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Abstract 

Climate change represents one of the most significant ecological drivers influencing agricultural 

productivity and global food security. Increasing atmospheric temperatures, elevated carbon dioxide 

(CO₂) concentrations, altered precipitation patterns, and the growing frequency of extreme climatic 

events are profoundly reshaping insect pest dynamics across agricultural ecosystems. Because insects 

are ectothermic organisms, their physiological processes, developmental rates, reproductive 

performance, migration behaviour, and geographic distributions are strongly regulated by climatic 

conditions. Recent evidence indicates that global warming is facilitating the expansion of several 

agricultural pest species into previously unsuitable regions by improving overwintering survival, 

accelerating population growth, and increasing the number of generations completed annually 

(Skendžić et al., 2021) [23]. In addition, climate-induced modifications in plant nutritional quality and 

defensive chemistry under elevated CO₂ conditions can alter plant–herbivore interactions, potentially 

increasing pest fitness and crop vulnerability (Schoonhoven et al., 2022). Climate change also disrupts 

ecological relationships within agroecosystems by altering the synchrony between insect pests, host 

plants, predators, parasitoids, and entomopathogens. Such trophic mismatches may reduce the 

effectiveness of natural biological control and increase dependence on chemical insecticides, thereby 

accelerating insecticide resistance development and environmental risks (Bebber et al., 2014; Skendžić 

et al., 2021) [3, 23]. Furthermore, climate-driven range expansions of invasive pests and insect vectors 

increase the threat of emerging crop diseases and agricultural losses. This review provides a 

comprehensive synthesis of the impacts of climate change on insect pest distribution, life-history traits, 

population dynamics, and ecological interactions. It further examines the challenges faced by 

conventional pest management approaches and discusses the development of climate-resilient 

Integrated Pest Management (IPM) strategies. Emerging approaches, including predictive modelling, 

remote sensing-based surveillance, artificial intelligence-assisted forecasting, climate-adapted 

biological control, resistant crop varieties, and precision pesticide application, are highlighted as 

essential components of future pest management systems. Sustainable management of insect pests 

under changing climatic conditions will require interdisciplinary integration of entomology, climate 

science, molecular biology, and agricultural extension systems to ensure long-term crop productivity 

and food security. 

 
Keywords: Climate change; agricultural insects; pest distribution; insect phenology; global warming; 

ecological interactions; biological control; integrated pest management; food security; predictive 

modelling 

 

1. Introduction 

Agricultural ecosystems worldwide are experiencing unprecedented environmental changes 

driven by anthropogenic climate change. Rising global temperatures, increasing atmospheric 

greenhouse gas concentrations, shifting precipitation patterns, and frequent occurrences of 

climatic extremes such as droughts, floods, and heat waves are significantly altering 

ecosystem functioning and agricultural productivity (Intergovernmental Panel on Climate 

Change [IPCC], 2022) [15]. Among the various biological constraints affecting crop 

production, insect pests represent one of the most persistent and economically important 

challenges. Global crop losses caused by insect pests already account for substantial 

reductions in agricultural output, and these impacts are expected to intensify as climatic 

conditions become increasingly favourable for pest survival, reproduction, and geographic
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expansion (Deutsch et al., 2018; Skendžić et al., 2021) [7, 23]. 
Insects are particularly sensitive indicators of climate 
change because their physiological processes are strongly 
dependent on environmental temperature. As ectothermic 
organisms, insects rely on external heat sources to regulate 
body temperature, resulting in direct relationships between 
ambient temperature and metabolic activity, developmental 
rate, fecundity, survival, and dispersal capacity (Bale et al., 
2002; Skendžić et al., 2021) [1, 23]. Even relatively small 
increases in temperature can influence insect population 
trajectories by accelerating immature development, reducing 
generation time, and enabling additional reproductive cycles 
within a cropping season. Consequently, warming trends 
may transform historically minor pests into economically 
important species by increasing their abundance and 
extending their seasonal activity periods. Climate change is 
also modifying the geographic distribution of agricultural 
insect pests. Warmer temperatures and reduced frequency of 
extreme cold events are allowing many species to expand 
beyond their traditional climatic boundaries towards higher 
latitudes and elevations (Bebber et al., 2014) [3]. For 
example, invasive pests such as the fall armyworm 
(Spodoptera frugiperda) have demonstrated rapid 
geographical expansion into new regions due to favourable 
climatic conditions, threatening maize and other staple crop 
production systems (Early et al., 2018) [8]. Similarly, 
changes in seasonal temperature patterns have enhanced 
overwintering survival of several temperate insect pests, 
resulting in larger spring populations and increased crop 
damage potential (Skendžić et al., 2021) [23]. Beyond 
temperature effects, elevated atmospheric CO₂ 
concentrations represent another important factor 
influencing insect–plant interactions. Increased CO₂ 
availability can stimulate plant photosynthesis and biomass 
production; however, it frequently reduces leaf nitrogen 
concentration and modifies carbon-to-nitrogen ratios, 
potentially decreasing nutritional quality for herbivorous 
insects (Zavala et al., 2013) [26]. To compensate for reduced 
nutritional value, some herbivores may increase feeding 
rates, resulting in greater plant tissue consumption and 
enhanced crop damage. Additionally, climate-associated 
changes in plant secondary metabolites can modify host 
suitability and influence insect feeding behaviour, 
development, and population growth (Robinson et al., 2012) 
[21]. Altered precipitation regimes further complicate pest 
dynamics by interacting with temperature and host plant 
responses. Drought stress can weaken plant defence 
mechanisms, making crops more susceptible to sap-feeding 
insects and wood-boring pests, while excessive rainfall and 
flooding events may influence pest dispersal, mortality, and 
pathogen transmission patterns (Gutbrodt et al., 2011) [10]. 

Extreme weather events can also disrupt natural enemy 
populations, creating ecological imbalances that favour pest 
outbreaks. Historically, agricultural pest management has 
been largely based on established seasonal patterns, 
economic thresholds, and predictable pest–crop interactions. 
However, climate change is challenging these assumptions 
by introducing greater uncertainty into pest occurrence, 
population forecasting, and management timing (Skendžić 
et al., 2021) [23]. Traditional calendar-based pesticide 
applications may become increasingly ineffective as pest 
phenology shifts and new pest species emerge in previously 
unaffected regions. Moreover, increased dependence on 
chemical control can accelerate insecticide resistance 
evolution and negatively affect non-target organisms, 
including beneficial predators and pollinators. 
Therefore, there is an urgent need to transition from 
conventional pest management approaches towards 
adaptive, climate-resilient Integrated Pest Management 
(IPM) systems. Modern IPM strategies must incorporate 
climate-based forecasting, advanced monitoring 
technologies, ecological conservation, resistant crop 
varieties, biological control optimization, and precision 
chemical interventions. Such approaches require a 
comprehensive understanding of how climatic variables 
influence insect biology, population ecology, and ecosystem 
interactions. 
This review examines the complex relationships between 
climate change and agricultural insect pests by discussing 
major climatic drivers, including temperature rise, elevated 
CO₂, and precipitation variability. It evaluates their impacts 
on pest distribution, developmental biology, phenology, 
ecological interactions, and crop production risks. 
Furthermore, it explores emerging climate-smart IPM 
strategies and future research priorities necessary for 
sustainable insect pest management under rapidly changing 
environmental conditions. 
 
2. Climate drivers affecting insect pest systems 
Climate change influences insect pest populations through 
multiple interacting environmental drivers, including 
increasing temperature, rising atmospheric carbon dioxide 
(CO₂), altered precipitation patterns, and the increasing 
frequency of extreme climatic events. These climatic factors 
do not operate independently; rather, they interact with 
insect physiology, host-plant characteristics, ecosystem 
processes, and agricultural management practices to 
determine pest abundance, distribution, and outbreak 
potential. Understanding these climate-driven mechanisms 
is essential for predicting future pest risks and developing 
adaptive pest management strategies (Skendžić et al., 2021; 
Deutsch et al., 2018) [7, 23]. 

 
Table 1: Major climate drivers influencing agricultural insect pest dynamics 

 

Climate Driver Mechanism of Action Effects on Insect Pests Examples References 

Increasing 
temperature 

Accelerates metabolic activity, 
enzymatic reactions, and physiological 

processes in ectothermic insects 

Faster development, shorter generation 
time, increased voltinism, enhanced 

reproduction, expanded geographic range 

Aphids, moths, 
beetles, Spodoptera 

frugiperda 

Bale et al. (2002) [1]; 
Deutsch et al. (2018) [7]; 
Skendžić et al. (2021) [23] 

Reduced winter 
severity 

Decreases cold-induced mortality 
during diapause and overwintering 

stages 

Higher survival rates, increased spring 
population density, greater outbreak 

potential 

Aphids, cereal pests, 
bark beetles 

Bale & Hayward (2010) 
[2] 

Elevated 
atmospheric CO₂ 

Alters plant carbon: nitrogen ratio and 
secondary metabolite production 

Reduced plant nutritional quality, 
increased feeding compensation, altered 

herbivore performance 

Caterpillars, aphids, 
leaf miners 

Robinson et al. (2012); 
Zavala et al. (2013) [21, 26] 

Drought stress 
Reduces plant water availability and 

alters plant defence chemistry 
Increased susceptibility of plants to sap-

feeding and wood-boring insects 
Aphids, whiteflies, 

bark beetles 

Huberty & Denno (2004); 
Gutbrodt et al. (2011) [10, 

14] 

Heavy rainfall 
and flooding 

Alters insect survival, habitat 
availability, and migration patterns 

Can suppress some pests but favour 
humidity-dependent pests and disease 

vectors 

Thrips, fungal disease 
vectors 

IPCC (2022); Skendžić et 
al. (2021) [15, 23] 

Extreme weather 
events 

Modifies dispersal pathways and 
ecosystem stability 

Sudden pest invasions, migration events, 
ecological disruption 

Migratory moths, 
locusts, aphids 

Bebber et al. (2014) [3] 
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2.1 Rising temperatures and thermal regulation of insect 

populations 

Temperature is considered the most influential climatic 

factor regulating insect population dynamics because insects 

are ectothermic organisms whose metabolic activities 

depend strongly on environmental temperature. Unlike 

endothermic animals, insects cannot internally regulate body 

temperature, and therefore their growth, development, 

reproduction, survival, and behaviour are directly controlled 

by external thermal conditions (Bale et al., 2002) [2]. 

Global warming has resulted in a progressive increase in 

average temperatures, which has significant consequences 

for agricultural insect pests. Within their optimal thermal 

range, increased temperatures generally accelerate 

biochemical reactions, increase metabolic activity, shorten 

developmental periods, and enhance reproductive rates 

(Skendžić et al., 2021) [23]. Faster development allows many 

pest species to complete additional generations per year, 

increasing population growth rates and cumulative crop 

damage. For example, insects that were historically 

univoltine may become bivoltine or multivoltine under 

warmer conditions, thereby increasing their seasonal 

abundance and extending the period of crop vulnerability 

(Deutsch et al., 2018) [7]. 

Temperature-driven acceleration of insect development can 

be explained through thermal performance curves, where 

insect growth increases with temperature until reaching an 

optimum, after which physiological stress causes reduced 

survival and reproduction. Therefore, climate warming does 

not universally benefit all insect species; rather, its effects 

depend on species-specific thermal tolerance limits and 

geographical location (Kingsolver et al., 2011) [16]. Tropical 

and subtropical insect species may experience population 

declines under excessive warming due to physiological 

stress, whereas temperate pests may benefit from moderate 

temperature increases because previously limiting cold 

conditions are reduced. 

One of the most important consequences of rising 

temperature is improved overwintering survival. 

Historically, winter temperatures acted as a natural 

population regulator by causing substantial mortality among 

insect eggs, larvae, pupae, and adults. However, milder 

winters associated with climate warming reduce cold-

induced mortality, allowing larger pest populations to 

survive into subsequent growing seasons (Bale & Hayward, 

2010) [2]. This phenomenon has contributed to increased 

outbreaks of several agricultural pests, including aphids, 

moths, and beetles. 

Temperature increases also influence insect migration and 

geographical expansion. As climatic conditions become 

suitable in higher latitudes and elevations, many pest species 

are expanding beyond their historical ranges. Global 

analyses have demonstrated that agricultural pests and 

pathogens are progressively shifting towards the poles due 

to warming trends, creating new challenges for crop 

protection and quarantine systems (Bebber et al., 2014) [3]. 

The expansion of the fall armyworm (Spodoptera 

frugiperda) provides a prominent example of climate-

mediated pest invasion. Originally distributed in tropical and 

subtropical regions of the Americas, this species has rapidly 

expanded into Africa, Asia, and other regions where warmer 

climatic conditions support survival and reproduction (Early 

et al., 2018) [8]. Such range expansions demonstrate how 

temperature changes can transform regional pest dynamics 

and threaten previously unaffected agricultural systems. 

 

2.2 Elevated atmospheric carbon dioxide and plant–

herbivore interactions 

Atmospheric CO₂ concentration has increased substantially 

due to fossil fuel combustion, land-use changes, and 

industrial activities. Although elevated CO₂ generally 

enhances photosynthetic activity and plant biomass 

production, its effects on insect herbivores are complex and 

largely mediated through changes in host-plant physiology 

and nutritional composition (Zavala et al., 2013) [26]. 

Increased CO₂ availability frequently stimulates 

carbohydrate production in plants while reducing nitrogen 

concentration in plant tissues. This alteration increases the 

carbon-to-nitrogen ratio (C:N ratio), resulting in reduced 

nutritional quality for herbivorous insects. Consequently, 

many insect pests compensate by increasing feeding rates to 

obtain sufficient nitrogen, potentially causing greater crop 

damage despite unchanged or reduced individual insect 

growth rates (Robinson et al., 2012) [21]. 

Elevated CO₂ can also modify plant defence mechanisms by 

altering the production of secondary metabolites such as 

phenolics, alkaloids, terpenoids, and other defensive 

compounds. These chemical changes may either enhance or 

reduce plant resistance depending on the plant species, 

insect herbivore, and environmental context (Zavala et al., 

2013) [23]. For example, some plants increase carbon-based 

defence compounds under elevated CO₂, reducing herbivore 

performance, whereas others experience reduced defensive 

capacity due to nutrient limitations. 

The effects of elevated CO₂ are therefore highly species-

specific and involve complex interactions between plants 

and insect herbivores. Generalist pests may adapt more 

successfully because of their ability to exploit diverse host 

plants, whereas specialist herbivores may experience greater 

limitations due to dependence on specific host chemistry 

(Robinson et al., 2012) [21]. 

Furthermore, elevated CO₂ may indirectly influence pest 

outbreaks by modifying plant growth patterns and crop 

architecture. Increased biomass production may create 

favourable microhabitats that improve insect shelter, 

reproduction, and survival. Therefore, climate-induced 

changes in atmospheric composition must be considered 

alongside temperature and precipitation effects when 

predicting future pest risks. 

2.3 Altered precipitation patterns and extreme climatic 

events 

Changes in global precipitation patterns represent another 

major climate driver influencing insect pest ecology. 

Climate change is expected to increase variability in rainfall 

distribution, resulting in more frequent drought periods, 

intense rainfall events, flooding, and prolonged moisture 

stress conditions (IPCC, 2022). These changes affect insect 

populations directly through physiological stress and 

indirectly through modifications in host plants and natural 

enemy communities. 

Drought conditions often increase plant susceptibility to 

insect attack by reducing plant vigour and altering defence 

responses. Water-stressed plants may exhibit reduced 

production of defensive chemicals, impaired growth, and 

increased nutritional suitability for certain herbivorous 

insects. Sap-feeding insects such as aphids, whiteflies, and 

scale insects frequently benefit from drought-stressed plants 
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because weakened hosts provide favourable conditions for 

population increase (Huberty & Denno, 2004) [14]. 

Drought stress can also increase outbreaks of wood-boring 

insects because weakened trees produce lower levels of 

defensive resin compounds, reducing resistance against 

infestation. The widespread increase in bark beetle 

outbreaks in forest ecosystems has been linked to the 

combined effects of drought stress, warming temperatures, 

and reduced winter mortality (Bentz et al., 2010) [4]. 

Conversely, excessive rainfall and flooding can influence 

pest populations through both positive and negative effects. 

Heavy rainfall may directly reduce insect survival by 

causing physical mortality, disrupting feeding behaviour, 

and destroying breeding habitats. However, high humidity 

and increased vegetation growth after rainfall may create 

favourable conditions for certain pests, particularly fungal-

vectoring insects and defoliators (Skendžić et al., 2021) [23]. 

Extreme weather events can also influence insect dispersal 

patterns. Storm systems and strong wind currents may 

facilitate long-distance migration of flying insects, allowing 

rapid colonization of new geographical areas. Migratory 

pests such as locusts, moths, and aphids can exploit 

favourable wind conditions associated with changing 

climatic patterns to expand their distribution ranges (Bebber 

et al., 2014) [3]. 

 

2.4 Interaction among multiple climate drivers 

Although individual climatic factors significantly influence 

insect pests, their combined effects determine the overall 

ecological outcome. Temperature, CO₂ concentration, 

precipitation, and extreme weather events interact through 

complex pathways involving insect physiology, host plants, 

natural enemies, and agricultural practices. 

For instance, elevated temperatures may accelerate insect 

development, while drought-induced nutritional stress may 

alter host-plant quality and increase pest susceptibility. 

Similarly, warming conditions may improve pest survival 

while simultaneously disrupting parasitoid and predator 

populations, resulting in reduced biological control 

(Skendžić et al., 2021). 

Therefore, predicting future pest outbreaks requires 

integrated climate–ecological models rather than single-

factor assessments. Mechanistic models incorporating 

temperature responses, host-plant changes, population 

dynamics, and species interactions provide more realistic 

predictions of climate-driven pest risks (Deutsch et al., 

2018) [7]. 

 

3. Range shifts, invasion risk, and climate-driven 

changes in pest biology and phenology 

Climate change is fundamentally altering the geographical 

distribution and ecological behaviour of agricultural insect 

pests. Rising temperatures, modified precipitation regimes, 

and increasing climatic variability are enabling many insect 

species to expand beyond their historical geographic 

boundaries, resulting in the emergence of new pest threats in 

previously unaffected agricultural regions. These 

distributional changes are primarily driven by modifications 

in thermal suitability, overwintering conditions, host 

availability, and dispersal opportunities (Bebber et al., 2014; 

Skendžić et al., 2021) [3, 23]. Consequently, climate change is 

transforming pest management from a localized crop 

protection challenge into a dynamic global concern 

requiring predictive and adaptive approaches. 

 

3.1 Climate-induced geographic range expansion of 

insect pests 

The expansion of insect pest ranges represents one of the 

most consistently documented ecological responses to 

global warming. Historically, temperature thresholds, 

particularly low winter temperatures, restricted the survival 

and establishment of many insect species. However, 

increasing average temperatures and reduced frequency of 

extreme cold events are relaxing these climatic limitations, 

allowing pests to survive and reproduce in regions that were 

previously unsuitable (Bale & Hayward, 2010) [2]. 

 
Table 2: Climate change effects on insect pest biology and population characteristics 

 

Biological 

Parameter 
Climate Change Effect Ecological Consequence Agricultural Impact 

Development rate 
Increased temperature accelerates immature 

development 
Shorter generation cycles 

Increased number of pest generations per 

season 

Voltinism 
Warmer conditions allow additional 

reproductive cycles 

Higher annual population 

growth 
Greater crop damage risk 

Reproduction 
Moderate warming increases fecundity in 

many insects 
Rapid population increase Earlier pest outbreaks 

Overwintering 

survival 
Reduced winter mortality 

Larger initial populations in 

spring 
Increased seasonal pest pressure 

Migration ability 
Expanded climatic suitability and 

favourable wind patterns 
Range expansion and invasion 

Introduction of pests into new agricultural 

regions 

Thermal adaptation Selection for heat-tolerant individuals 
Evolutionary changes in pest 

populations 

Reduced effectiveness of existing 

management strategies 

Phenology Earlier emergence and seasonal activity 
Plant–pest and pest–enemy 

mismatches 
Poor prediction of pest appearance 

 

References: Bale et al. (2002); Bale & Hayward (2010); 

Hoffmann & Sgrò (2011); Skendžić et al. (2021) [1, 2, 13, 23] 

Global analyses have demonstrated that many agricultural 

pests and pathogens are progressively shifting towards 

higher latitudes and elevations in response to climate 

warming. Bebber et al. (2014) [3] reported that crop pests 

and pathogens have moved approximately several 

kilometres per year towards the poles, indicating that 

climate change is actively reshaping agricultural pest 

geography. Such range expansions are particularly 

concerning because newly colonized regions often lack 

established natural enemies, farmer awareness, and effective 

management strategies. 

The expansion of pest distributions depends on several 

interacting factors, including thermal tolerance, reproductive 

capacity, host availability, dispersal ability, and landscape 
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connectivity. Species with broad climatic tolerance and high 

dispersal capacity are expected to respond most rapidly to 

climate change. Migratory insects, in particular, can exploit 

favourable climatic windows to colonize new regions 

rapidly. 

For example, the fall armyworm (Spodoptera frugiperda) 

has demonstrated remarkable climate-associated range 

expansion from its native distribution in the Americas into 

Africa, Asia, and Oceania. Its successful invasion has been 

facilitated by suitable temperature conditions, strong 

migratory ability, abundant host plants, and favourable 

wind-assisted dispersal pathways (Early et al., 2018) [8]. The 

establishment of S. frugiperda in new agricultural 

landscapes highlights the vulnerability of global food 

production systems to climate-driven biological invasions. 

Similarly, warming conditions have contributed to increased 

occurrence and establishment of several invasive pests, 

including the brown marmorated stink bug (Halyomorpha 

halys), diamondback moth (Plutella xylostella), and various 

aphid species. These invasions create complex management 

challenges because introduced pests may encounter fewer 

ecological constraints compared with their native 

environments (Deutsch et al., 2018) [7]. 

 

3.2 Climate change and overwintering survival 

Winter mortality acts as a critical ecological filter regulating 

insect populations in temperate agricultural ecosystems. 

Many insect pests survive winter through diapause, a 

physiological state characterized by reduced metabolic 

activity and enhanced stress tolerance. However, warmer 

winters associated with climate change can disrupt this 

natural population regulation mechanism by increasing 

survival rates of overwintering stages (Bale & Hayward, 

2010) [2]. 

Enhanced overwintering survival results in larger initial pest 

populations at the beginning of the growing season. These 

increased founder populations can accelerate population 

growth and increase the probability of reaching economic 

damage thresholds earlier than historical patterns predict. 

For example, aphids, cereal pests, and certain moth species 

have shown increased spring abundance in regions 

experiencing warmer winter conditions (Skendžić et al., 

2021) [23]. 

Changes in overwintering success also influence pest 

outbreak frequency. When winter mortality decreases, 

populations may avoid density bottlenecks, allowing 

multiple generations to develop during subsequent 

favourable seasons. This phenomenon is particularly 

important for species with high reproductive potential 

because small increases in survival can translate into 

exponential population increases. 

However, overwintering responses are species-specific. 

Some insects require specific temperature cues for diapause 

termination, and abnormal warming patterns may disrupt 

synchronization between insect emergence and host plant 

availability. Therefore, climate change may simultaneously 

enhance survival while creating new ecological mismatches. 

 

3.3 Effects of climate change on insect development and 

generation time 

Temperature strongly regulates insect developmental 

processes, including egg incubation, larval growth, 

pupation, and adult maturation. Within optimal thermal 

limits, increased temperatures accelerate enzymatic activity 

and metabolic processes, resulting in faster development and 

shorter generation intervals (Bale et al., 2002) [1]. 

A reduction in generation time can substantially increase 

pest population growth because insects complete more 

reproductive cycles within a single cropping season. Species 

capable of increasing their voltinism (number of generations 

per year) represent a major climate-related threat to 

agriculture. For instance, pests that historically produced 

one generation annually may produce additional generations 

under warmer conditions, resulting in prolonged crop 

exposure and increased yield losses (Deutsch et al., 2018) 
[7]. 

The relationship between temperature and insect 

development follows a nonlinear pattern. Development 

accelerates until an optimum temperature is reached; beyond 

this threshold, physiological stress, reduced fertility, and 

mortality may occur (Kingsolver et al., 2011) [16]. Therefore, 

climate warming may benefit some pest species while 

negatively affecting others depending on their thermal 

niche. 

The expansion of multivoltine behaviour is particularly 

important in annual cropping systems. Additional 

generations allow pests to exploit successive crop stages, 

increase population pressure, and complicate management 

timing. As a result, traditional pest forecasting models based 

on historical temperature patterns may underestimate future 

outbreak risks. 

 

3.4 Climate-driven changes in reproductive capacity and 

population growth 

Climate change influences insect reproductive biology 

through effects on fecundity, egg viability, mating 

behaviour, and population growth rates. Warmer 

temperatures can increase reproductive output in many 

insect species by shortening maturation periods and 

extending reproductive seasons (Skendžić et al., 2021) [23]. 

For example, aphids often exhibit temperature-dependent 

increases in reproductive rates under moderate warming 

conditions. Higher temperatures may accelerate 

parthenogenetic reproduction, allowing rapid population 

multiplication during favourable periods. Similar responses 

have been observed in several agricultural pests, including 

whiteflies, leafhoppers, and certain lepidopteran species. 

However, reproductive responses to warming are highly 

dependent on species-specific thermal limits. Excessive 

temperatures may reduce fertility by disrupting 

gametogenesis, impairing mating behaviour, and increasing 

physiological stress. Therefore, future pest population 

predictions require accurate understanding of species-

specific thermal performance relationships. 

Climate change may also influence insect population 

genetics by imposing selection pressure on thermal 

tolerance traits. Over multiple generations, pest populations 

may evolve adaptations that improve survival under warmer 

conditions, including altered metabolic pathways, 

behavioural thermoregulation, and changes in 

developmental thresholds (Hoffmann & Sgrò, 2011) [13]. 

 

3.5 Phenological shifts and plant–pest synchronization 

Phenology refers to the timing of biological events such as 

insect emergence, migration, reproduction, and plant 

flowering. Climate warming has significantly altered 

phenological patterns across ecosystems, often causing 
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earlier seasonal activity in both plants and insects 

(Parmesan, 2007) [19]. 

In agricultural systems, successful pest development 

depends on synchronization between insect life stages and 

host plant availability. Climate change can modify this 

synchronization by causing different rates of phenological 

advancement between plants, pests, and natural enemies. 

When pest emergence occurs earlier than historical patterns, 

insects may encounter highly vulnerable crop stages, 

resulting in increased damage. Conversely, if host plants 

advance faster than pests, temporary reductions in pest 

pressure may occur. However, long-term climate variability 

increases uncertainty in these interactions and complicates 

pest forecasting (Skendžić et al., 2021) [23]. 

Phenological mismatches are also important for biological 

control. Predators and parasitoids often depend on precise 

timing of prey availability. If pests and natural enemies 

respond differently to warming, ecological synchrony may 

decline, reducing natural suppression of pest populations. 

 

3.6 Evolutionary adaptation and genetic responses to 

climate change 

Long-term exposure to changing climatic conditions may 

drive evolutionary responses in insect pest populations. 

Natural selection can favour individuals possessing traits 

associated with increased heat tolerance, altered 

developmental rates, improved water conservation, and 

behavioural adaptation (Hoffmann & Sgrò, 2011) [13]. 

Genetic adaptation to warming environments may allow 

pest populations to persist despite climatic stress. For 

example, populations experiencing repeated heat exposure 

may develop physiological mechanisms that improve 

cellular protection, enzyme stability, and stress tolerance. 

Although evolutionary responses are difficult to predict, 

they represent an important consideration for future pest 

management. Climate adaptation may reduce the 

effectiveness of existing control strategies by producing pest 

populations with altered biological characteristics. 

Therefore, integrated pest management programs must 

incorporate evolutionary principles when developing long-

term climate adaptation strategies. 

 

3.7 Implications of range expansion and biological 

changes for pest management 

Climate-induced changes in pest distribution, development, 

and reproduction challenge conventional pest management 

systems. Historical pest calendars and economic thresholds 

are often based on long-term climatic patterns that may no 

longer accurately predict pest occurrence. 

The movement of pests into new regions requires 

strengthened surveillance, quarantine measures, and early 

warning systems. Furthermore, increased generation 

numbers and altered phenology demand dynamic decision-

support tools capable of integrating real-time climatic 

information. 

Future pest management must therefore shift from reactive 

control strategies towards predictive approaches combining 

ecological modelling, remote sensing, molecular 

surveillance, and climate forecasting. Understanding 

climate-driven changes in pest biology is essential for 

developing resilient agricultural systems capable of 

maintaining productivity under future environmental 

conditions. 

4. Disruption of ecological interactions, natural enemy 

dynamics, vector-borne plant diseases, and implications 

for crop production and food security 

Climate change does not influence insect pests through 

isolated physiological effects alone; rather, it reshapes entire 

ecological networks by modifying interactions among 

plants, herbivores, predators, parasitoids, pathogens, and 

environmental factors. Agricultural ecosystems function 

through complex trophic relationships in which pest 

populations are naturally regulated by bottom-up forces 

(host plant quality and availability) and top-down forces 

(predation, parasitism, and disease). Climate-driven 

alterations in these interactions can destabilize ecological 

equilibrium, resulting in increased pest outbreaks, reduced 

biological control efficiency, and greater risks to agricultural 

productivity (Skendžić et al., 2021; Seidl et al., 2017) [22, 23]. 

The ecological consequences of climate change are 

particularly significant because agricultural systems are 

already simplified environments with reduced biodiversity 

and limited ecological buffering capacity. As climatic 

conditions continue to shift, changes in species distributions, 

phenological timing, and physiological responses may 

disrupt long-established relationships that historically 

contributed to pest regulation. 

 

4.1 Climate change and alteration of plant–insect 

herbivore interactions 

Plant–insect interactions represent a fundamental 

component of agricultural ecosystems, where changes in 

plant physiology directly influence herbivore performance. 

Climate change affects these interactions through 

modifications in plant growth, nutritional composition, 

defensive chemistry, and stress responses. 

Elevated atmospheric CO₂ concentrations frequently 

increase carbohydrate accumulation in plants while reducing 

nitrogen concentration in leaves, resulting in increased 

carbon-to-nitrogen ratios. Since nitrogen is essential for 

insect growth and reproduction, reduced nutritional quality 

may negatively affect herbivore development. However, 

many insect pests compensate for reduced nitrogen 

availability by increasing feeding rates, which may 

ultimately increase total crop damage (Zavala et al., 2013) 
[23]. 

For example, under elevated CO₂ conditions, some chewing 

herbivores consume greater amounts of plant tissue to fulfil 

their nutritional requirements. Although individual insect 

growth rates may decline, increased feeding intensity can 

offset these effects and result in substantial agricultural 

losses. Therefore, elevated CO₂ may indirectly increase pest 

pressure by altering feeding behaviour rather than simply 

increasing insect population size (Robinson et al., 2012) [21]. 

Climate-induced changes in plant secondary metabolites 

further complicate plant–herbivore interactions. Plants 

produce a diverse range of defensive compounds, including 

phenolics, alkaloids, terpenoids, and proteinase inhibitors, 

which influence insect feeding preference and survival. 

Temperature elevation, drought stress, and increased CO₂ 

can modify the production and composition of these 

compounds, resulting in unpredictable effects on herbivore 

performance (Bidart-Bouzat & Imeh-Nathaniel, 2008) [5]. 

Drought stress is particularly important because water 

limitation often reduces plant defensive capacity. Water-

stressed plants may exhibit altered chemical profiles, 

reduced tissue toughness, and changes in nutritional 
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composition, making them more vulnerable to sap-feeding 

insects such as aphids, whiteflies, and leafhoppers (Huberty 

& Denno, 2004) [14]. 

Therefore, climate change may alter pest severity not only 

by directly affecting insect physiology but also by 

modifying the quality and defence mechanisms of their host 

plants. 

 

4.2 Disruption of natural enemy dynamics and biological 

control services 

Predators, parasitoids, and entomopathogenic organisms 

play essential roles in regulating agricultural pest 

populations. Natural enemies provide ecosystem services 

that reduce pest abundance and decrease dependence on 

chemical insecticides. However, climate change threatens 

these biological control mechanisms by altering the 

distribution, survival, and seasonal synchronization of 

natural enemies. 

Natural enemies often have narrower climatic tolerance 

ranges than their prey species. Consequently, climate 

warming may benefit pest populations while simultaneously 

reducing predator or parasitoid effectiveness. Differences in 

thermal sensitivity between pests and natural enemies can 

create ecological mismatches, where predators emerge too 

early, too late, or in insufficient numbers relative to pest 

population growth (Hance et al., 2007) [12]. 

For parasitoids, temperature influences developmental rates, 

reproductive capacity, host-searching behaviour, and 

survival. A small difference in thermal response between 

parasitoid and host development can disrupt synchronization 

and reduce parasitism efficiency. For example, if pest 

populations develop faster under warmer conditions while 

parasitoid populations respond more slowly, pest outbreaks 

may occur before adequate biological suppression develops. 

Climate change may also alter predator communities 

through habitat modification and species redistribution. 

Some natural enemies may expand into new regions, 

whereas others may decline due to unsuitable environmental 

conditions. Such changes can restructure predator–prey 

relationships and influence the stability of agricultural 

ecosystems (Skendžić et al., 2021) [23]. 

Recent modelling approaches demonstrate that climate 

change can produce asymmetric shifts between pest species 

and their natural enemies. For example, species distribution 

modelling of the red-necked longhorn beetle (Aromia 

bungii) and associated natural enemies revealed that future 

climate scenarios may alter habitat overlap between pests, 

parasitoids, and predators, potentially reducing biological 

control effectiveness (Zhang et al., 2024) [27]. 

 

4.3 Effects on entomopathogens and microbial biological 

control 

Microbial control agents, including entomopathogenic 

fungi, bacteria, and viruses, are important components of 

sustainable pest management. However, their effectiveness 

is strongly influenced by climatic conditions, particularly 

temperature and humidity. 

Entomopathogenic fungi such as Beauveria bassiana and 

Metarhizium anisopliae require suitable moisture conditions 

for spore germination, infection, and host colonization. 

Increased temperatures and drought conditions may reduce 

pathogen persistence and infection efficiency, limiting their 

effectiveness in warmer agricultural environments. 

Conversely, changes in humidity and precipitation may 

create favourable conditions for certain pathogens, resulting 

in increased natural mortality of pest populations. Therefore, 

climate change may generate both positive and negative 

effects on microbial control depending on regional 

environmental conditions. 

Future biological control programs must therefore consider 

climate compatibility when selecting microbial agents. The 

development of climate-adapted microbial strains with 

improved thermal tolerance may become increasingly 

important under future warming scenarios. 

 

4.4 Climate change and vector-borne plant diseases 

Insect pests are not only important because of direct feeding 

damage; many species function as vectors of economically 

important plant pathogens. Climate change increases the risk 

of vector-borne plant diseases by modifying insect 

distribution, population density, feeding behaviour, and 

pathogen transmission efficiency. 

Warmer temperatures can accelerate insect development and 

increase the number of generations of vectors such as 

aphids, whiteflies, thrips, and leafhoppers. Increased vector 

abundance expands opportunities for pathogen acquisition 

and transmission. Additionally, climate change may extend 

the geographical range of insect vectors, allowing plant 

diseases to emerge in regions where they were previously 

absent (Bebber et al., 2014) [3]. 

Temperature also influences pathogen replication within 

insect vectors. Many plant pathogens multiply more 

efficiently within vectors under favourable thermal 

conditions, increasing transmission probability. Therefore, 

climate warming can amplify disease risks through 

simultaneous effects on both insect vectors and associated 

pathogens. 

For example, increased populations of whiteflies (Bemisia 

tabaci) under warmer conditions have contributed to greater 

transmission of begomoviruses affecting vegetable crops 

worldwide. Similarly, changes in aphid distribution and 

seasonal abundance influence the epidemiology of several 

economically important viral diseases. 

The combination of direct feeding injury and pathogen 

transmission significantly increases the economic 

importance of insect pests under climate change scenarios. 

 

4.5 Climate change effects on agricultural biodiversity 

and ecosystem stability 

Agricultural ecosystems depend on biodiversity to maintain 

ecological balance. Climate change-induced species 

redistribution can alter community composition, competitive 

relationships, and ecosystem functions. 

The arrival of invasive pests may result in ecological 

displacement of native species and disruption of existing 

food webs. Introduced pests often experience population 

outbreaks because natural enemies from their original 

environments are absent or ineffective in new locations. 

This ecological phenomenon, known as enemy release, 

contributes to the rapid establishment of invasive 

agricultural pests. 

Furthermore, climate-driven changes in biodiversity may 

affect ecosystem resilience. Diverse agricultural landscapes 

containing natural habitats, hedgerows, and flowering 

resources generally support stronger populations of 

beneficial insects. However, climate change combined with 

intensive agriculture may reduce biodiversity and weaken 
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natural pest regulation mechanisms (Tscharntke et al., 2012) 
[25]. 

Maintaining ecological complexity through habitat 

conservation and agroecological practices will therefore 

become increasingly important for climate-resilient pest 

management. 

 

4.6 Implications of climate change for crop production 

and global food security 

The cumulative effects of climate change on insect 

distribution, population growth, ecological interactions, and 

disease transmission represent a major threat to global food 

security. Agricultural production systems are already 

challenged by increasing food demand, land degradation, 

and resource limitations. Climate-driven increases in pest 

pressure add another significant constraint on sustainable 

crop production. 

Global analyses indicate that crop losses caused by insect 

pests are expected to increase under warming scenarios. 

Deutsch et al. (2018) [7] demonstrated that rising 

temperatures can increase insect-related crop losses, 

particularly in temperate regions where pest populations 

benefit from warming conditions. 

Major staple crops, including wheat, maize, rice, and 

soybean, are vulnerable to increased insect pressure because 

many important pests exhibit temperature-dependent 

population increases. Additional generations, expanded 

geographic ranges, and improved overwintering survival 

may increase both the frequency and severity of pest 

outbreaks. 

Climate change may also increase reliance on chemical 

insecticides as farmers attempt to manage emerging pest 

threats. However, increased pesticide use can accelerate 

insecticide resistance evolution, reduce populations of 

beneficial organisms, and create environmental 

contamination problems. This creates a feedback cycle 

where declining biological control increases pesticide 

dependence, further weakening ecosystem stability. 

Food security risks are particularly severe in developing 

agricultural regions where farmers often lack access to 

advanced monitoring systems, resistant crop varieties, and 

climate-based decision-support tools. Therefore, climate 

adaptation strategies must integrate scientific innovation 

with farmer accessibility and socioeconomic considerations. 

 

4.7 Need for climate-resilient pest management systems 

The disruption of ecological interactions under climate 

change demonstrates that conventional pest management 

approaches are insufficient for future agricultural 

challenges. Effective pest management must move beyond 

pest elimination towards ecosystem-based strategies that 

enhance resilience. 

Climate-resilient pest management requires: 

 Continuous monitoring of pest distribution and 

population changes. 

 Climate-based forecasting systems. 

 Conservation of natural enemy populations. 

 Development of resistant crop varieties. 

 Integration of biological and cultural control methods. 

 Precision-based pesticide applications. 

 Farmer-centred climate adaptation programs. 

 

The future of agricultural pest management will depend on 

combining ecological knowledge with technological 

innovation to anticipate pest risks rather than responding 

after outbreaks occur. 

 

5. Adaptive climate-smart integrated pest management 

strategies, emerging technologies, case studies, future 

research priorities, and conclusion 

5.1 Transition towards climate-smart integrated pest 

management 

The increasing complexity of climate-driven pest dynamics 

requires a fundamental transformation of conventional pest 

management systems. Traditional Integrated Pest 

Management (IPM) programs were primarily developed 

under relatively stable climatic conditions, where pest 

occurrence, crop phenology, and natural enemy activity 

followed predictable seasonal patterns. However, climate 

change has disrupted these relationships by altering pest 

distribution, accelerating insect development, modifying 

host–pest interactions, and reducing the reliability of 

historical pest forecasting systems (Skendžić et al., 2021) 
[23]. 

Future pest management must therefore shift from reactive 

approaches, where interventions are applied after pest 

populations exceed economic thresholds, towards proactive 

and adaptive systems capable of anticipating climate-

induced risks. Climate-smart IPM integrates ecological 

knowledge, climate forecasting, digital technologies, 

biological control, resistant crop development, and precision 

agriculture to maintain agricultural productivity while 

reducing environmental impacts. 

A climate-resilient IPM framework should consider not only 

pest suppression but also ecosystem stability, biodiversity 

conservation, and long-term sustainability. The objective is 

no longer complete pest eradication but maintaining pest 

populations below economically damaging levels while 

preserving beneficial organisms and ecosystem functions. 

 

5.2 Enhanced monitoring and early warning systems 

Effective climate adaptation begins with improved 

surveillance systems capable of detecting changes in pest 

distribution, abundance, and seasonal activity. Traditional 

field scouting methods based on visual inspection and 

farmer experience remain valuable but are often insufficient 

for detecting rapid climate-driven changes occurring at 

regional and continental scales. 

Modern monitoring systems increasingly incorporate: 

 Automated pheromone trapping networks. 

 Remote sensing technologies. 

 Geographic Information Systems (GIS). 

 Satellite-based vegetation monitoring. 

 Internet of Things (IoT)-enabled field sensors. 

 Citizen-science observation platforms. 

 

These technologies enable continuous collection of real-time 

biological and environmental data, allowing early detection 

of invasive pests and emerging outbreaks. 

For example, automated insect traps equipped with imaging 

sensors and artificial intelligence algorithms can identify 

pest species and estimate population density without 

requiring constant human intervention. Such systems 

provide valuable information for timely management 

decisions and reduce unnecessary pesticide applications. 

Climate-based early warning systems combine pest 

observations with meteorological information to predict 

outbreak probabilities. By integrating temperature, 
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humidity, rainfall, and insect developmental models, these 

systems can forecast pest emergence periods and guide 

farmers regarding optimal intervention timing (Skendžić et 

al., 2021) [23]. 

 

5.3 Predictive modelling, artificial intelligence, and 

decision-support tools 

Predictive modelling represents one of the most promising 

approaches for managing climate-driven pest risks. Species 

distribution models (SDMs), ecological niche models, and 

population simulation models allow researchers to predict 

future pest distributions under different climate scenarios. 

These models incorporate biological parameters such as: 

 Thermal tolerance limits. 

 Developmental thresholds. 

 Reproductive capacity. 

 Host availability. 

 Migration behaviour. 

 

Combined with climate projections, these approaches 

provide valuable insights into potential future invasion 

zones and outbreak risks (Bebber et al., 2014) [3]. 

Recent advances in artificial intelligence (AI) and machine 

learning have further improved pest prediction accuracy. 

Machine learning algorithms can analyse large datasets 

obtained from weather stations, satellite imagery, field 

sensors, and historical pest records to identify complex 

relationships between climate variables and pest outbreaks. 

Deep learning approaches, including convolutional neural 

networks (CNNs), are increasingly being applied for 

automated insect identification from field images. These 

technologies provide rapid pest diagnosis and support 

precision decision-making. 

Furthermore, digital decision-support platforms can 

integrate climate forecasts, crop growth models, and pest 

information to generate location-specific management 

recommendations. Such systems are particularly valuable 

for smallholder farmers who require accessible and practical 

climate adaptation tools. 

 

5.4 Climate-resilient crop varieties and host plant 

resistance 

Development and deployment of climate-resilient crop 

varieties represent a fundamental component of future pest 

management. Crop varieties possessing stable resistance 

against insect pests provide continuous protection while 

reducing dependence on chemical pesticides. 

Climate change creates a need for crop varieties combining 

multiple traits, including: 

 Heat tolerance. 

 Drought resistance. 

 Stable yield performance. 

 Resistance to major insect pests. 

 Adaptation to changing growing seasons. 

 

Advances in molecular breeding, genomics, and genome-

editing technologies have accelerated the development of 

pest-resistant crops. Marker-assisted selection and genomic 

approaches allow identification of resistance-associated 

genes, while CRISPR-based technologies provide 

opportunities for precise modification of plant defence 

pathways. 

However, resistance durability remains a major challenge 

because insect populations may evolve counter-adaptations 

under environmental pressure. Therefore, resistance 

management strategies, including crop rotation and 

deployment of diverse resistance sources, are essential. 

 

5.5 Adaptive biological control under changing climate 

conditions 

Biological control is a central component of sustainable pest 

management; however, climate change requires 

reconsideration of how natural enemies are selected, 

conserved, and deployed. 

Future biological control programs should consider: 

 

5.5.1 Selection of climate-compatible natural enemies 

Natural enemies used in biological control should possess 

thermal characteristics compatible with future climate 

conditions. Species with broader temperature tolerance 

ranges may provide more stable pest suppression under 

variable climates. 

 

5.5.2 Conservation biological control 

Maintaining habitats that support natural enemies is 

essential for enhancing ecosystem resilience. Flowering 

strips, hedgerows, cover crops, and reduced pesticide use 

can increase populations of predators and parasitoids. 

Landscape diversification improves availability of 

alternative prey, nectar resources, and shelter habitats, 

thereby strengthening biological control services 

(Tscharntke et al., 2012) [25]. 

 

5.5.3 Microbial biological control 

Climate-adapted strains of entomopathogenic fungi, 

bacteria, and viruses may provide effective alternatives to 

synthetic insecticides. Research efforts should focus on 

improving pathogen stability under high temperature and 

variable humidity conditions. 

 

5.6 Modification of cultural and agronomic practices 

Cultural practices provide cost-effective approaches for 

reducing pest vulnerability under climate change. 

Agricultural management strategies can modify crop 

environments and influence pest population development. 

Important climate-adaptive cultural practices include: 

 

Adjustment of planting dates 

Changing planting schedules can help avoid periods of peak 

pest activity and synchronize crop development with 

favourable climatic conditions. 

 

Crop diversification 

Intercropping and crop rotation reduce pest establishment by 

disrupting host availability and reducing population buildup. 

 

Improved irrigation management 

Efficient irrigation reduces drought stress and improves 

plant resistance against insect attack. 

 

Conservation agriculture 

Practices such as minimum tillage and soil conservation 

enhance ecosystem biodiversity and support natural enemy 

populations. 

These approaches provide environmentally sustainable 

methods for reducing climate-associated pest risks. 
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5.7 Precision chemical management and resistance 

prevention 

Although sustainable IPM emphasizes non-chemical 

approaches, pesticides will continue to play an important 

role in pest management. However, climate change may 

increase pesticide dependence and accelerate resistance 

evolution. 

Future chemical management must focus on 

 Economic threshold-based applications. 

 Precision spraying technologies. 

 Reduced-spectrum insecticides. 

 Resistance monitoring programs. 

 Rotation of different insecticide modes of action. 

 

Precision agriculture technologies, including drone-based 

spraying and variable-rate application systems, allow 

targeted pesticide delivery, reducing chemical input while 

maintaining effectiveness. 

Integrated resistance management is particularly important 

because warmer temperatures can accelerate insect 

reproduction and increase the speed at which resistance 

traits spread within populations. 

 

5.8 Illustrative case studies of climate-driven pest 

challenges 

5.8.1 Fall armyworm (Spodoptera frugiperda) expansion 

The global invasion of fall armyworm represents one of the 

most significant examples of climate-associated pest 

expansion. Originally restricted to the Americas, S. 

frugiperda has rapidly established populations across Africa 

and Asia. 

Its success is attributed to 

 High reproductive capacity. 

 Strong migratory ability. 

 Broad host range. 

 Climate suitability in newly invaded regions. 

 

The invasion has significantly affected maize production 

and highlighted the importance of international surveillance 

and rapid response systems (Early et al., 2018) [8]. 

 

5.8.2 Aphid population shifts and virus transmission 

Aphids are highly responsive to temperature changes 

because of their rapid reproduction and short generation 

times. Warmer temperatures can increase aphid population 

growth and extend seasonal activity. 

In addition to direct feeding damage, aphids transmit 

numerous plant viruses, increasing their agricultural 

importance. Climate-driven changes in aphid phenology 

may disrupt traditional pest monitoring schedules and 

require dynamic forecasting approaches. 

 

5.8.3 Bark beetle outbreaks under warming conditions 

Forest ecosystems provide another example of climate-

driven insect outbreaks. Bark beetles have experienced 

severe population increases due to the combined effects of 

warming temperatures, drought stress, and reduced winter 

mortality. 

Drought weakens host trees by reducing resin-based defence 

mechanisms, while warmer winters improve beetle survival. 

These interactions demonstrate how climate change can 

amplify pest outbreaks through multiple interacting 

pathways (Bentz et al., 2010) [4]. 

 

5.9 Future research priorities 

Despite significant advances in understanding climate–pest 

relationships, several knowledge gaps remain. 

 

5.9.1 Long-term ecological monitoring 

Long-term datasets are required to distinguish climate-

driven trends from natural population fluctuations. 

Standardized monitoring networks integrating biological 

and climatic information are essential for accurate 

predictions. 

 

5.9.2 Improved mechanistic models 

Future models should incorporate: 

 Insect physiology. 

 Evolutionary adaptation. 

 Species interactions. 

 Agricultural management practices. 

 

Integrating ecological complexity will improve reliability 

under future climate scenarios. 

 

5.9.3 Integration of genomics and climate science 

Genomic approaches can identify genes associated with 

thermal tolerance, insecticide resistance, and adaptation. 

Combining genomic information with climate models may 

improve prediction of evolutionary responses. 

 

5.9.4 Artificial intelligence-based pest forecasting 

AI-driven platforms represent a major research frontier. 

Future systems should integrate: 

 Remote sensing. 

 Weather data. 

 Pest biology. 

 Farmer-generated observations. 

 

Such approaches can provide real-time, location-specific 

pest risk assessments. 

 

5.9.5 Farmer-centred climate adaptation 

Scientific advances must be translated into practical 

solutions for farmers. Extension programs, digital advisory 

services, and climate-smart agricultural education are 

essential for successful implementation. 

 

6. Conclusion 

Climate change is fundamentally transforming agricultural 

insect pest dynamics by altering species distributions, 

accelerating development rates, increasing overwintering 

survival, modifying ecological interactions, and reducing the 

predictability of traditional pest management systems. The 

expansion of invasive pests, increased generation numbers, 

disruption of plant–herbivore relationships, and weakening 

of natural enemy regulation collectively represent major 

challenges for global crop production and food security. 

Future pest management cannot rely on conventional 

calendar-based approaches. Instead, climate-smart 

Integrated Pest Management systems must integrate 

advanced monitoring, predictive modelling, artificial 

intelligence, resistant crop varieties, ecological 

conservation, biological control, and precision chemical 

strategies. The development of resilient agricultural systems 

will require interdisciplinary collaboration among 

entomologists, climatologists, agronomists, molecular 

biologists, data scientists, and farming communities. By 
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combining ecological understanding with technological 

Innovation, it will be possible to develop adaptive pest 

management strategies capable of maintaining agricultural 

productivity under rapidly changing climatic conditions. 

Ultimately, sustainable food security in the coming decades 

will depend on the ability to anticipate climate-driven pest 

challenges and implement proactive management 

approaches that balance crop protection with environmental 

sustainability. 
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