest management challenges in regions unaccustomed to dealing with such insects.
Regional examples of pest invasions
Several regional case studies highlight the scale of pest range expansion (Meynard et.al., 2013). The fall armyworm (Spodoptera frugiperda), native to the Americas, has successfully invaded Africa, Asia, and Australia since 2016, supported by favorable wind patterns and warming climates, causing yield losses of over 13 million tonnes of maize annually in sub-Saharan Africa alone. The tomato leaf miner (Tuta absoluta) has spread from South America into Mediterranean countries and subsequently across Africa and Asia, with climate conditions facilitating year-round survival and multiple generations. In forestry ecosystems, bark beetles (Dendroctonus spp.) have expanded across northern Europe and Canada, contributing to massive tree mortality under warmer winters. These cases demonstrate how geographical shifts of insect pests are reshaping agricultural and forest ecosystems globally.
V. Impact on Crop Productivity and Food Security
Yield losses due to climate-favored pests
Climate change has intensified yield losses caused by insect pests by creating conditions that enhance pest reproduction and feeding rates (Tonnang et.al., 2022). Global assessments indicate that insect pests account for an estimated 10–14% annual loss in major food crops, with climate warming projected to increase these losses by 10–25% per degree Celsius of temperature rise. For instance, rice planthopper (Nilaparvatalugens) outbreaks in Asia have caused yield losses ranging from 10–60% during severe infestation years. Similarly, maize yield reductions of 20–50% have been attributed to the rapid spread of the fall armyworm (Spodoptera frugiperda) across Africa and Asia, with estimated economic damage exceeding USD 3 billion annually. Wheat productivity has also been compromised by increasing aphid infestations and Hessian fly (Mayetiola destructor) outbreaks under warmer winters and extended growing seasons.
Quality degradation in horticultural produce
Beyond yield losses, climate-driven pest outbreaks degrade the quality of horticultural crops, reducing their market value and consumer acceptability (Ahmad et.al., 2025). The tomato leaf miner (Tuta absoluta) infests fruits directly, leading to unmarketable produce and postharvest losses often exceeding 50% in tomato-growing regions of Africa and the Mediterranean basin. Fruit flies such as Bactrocera dorsalis cause blemishes, premature fruit drop, and reduced shelf life in mango, guava, and citrus, contributing to significant export rejections in global trade. In apple and pear orchards, codling moth (Cydia pomonella) infestations not only reduce yield but also increase pesticide residues in fruits due to repeated chemical sprays, thereby affecting food safety and consumer health. Quality degradation has cascading effects on horticultural value chains, particularly in export-oriented economies.
Economic implications for smallholder farmers
Smallholder farmers bear a disproportionate burden of climate-driven pest emergence due to limited access to pest management technologies, extension services, and financial resources (Banda et.al., 2025). The invasion of the fall armyworm has placed significant strain on maize-dependent farming households in sub-Saharan Africa, with surveys estimating annual household income losses of up to 30%. Similarly, cotton-growing communities in parts of Asia and Africa have faced rising production costs due to increased pesticide applications against resistant whitefly (Bemisiatabaci) populations. Rising input costs, coupled with declining yields and quality, exacerbate poverty cycles, reduce resilience to climate shocks, and limit the ability of farmers to invest in sustainable agricultural practices.
Threats to global food and nutritional security
The combined impact of pest-induced yield reductions, quality degradation, and economic stress on farmers poses severe threats to global food and nutritional security (Shankar et.al., 2012). The Food and Agriculture Organization (FAO) estimates that crop pests and diseases cause global losses of nearly 40% of food production annually, a figure expected to rise under climate change scenarios. Staple crops such as rice, wheat, and maize that form the foundation of human diets are increasingly threatened, placing billions at risk of food insecurity. Nutritionally rich horticultural crops such as fruits and vegetables, already in short supply in many regions, face further reductions due to pest damage, undermining dietary diversity and health outcomes. The convergence of climate change and pest invasions therefore represents a dual challenge, not only reducing the quantity of food produced but also compromising its quality, safety, and affordability.
VI. Interactions with Other Biotic and Abiotic Factors
Role of natural enemies under climate variability
Natural enemies such as parasitoids, predators, and entomopathogens play a crucial role in regulating insect pest populations (Roy et.al., 2000). Climate variability disrupts this balance by altering the abundance, distribution, and efficacy of biological control agents. Elevated temperatures can increase pest activity earlier in the season, while their natural enemies often respond more slowly, leading to temporal mismatches. For example, studies have shown that aphid populations peak earlier than their parasitoids under warming trends, resulting in uncontrolled outbreaks. Similarly, higher temperatures reduce the infectivity of entomopathogenic fungi like Beauveria bassiana and Metarhizium anisopliae, thereby limiting their effectiveness in pest suppression.
Pest–pathogen–host plant interactions
Changing climatic conditions influence the complex tri-trophic interactions between insect pests, their host plants, and associated pathogens (Shah et.al., 2023). Heat stress and altered rainfall patterns can weaken plant defenses, making crops more susceptible to both pests and the pathogens they vector. For instance, whiteflies (Bemisiatabaci) thrive under warm and dry conditions, simultaneously transmitting over 200 plant viruses, including begomoviruses, that devastate tomato and cotton crops. Similarly, thrips (Frankliniella occidentalis) transmit Tomato spotted wilt virus more efficiently at elevated temperatures, compounding crop damage in vegetables. Such synergistic interactions intensify yield and quality losses, placing greater stress on agroecosystems.
Synergistic effects of drought and heat on pest outbreaks
Drought and heat stress create conditions highly favorable for certain insect pests (Fahad et.al., 2017). Drought-weakened plants exhibit reduced production of defensive compounds, making them more vulnerable to attack. Research on aphids and whiteflies shows that populations increase significantly on drought-stressed crops due to enhanced phloem sap concentration and reduced resistance mechanisms. Grasshoppers and locusts also benefit from prolonged dry periods that stimulate vegetation flushes following sporadic rains, leading to large-scale outbreaks. Moreover, combined heat and drought stress accelerates the life cycle of pests such as Helicoverpa armigera, allowing more generations per season and greater cumulative crop damage.
Multiple stress scenarios in agroecosystems
Agroecosystems are increasingly exposed to multiple, overlapping stresses such as pest infestations, pathogen pressure, drought, salinity, and heat extremes (Arif et.al., 2025). These combined factors exacerbate crop vulnerability far more than individual stressors. For example, maize under simultaneous drought stress and fall armyworm infestation experiences yield reductions exceeding 50% compared to plants subjected to either stress alone. Likewise, soybean plants exposed to elevated CO₂, heat, and aphid attack exhibit altered physiology, including reduced photosynthesis and nutritional imbalances, which enhance pest survival and reproduction. The convergence of multiple biotic and abiotic pressures underscores the need for integrated climate-smart pest management strategies that address the complexity of agricultural stress scenarios.
VII. Monitoring and Predictive Tools
Use of remote sensing and GIS in pest forecasting
Remote sensing and Geographic Information Systems (GIS) have become indispensable tools for monitoring insect pest populations and predicting outbreak risks (Rano et.al., 2022). habitat suitability for pest colonization. For example, MODIS and Landsat data have been employed to track desert locust (Schistocerca gregaria) breeding sites, offering real-time early warning systems for outbreak-prone regions. GIS-based spatial models also integrate weather data with pest population dynamics to forecast distribution shifts of pests such as the Colorado potato beetle (Leptinotarsa decemlineata) and the fall armyworm (Spodoptera frugiperda) under different climate conditions. The combination of ground-based surveillance with satellite-derived indicators strengthens predictive capacity and helps prioritize regions for pest management interventions.
Climate models for predicting pest outbreaks
Climate modeling provides powerful insights into the potential future range and population dynamics of insect pests under varying greenhouse gas emission scenarios (Mahanta et.al., 2023). Coupled models that integrate crop growth, temperature, and precipitation data are widely used to predict outbreaks. For example, process-based models have projected increased voltinism and northward expansion of the European corn borer (Ostrinianubilalis) across northern Europe due to warming. Similarly, simulation models using CMIP6 climate scenarios predict that locust plagues will become more frequent in East Africa, linked to erratic rainfall and rising sea surface temperatures. Such climate-driven pest forecasting models enable policymakers and researchers to develop region-specific management strategies in anticipation of future threats.
Pest risk analysis under different climate change scenarios
Pest Risk Analysis (PRA) frameworks are crucial for assessing the likelihood of pest establishment, spread, and potential economic impact under climate change. PRA integrates climate suitability models, host availability, and trade pathways to assess risks associated with invasive pests. For instance, PRAs for the fall armyworm and tomato leaf miner (Tuta absoluta) have highlighted their potential to colonize temperate and subtropical regions due to warming trends and global trade networks. Such assessments are vital for strengthening quarantine systems, early detection networks, and international biosecurity cooperation. PRA also supports policy formulation by prioritizing high-risk pests for monitoring and resource allocation.
Role of artificial intelligence and big data in pest management
Artificial intelligence (AI) and big data analytics are revolutionizing pest monitoring by enhancing real-time detection, diagnosis, and forecasting accuracy (Aziz et.al., 2025). Machine learning algorithms trained on climate, soil, and crop data can predict pest outbreaks with high precision. For example, convolutional neural networks (CNNs) have been applied to identify pest species in field images with accuracy rates exceeding 90%. Big data platforms that integrate field observations, sensor networks, and satellite data enable large-scale analysis of pest trends. Mobile-based decision support tools powered by AI are now being deployed to assist farmers in pest diagnosis and management recommendations, particularly in smallholder systems. Integration of AI-driven analytics with traditional monitoring systems strengthens the resilience of agricultural systems against climate-driven pest challenges.
VIII. Management Strategies for Emerging Pests
Climate-smart integrated pest management (IPM)
Integrated pest management remains the cornerstone of sustainable pest control, but its adaptation to climate-driven pest challenges is critical (Shafiq et.al., 2024). Climate-smart IPM emphasizes ecological approaches such as habitat management, resistant crop varieties, and judicious pesticide use tailored to shifting pest dynamics. For example, push–pull systems developed in East Africa have shown resilience against stemborers and fall armyworm (Spodoptera frugiperda) under variable rainfall conditions, improving maize yields by up to 2.7 tonnes per hectare. Incorporating climate forecasting into IPM decisions enhances preparedness for pest outbreaks linked to unusual weather events.
Host plant resistance breeding and biotechnological interventions
Crop genetic resistance offers long-term, environmentally friendly solutions to pest outbreaks. Advances in molecular breeding and genetic engineering have enabled the development of insect-resistant varieties. Bt maize expressing Cry proteins has significantly reduced losses from fall armyworm and European corn borer (Ostrinianubilalis) in multiple regions. Genome editing tools such as CRISPR-Cas are now being explored to develop pest-resistant traits with greater precision. Biotechnological interventions provide robust strategies to complement conventional breeding in managing emerging pests under climate variability.
Biological control and conservation of natural enemies
Biological control remains a vital component of sustainable pest suppression, particularly under conditions where chemical inputs lead to resistance or ecological disruption (Bale et.al., 2008). Predators such as ladybird beetles (Coccinellidae) and parasitoids like Trichogramma species have been effectively deployed against aphids, whiteflies, and lepidopteran pests. Climate change can destabilize these interactions, but habitat diversification, floral resource provision, and conservation biocontrol can help sustain natural enemy populations. Field studies show that enhancing natural enemy diversity can reduce pest outbreaks by up to 30% in vegetable systems.
Role of bio-pesticides and eco-friendly formulations
Bio-pesticides derived from microbial agents, botanicals, and natural enemies are increasingly recognized as eco-friendly alternatives to synthetic chemicals (Meena et.al., 2020). Preparations based on Bacillus thuringiensis (Bt), neem (Azadirachta indica), and entomopathogenic fungi such as Metarhizium anisopliae are being widely used for managing pests like fall armyworm, whiteflies, and locusts. Climate variability influences the efficacy of these products, but technological improvements in nano-formulations and UV-protectants have enhanced field stability. Promoting bio-pesticides reduces pesticide residues, preserves natural enemies, and strengthens climate-resilient farming practices.
Precision agriculture and digital tools for pest surveillance
Precision agriculture technologies offer real-time monitoring and decision support systems for pest management (Mehedi et.al., 2024). Drones, remote sensors, and automated pheromone traps are being deployed for detecting pest population surges with greater accuracy. Mobile-based advisory platforms now provide localized pest forecasts and IPM recommendations to smallholders, enabling timely interventions. Artificial intelligence-driven diagnostic apps have achieved over 90% accuracy in pest and disease identification using smartphone images. Such innovations reduce reliance on blanket pesticide sprays, minimize costs, and enhance adaptive capacity against climate-induced pest challenges.
IX. Policy and Institutional Frameworks
National and international efforts in pest risk management
Pest risk management requires coordinated action at both national and international levels due to the transboundary nature of emerging pests (Tang et.al., 2025). Many countries have established National Plant Protection Organizations (NPPOs) under the International Plant Protection Convention framework, focusing on pest surveillance, risk analysis, and emergency response. Regional initiatives such as the European and Mediterranean Plant Protection Organization (EPPO) and the Asia and Pacific Plant Protection Commission (APPPC) have developed guidelines for pest risk assessment and early warning systems. International collaborations are crucial, as demonstrated during the global response to the invasion of the fall armyworm (Spodoptera frugiperda), which spread rapidly across Africa, Asia, and Australia since 2016, threatening maize-based food systems. National-level policies are increasingly integrating climate projections into pest management frameworks to anticipate risks linked with changing ecosystems (Heeb et.al., 2019).
Role of FAO, IPPC, and regional plant protection organizations
The Food and Agriculture Organization (FAO) plays a central role in global plant health governance through programs such as the Desert Locust Information Service (DLIS), which uses satellite data and field surveys for early warning and control coordination. The International Plant Protection Convention (IPPC) provides legally binding standards for phytosanitary measures, including International Standards for Phytosanitary Measures (ISPMs), to prevent the introduction and spread of pests across borders. Regional organizations, such as the Inter-African Phytosanitary Council (IAPSC) and EPPO, develop pest distribution databases and harmonized guidelines to support member states. For example, EPPO’s Pest Risk Analysis (PRA) has been instrumental in restricting the spread of invasive species like Tuta absoluta in tomato-growing regions. These institutions ensure that pest risk management aligns with international trade agreements under the World Trade Organization’s Sanitary and Phytosanitary (SPS) Agreement.
Strengthening quarantine and biosecurity measures
Quarantine and biosecurity are essential defense mechanisms against the introduction of invasive pests. Climate change-driven shifts in pest distribution increase the need for stricter quarantine protocols at ports, airports, and land borders. Studies show that global agricultural trade is a major pathway for pest spread, with at least 12% of invasive pest incursions linked directly to international trade flows. Quarantine measures such as pest-free certification, fumigation, and molecular diagnostics help reduce the risk of invasive species entering new territories. Biosecurity frameworks must also incorporate climate suitability analyses to identify high-risk entry points for pests under future scenarios. Countries with robust quarantine systems, such as Australia and New Zealand, have successfully minimized pest introductions, serving as models for integrated biosecurity practices (Moore et.al., 2010).
Need for farmer awareness and extension services
Farmer-level awareness and strong extension services are critical for early detection and rapid management of emerging pests. Surveys show that in regions affected by fall armyworm, less than 40% of smallholder farmers could initially identify the pest, leading to delayed responses and higher yield losses. Effective extension systems bridge knowledge gaps by providing timely advisories on pest identification, thresholds, and management strategies. Mobile-based platforms and community-based surveillance models have proven effective in spreading awareness among farming communities, particularly under climate-induced pest pressures. Capacity building programs and farmer field schools further strengthen resilience by training farmers in integrated pest management, safe pesticide use, and sustainable practices. Empowering farmers with knowledge is an indispensable component of national and regional pest preparedness strategies (Aslam et.al., 2025).
X. Research Gaps and Challenges
Limited understanding of pest–climate interactions
Despite significant advances in climate and pest ecology research, there remains a limited understanding of the complex interactions between insect pests and changing climatic variables. Many studies have established correlations between rising temperatures, rainfall variability, and pest outbreaks, yet causal mechanisms at physiological and ecosystem levels are often poorly characterized. For example, while it is clear that warming accelerates pest voltinism, the interactive effects of temperature with crop nutritional quality, natural enemy responses, and microbial symbionts are still not well quantified. These gaps restrict the ability to anticipate which pests are most likely to become invasive or damaging under future climate scenarios.
Inadequacy of long-term pest monitoring datasets
Reliable predictions require extensive and consistent datasets on pest population dynamics and distribution, but long-term monitoring efforts remain fragmented or regionally limited (Baker et.al., 2000). While developed regions such as Europe maintain pest surveillance databases through organizations like EPPO, many low- and middle-income countries lack systematic monitoring networks. For example, desert locust (Schistocerca gregaria) surveillance in East Africa depends heavily on international aid and satellite-based predictions rather than comprehensive field datasets. The absence of standardized global pest monitoring systems constrains comparative studies across agroecological zones and weakens early-warning capabilities for emerging pests.
Constraints in developing predictive models
Predictive modeling of pest outbreaks under climate change is complicated by multiple uncertainties (Kim et.al., 2016). Crop–pest–climate interactions involve non-linear relationships, making mechanistic modeling difficult. Current models often simplify assumptions about insect biology, ignoring key variables such as diapause, pest adaptation, and natural enemy dynamics. For instance, models predicting the spread of fall armyworm (Spodoptera frugiperda) underestimated its rapid global invasion, highlighting the challenge of incorporating trade pathways, migration patterns, and host plasticity into simulations. The integration of climate projections (CMIP6 scenarios) with crop and pest models is improving, but the lack of localized validation data reduces the accuracy of forecasts in diverse regions.
Challenges in adapting IPM to rapidly changing scenarios
Integrated pest management (IPM) has long been promoted as a sustainable solution, but its effectiveness faces challenges in rapidly changing climate contexts (Deguine et.al., 2021). Pest outbreaks that occur outside traditional cropping seasons disrupt established IPM schedules and reduce the effectiveness of biological control. Shifting pest ranges expose farmers to unfamiliar species, often leading to heavy reliance on chemical pesticides before ecological solutions can be developed. Resistance evolution further complicates control, as pests like Bemisiatabaci and Helicoverpa armigera adapt rapidly to insecticides, undermining IPM frameworks. Adapting IPM requires integrating climate-smart tools such as predictive modeling, mobile advisory services, and stress-resilient crop varieties, but resource limitations in many smallholder systems remain a significant barrier.
XI. Future Prospects and Research Directions
Innovations in pest genomics and molecular tools
Advances in genomics and molecular biology are opening new frontiers for pest management (Gurr et.al., 2016). High-throughput sequencing technologies have enabled the assembly of reference genomes for several key pests, including Helicoverpa armigera and Spodoptera frugiperda, providing insights into genes linked with insecticide resistance, diapause, and host adaptation. Transcriptomic studies are helping identify stress-responsive genes, which can be targeted through RNA interference (RNAi) to disrupt pest physiology. Molecular diagnostic tools such as quantitative PCR and loop-mediated isothermal amplification (LAMP) assays now allow rapid detection of invasive species at ports of entry. These innovations will be central to developing precise, climate-resilient pest control strategies.
Exploring microbiome–insect–climate interactions
The role of microbial symbionts in shaping insect adaptability under climate change is gaining research attention (Renoz et.al., 2019). Symbiotic bacteria such as Buchneraaphidicola in aphids confer nutritional benefits that help pests exploit diverse hosts under stress conditions. Gut microbiomes also influence pest tolerance to pesticides and temperature extremes, as shown in the fall armyworm, where bacterial diversity contributes to survival under thermal stress. Understanding microbiome–insect–climate interactions could provide novel strategies such as microbiome manipulation or disruption to weaken pest populations in a warming world.
Advancing modeling frameworks for pest forecasting
Future pest risk forecasting will require integrated models that combine climate projections, pest physiology, host plant distribution, and trade pathways. Current frameworks such as CLIMEX and MaxEnt are being refined to incorporate microclimatic variation and pest adaptive evolution. Incorporating multi-stressor effects, including drought, CO₂ levels, and natural enemy responses, is essential for reliable forecasts. Machine learning and ensemble modeling approaches are now being tested to improve accuracy, particularly for invasive pests like Tuta absoluta and Bemisiatabaci. These advancements will strengthen early warning systems and policy planning under uncertain climate futures.
International collaborations for global pest surveillance
Transboundary pests require coordinated surveillance systems beyond national boundaries (Domenech et.al., 2006). The FAO’s eLocust3 program exemplifies global cooperation, integrating satellite data, drone mapping, and field reports for desert locust early warning. Collaborative databases such as CABI’s Plantwise Knowledge Bank and EPPO Global Database allow real-time sharing of pest distribution and management data across countries. International research networks are also promoting genomic surveillance of pests, enabling rapid tracking of invasive lineages and resistance evolution. Strengthening such collaborations is essential for containing emerging pests before they escalate into global threats.
Sustainable pathways for climate-resilient pest management
Future strategies must prioritize sustainability by integrating ecological, technological, and policy approaches (Shin et.al., 2008). Climate-resilient IPM frameworks will combine resistant crop varieties, landscape diversification, and reduced pesticide reliance. Biological alternatives such as entomopathogenic fungi, parasitoid releases, and pheromone-based disruption are expected to gain wider adoption. Digital agriculture tools, including AI-driven mobile apps and automated traps, will improve precision in pest management while minimizing costs for smallholders. Policymakers must also align pest management with climate adaptation plans, ensuring that sustainable practices are scalable and accessible to vulnerable farming communities worldwide.
Conclusion
Climate change is reshaping the dynamics of insect pests, driving shifts in their distribution, abundance, and interactions with crops, pathogens, and natural enemies. Rising temperatures, altered precipitation, and elevated CO₂ levels have accelerated pest development, enabled range expansions, and increased the frequency of invasive species outbreaks. These changes have profound implications for crop productivity, food security, and farmer livelihoods, particularly in vulnerable regions. While progress has been made in developing climate-smart IPM, molecular tools, and predictive models, significant gaps remain in understanding pest–climate interactions and in building robust monitoring networks. Strengthening international collaborations, integrating genomics, microbiome research, and digital technologies, along with farmer-centered extension, will be essential for developing sustainable, climate-resilient pest management strategies that safeguard global agriculture in an era of rapid environmental change.
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