


Climate Change and Agroecosystem Pest Dynamics: A Critical Narrative Review of Impacts on Insect Pests, Their Natural Enemies, and Implications for Crop Protection
Abstract
Climate change is altering the physiology, phenology, distribution and interaction networks of agricultural insect pests and the natural enemies that regulate them, yet the literature addressing these changes remains fragmented across disciplines and taxa. This critical narrative review synthesises evidence on how rising temperatures, elevated atmospheric carbon dioxide, altered precipitation and increasing climatic variability affect insect pests and their predators, parasitoids and entomopathogens in agricultural systems, and evaluates the resulting implications for crop protection. Warming generally accelerates insect development, increases voltinism and extends the geographical range of many pest species, while its effects on natural enemies are more variable and frequently negative, owing to a combination of lower thermal optima among parasitoids relative to their hosts, disrupted phenological synchrony, and altered chemosensory cues that impair host or prey location. Elevated carbon dioxide most often reduces host-plant nitrogen content, prompting compensatory feeding by herbivores, with inconsistent consequences for third-trophic-level performance. Case evidence from the fall armyworm, Spodoptera frugiperda, bark beetle outbreaks in coniferous forests, desert locust plagues linked to Indian Ocean climate variability, and cereal aphid–parasitoid systems illustrates convergent patterns of pest release alongside marked context-dependency. Meta-analytic evidence indicates that predators continue to suppress pests and support yield across a range of climates, and that landscape complexity can buffer biological control against climatic variability, offering a partial counterweight to the more pessimistic single-species findings. Methodological heterogeneity, including short experimental durations, single-factor manipulations, and geographic concentration of research in temperate systems, limits confidence in generalising current findings to tropical and subtropical smallholder systems where food security risks are often greatest. Research priorities include multifactorial and multigenerational experiments, standardised reporting of thermal and moisture regimes, and expanded evidence from under-represented regions and cropping systems. The review concludes that climate change is reshaping the balance of tritrophic interactions in ways that generally favour pests over their natural enemies, but that this outcome is neither universal nor immutable, and that landscape-scale conservation of natural enemy diversity is among the more defensible adaptive strategies currently supported by evidence.
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1. Introduction
Insect pests already account for a substantial share of global crop loss, and the scale of that loss is projected to grow as the climate system continues to warm. Synthesis of recent evidence indicates that a 2°C rise in global mean temperature could plausibly increase yield losses attributable to insect pests by roughly 46 per cent for wheat, 19 per cent for rice and 31 per cent for maize, driven principally by expanded pest ranges, faster development and additional generations per season (Ma et al., 2025). These projections sit alongside a parallel and less frequently examined story: the natural enemies that have historically constrained pest populations, including parasitoid wasps, predatory arthropods and entomopathogens, are themselves exposed to the same climatic forcing, often with different sensitivities and different thermal optima than the pests they attack (Castex et al., 2018; Ramos Aguila et al., 2023). The net effect of climate change on crop protection therefore depends not on pests alone, nor on natural enemies alone, but on the relative and often asymmetric responses of both groups, together with the host plants that mediate their interaction.
The ecological literature on insect responses to climate variables has a long history, extending back at least to foundational syntheses establishing temperature as the dominant abiotic driver of insect development, survival, range and abundance, with comparatively modest direct effects attributable to carbon dioxide or ultraviolet radiation (Bale et al., 2002). What has changed substantially over the past decade is not the basic physiological principles, which remain well established, but the volume, geographical breadth and trophic scope of empirical work applying those principles to agricultural systems. Whereas early research concentrated heavily on single-species thermal performance curves, more recent work has extended into multitrophic manipulative experiments (Doan et al., 2021), landscape-scale field studies of biological control resilience (Feit et al., 2021), and global species distribution modelling under multiple emissions scenarios (Zacarias, 2020; Meynard, Migeon and Navajas, 2013). This expansion in scope has not, however, produced a correspondingly unified picture. Findings on the direction and magnitude of climate effects on natural enemies remain notably inconsistent across taxa, experimental designs and climatic contexts, and several recent studies directly contradict the intuitive expectation that warming uniformly favours pests over their regulators (Sun et al., 2022; Murrell and Barton, 2017). Recent species-distribution modelling of three invasive agricultural insects likewise reported taxon-specific patterns of projected expansion, contraction or relative stability, with both climatic and human-disturbance variables contributing to the modelled distributions (Zhang et al., 2024).
Insect pests respond to a changing climate through several partially independent mechanisms. Direct physiological effects of temperature on development rate, survival and voltinism are the most extensively documented, and are broadly consistent with the expectation that warming, within species-specific thermal limits, accelerates growth and shortens generation time (Skendžić et al., 2021; Subedi, Poudel and Aryal, 2023). Indirect effects operate through the host plant, most notably via carbon dioxide-driven changes in foliar nitrogen and defensive chemistry, which can either suppress or, less commonly, enhance herbivore performance depending on the specific pest–plant pairing (Johnson, Waterman and Hall, 2020). A third mechanism operates through altered precipitation and drought, which reconfigure plant chemical defences in ways that are contingent on drought severity and duration, complicating simple predictions of net effect on herbivore pressure (Gely, Laurance and Stork, 2020). Superimposed on these gradual mechanisms is an increase in the frequency of extreme and climatically variable events, which several lines of evidence suggest disproportionately disadvantage specialist parasitoids relative to their hosts by desynchronising life cycles that have historically been tightly co-evolved (Stireman et al., 2005; Wetherington et al., 2017).
Long-term exposure experiments further indicate that elevated carbon dioxide can alter the nutritional value of herbivore hosts available to parasitoids, thereby connecting plant-mediated change with potential effects at the third trophic level (Najar-Rodriguez et al., 2024). High-temperature exposure has also been shown to affect a pest and its parasitoid differently across developmental stages, suggesting that developmental stage and exposure duration are relevant when assessing biological-control performance under warming (Pan et al., 2024).
Moreover, experimental evidence that heat stress interacts with host-plant quality and parasitism supports the use of multifactorial designs when evaluating climate-sensitive tritrophic responses (Parker and Kingsolver, 2024).
Existing reviews of this subject have tended to specialise either in the pest side of the interaction, cataloguing range shifts and phenological changes across taxa (Skendžić et al., 2021; Subedi, Poudel and Aryal, 2023), or in the management implications for a specific control tactic such as chemical, microbial or biological control (Perrin et al., 2025). A smaller body of work has addressed tritrophic relations directly, typically through a single crop system used as an illustrative case, such as grapevine and its principal lepidopteran pest (Castex et al., 2018), or a single natural enemy guild in isolation (Tougeron et al., 2020; Ramos Aguila et al., 2023). What has been comparatively lacking is a synthesis that places pest biology, natural enemy biology and their interaction on equal analytical footing, while also critically weighing the conflicting evidence on whether climate change is producing a net loss of biological control capacity or a more heterogeneous outcome contingent on landscape context, farming system and geography. This is the gap the present review addresses.
1.1 Scope, Research Gap and Objectives
This review addresses the effects of climate change on agricultural insect pests and their principal natural enemies, namely parasitoid and predatory arthropods and entomopathogens, within the context of field, horticultural and forestry cropping systems. The review considers three interacting climatic dimensions: rising mean and extreme temperatures, elevated atmospheric carbon dioxide, and altered precipitation and drought regimes, together with the increasing frequency of climatic variability and extreme weather events. Both direct physiological effects on individual organisms and indirect effects mediated through host plants and through the third trophic level are considered, with particular attention to phenological synchrony between pests and their natural enemies, since this is repeatedly identified as a pivotal and disproportionately vulnerable mechanism.
The specific knowledge gap addressed here is the absence of an integrated, critically evaluative account of how climate-driven changes in pest biology and climate-driven changes in natural enemy biology combine to determine net pest pressure, rather than treating either side of the interaction in isolation. A second, related gap concerns the methodological basis of the existing evidence: much of what is known derives from short-duration, single-factor laboratory manipulations conducted on a limited set of model systems, predominantly in temperate regions, and it remains unclear how confidently these findings generalise to multifactorial field conditions or to the tropical and subtropical smallholder systems in which climate-related food security risk is often most acute.
The review excludes plant pathogens and weeds except where they are discussed incidentally within a cited source, and does not attempt a formal quantitative meta-analysis, since the underlying primary studies are too heterogeneous in design, taxa and reported outcome measures to support pooled effect sizes; the review's contribution is instead a qualitative but critically evaluative synthesis, structured thematically around mechanisms rather than as a chronological or study-by-study catalogue.
The principal objectives of the review are, first, to synthesise the direct and indirect mechanisms by which climate change affects insect pest biology and ecology; second, to evaluate the evidence on how the same climatic drivers affect natural enemies, with explicit attention to phenological mismatch and to the divergent thermal sensitivities of different natural enemy guilds; third, to examine representative case systems, including a highly mobile lepidopteran pest, forest bark beetles, a migratory orthopteran pest and temperate cereal aphid–parasitoid systems, in order to test whether general mechanistic expectations are borne out in applied contexts; and fourth, to assess the implications of this evidence base for integrated pest management and biological control, and to identify defensible priorities for future research.
2. Methods for Literature Selection
2.1 Review Design and Rationale
A critical narrative review design was selected in preference to a systematic review, scoping review or meta-analysis because the underlying evidence base is highly heterogeneous in taxa, experimental design, climatic manipulation and outcome metric, precluding meaningful quantitative pooling without substantial loss of interpretability. The relevant literature spans single-species laboratory thermal-performance studies, multi-year field manipulations, landscape-scale observational surveys, correlative and mechanistic species distribution models, and applied management reviews, and a design capable of integrating conceptually across this range while explicitly weighing methodological quality and conflicting findings was judged more appropriate than a design constrained to a narrowly pre-specified question and a single study type. This choice follows established guidance on narrative review conduct and quality, which emphasises that non-systematic reviews remain the dominant review format in applied biological and biomedical literatures and can achieve acceptable standards of rigour provided that the review's aims, search approach, evidence weighting and reasoning are made explicit and transparent to the reader (Baethge, Goldbeck-Wood and Mertens, 2019). Selecting a narrative format does not relax the need for transparency or critical appraisal; rather, it shifts the primary quality criteria from pre-registered protocol adherence towards explicit, reasoned justification of scope, source selection and evidentiary weighting, each of which is addressed in the subsections below.
2.2 Information Sources
Literature was identified through structured searches of PubMed and PubMed Central, which together index the biomedical, agricultural and entomological literature relevant to this topic, supplemented by Crossref metadata lookups used to verify digital object identifiers and full bibliographic records, and by searches of publisher platforms including Springer Nature Link, Wiley Online Library, ScienceDirect, MDPI, Nature Portfolio journals, PLOS and the Proceedings of the Royal Society, accessed via their public abstract and full-text pages. General scholarly web searching, drawing on content indexed by Google Scholar and Semantic Scholar, was used to identify additional relevant studies and to cross-check bibliographic details reported in secondary sources. The Food and Agriculture Organization of the United Nations Locust Watch platform was consulted as an institutional source for the desert locust case study, since intergovernmental pest-monitoring bodies hold operational data and technical assessments not available in peer-reviewed outlets. Backward citation searching, in which the reference lists of retrieved reviews and primary studies were examined for additional relevant sources, was used throughout to identify studies not surfaced by keyword searches. Access to subscription-only databases such as Web of Science, Scopus or Embase was not available during the preparation of this review, and no claim is made that these databases were searched; where a source could only be located as an abstract with restricted full-text access, its bibliographic details were still independently corroborated against at least one other authoritative record, such as a PubMed or Crossref entry, before inclusion.
2.3 Search Strategy and Search Period
Search terms combined the principal topic (climate change, global warming, elevated carbon dioxide, drought, precipitation, extreme weather) with terms denoting the focal organisms (insect pest, agricultural pest, herbivore, natural enemy, parasitoid, predator, entomopathogen, biological control) and terms denoting relevant mechanisms and outcomes (voltinism, phenology, phenological mismatch, synchrony, range shift, species distribution model, tritrophic interaction, integrated pest management). Representative Boolean strings included: ("climate change" OR "global warming") AND ("insect pest" OR "agricultural pest") AND ("natural enem" OR parasitoid OR predator); ("elevated CO2" OR "carbon dioxide") AND herbivor AND (performance OR nutrition OR defen); and (phenolog OR voltinism OR synchrony OR mismatch) AND (parasitoid OR "host-parasitoid") AND (warming OR temperature). Case-specific searches used the binomial names of the four illustrative pest systems addressed in Section 7, namely Spodoptera frugiperda, Schistocerca gregaria, relevant Ips and Dendroctonus bark beetle genera, and cereal aphid genera including Sitobion and Rhopalosiphum*, combined with climate-related terms. Searches were conducted for literature indexed up to 21 May 2026, this date having been fixed as the search cut-off for this review. Foundational studies published before the main period of literature growth, most notably the seminal 2002 synthesis establishing the direct thermal sensitivity of insect herbivores, were retained where necessary to explain the conceptual basis of subsequent applied research (Bale et al., 2002).
2.4 Eligibility Criteria
Eligible sources comprised peer-reviewed primary research articles, peer-reviewed narrative and systematic reviews, and meta-analyses published in English, addressing at least one of the following: direct or indirect effects of temperature, carbon dioxide or precipitation on agricultural or forest insect pests; effects of the same climatic variables on arthropod or microbial natural enemies; phenological synchrony or mismatch between pests and natural enemies under climatic change; range or distribution shifts of pest species attributable in whole or part to climate change; or the implications of climate change for biological control efficacy and integrated pest management. Institutional reports from recognised intergovernmental bodies were eligible where they provided operational or technical information not available from peer-reviewed sources, as in the case of the desert locust. Excluded from consideration were non-scholarly opinion pieces, trade publications, anonymous web content, preprints where a peer-reviewed version of the same work could be identified, and sources whose full bibliographic details, including authorship, year, journal and digital object identifier where applicable, could not be independently verified. No restriction was placed on geographic region, crop type or pest taxon, given the deliberately broad scope of the review, although coverage of tropical and subtropical smallholder systems proved more limited in the retrieved literature than coverage of temperate systems, a pattern discussed critically in Section 9 and in the Limitations.
2.5 Screening, Duplicate Handling and Study Selection
Candidate sources identified through the search strategy described above were screened for topical relevance based on title and abstract content, with full text consulted where relevance could not be determined from the abstract alone. Because searches were conducted iteratively across multiple platforms rather than as a single systematic database export, duplicate records were identified manually by comparing author names, titles and publication years, and were retained only once in the working evidence base. This is a narrative rather than a systematic review, and no numerical count of records identified, screened, excluded or included was maintained, consistent with the non-systematic nature of the search process; no such count is reported here, and none should be inferred. Sources for which full bibliographic metadata, including a verifiable digital object identifier or, where no such identifier exists, a stable institutional web address, could not be confirmed against at least one authoritative source were excluded from the final evidence base regardless of their apparent topical relevance. All included sources are in English; no language-restricted exclusion beyond this was applied, though in practice the retrieved literature on this topic is overwhelmingly English-language.
2.6 Critical Appraisal and Evidence Synthesis
Methodological quality was appraised qualitatively for each included primary study, with attention to experimental design (single-factor versus multifactor climate manipulation), duration (single-generation versus multigenerational exposure), setting (controlled laboratory, semi-field enclosure, or open field), replication and geographic scope, and, for modelling studies, the choice of algorithm, occurrence data quality and climate scenario. No formal numerical risk-of-bias instrument was applied, since no such instrument has been validated specifically for the heterogeneous mix of physiological, ecological and modelling studies relevant to this topic; appraisal is instead described narratively within the relevant thematic sections. Studies reporting conflicting or negative findings, such as evidence that agricultural management practices rather than climate variables best explain long-term trends in cereal aphid abundance (Sun et al., 2022), or that predator biological control potential can persist largely unchanged under short-term exposure to future climatic conditions (Doan et al., 2021), were retained and given explicit weight alongside studies supporting the more intuitive expectation of climate-driven pest release, in order to avoid manufacturing an artificial consensus. Thematic sections were developed inductively from the recurring mechanisms and points of disagreement identified across the retrieved literature, namely direct thermal physiology, carbon dioxide-mediated bottom-up effects, phenological synchrony, range redistribution, and biological control efficacy, rather than being imposed as a fixed template in advance of the search.
3. Direct Physiological Effects of Warming on Insect Pests
Temperature is the single most consistently identified determinant of insect pest performance under climate change, a conclusion that has held from the earliest systematic reviews of the subject through to the most recent global syntheses (Bale et al., 2002; Ma et al., 2025). As poikilothermic organisms, insects lack the capacity for internal thermoregulation available to endotherms, so their metabolic rate, and consequently their developmental rate, tracks ambient temperature closely within a species-specific thermal envelope bounded by lower and upper developmental thresholds. Within this envelope, moderate warming shortens the time required to complete each life stage, which in multivoltine species translates directly into an increased number of generations completed within a growing season, a phenomenon documented across taxa as diverse as the fall armyworm, cereal aphids and numerous forest Lepidoptera (Yan et al., 2022; Skendžić et al., 2021). Because most agricultural pest species are r-selected, with short generation times and high reproductive rates relative to their natural enemies, small increases in the number of generations per season can translate into disproportionately large increases in end-of-season pest density, a compounding effect that is not captured by simple linear extrapolations from single-generation laboratory data (Subedi, Poudel and Aryal, 2023). A wide-ranging synthesis of North American production systems reaches a consistent conclusion, reporting that insects across many taxa are undergoing or are projected to undergo shifts in geographic range, voltinism, abundance and phenology in response to warming, and that these shifts affect not only pests but also the beneficial insects, including pollinators and natural enemies, on which sustainable production depends, reinforcing the view that pest-focused and beneficial-focused climate research cannot be treated as separate literatures (Eigenbrode and Adhikari, 2023).
Warming also affects overwintering survival, a mechanism of particular consequence in temperate and boreal systems where winter cold has historically imposed a hard ceiling on pest population growth. Milder winters reduce cold-induced mortality among diapausing or quiescent life stages, allowing larger founder populations to enter the following growing season; this mechanism has been implicated repeatedly in the poleward and upward-elevation expansion of forest bark beetles, discussed in detail in Section 7.2, and in the persistence of insect populations at higher latitudes that were historically excluded by winter lethality (Jaime, Batllori and Lloret, 2024). The relationship between warming and pest pressure is not, however, monotonic across all species and all regions. Deutsch and colleagues' influential thermal-performance modelling, widely cited within the reviewed literature, indicates that species already living close to their upper thermal optimum, disproportionately concentrated in tropical and subtropical regions, may experience reduced rather than enhanced performance under further warming, whereas temperate-zone species operating below their thermal optimum are more likely to benefit (as discussed in Castex et al., 2018). This asymmetry has direct implications for where climate-driven pest pressure is likely to intensify most sharply, a point returned to in Section 5 and in the Future Directions.
A further complication concerns the distinction between mean warming and warming variability. Several manipulative and observational studies indicate that the variance of temperature, and not merely its mean, independently affects both pest and natural enemy performance, sometimes with equal or greater explanatory power than mean warming alone. Elevated temperature variability has been shown to reduce fecundity and alter oviposition timing in at least one economically important forest pest, while simultaneously disrupting the emergence timing of its egg parasitoid sufficiently to reduce percentage parasitism, illustrating that the ecological consequences of a changing climate cannot be fully captured by shifts in seasonal averages alone (Wetherington et al., 2017). This finding is consistent with earlier continental-scale evidence that climatic unpredictability, rather than climatic severity per se, is associated with reduced rates of caterpillar parasitism across a broad latitudinal gradient, a pattern attributed principally to the disproportionate vulnerability of relatively host-specific parasitoid wasps to unpredictable conditions (Stireman et al., 2005). Table 1 summarises several of the conceptual distinctions that recur throughout this review and that are necessary to interpret the sometimes apparently contradictory findings discussed in subsequent sections.
Table 1. Definitions and conceptual distinctions used throughout this review.
	Term
	Definition
	Why the distinction matters
	Supporting references

	Direct effect
	An effect of a climatic variable (e.g. temperature) acting on an organism's own physiology, independent of any change in another species.
	Direct effects are the most predictable component of climate response and are typically measured in single-species laboratory assays; they do not capture community-level outcomes on their own.
	Bale et al., 2002

	Indirect effect
	An effect of a climatic variable mediated through a change in another interacting species, such as a host plant or a prey/host organism.
	Indirect effects (e.g. CO2 acting on herbivores via changes in plant nitrogen) can reverse or override the sign of direct effects and are frequently omitted from single-trophic-level studies.
	Johnson, Waterman and Hall, 2020

	Voltinism
	The number of generations completed by a population within a single growing season or year.
	Small increases in voltinism can compound into large increases in end-of-season pest density because of exponential population growth dynamics.
	Yan et al., 2022; Skendžić et al., 2021

	Phenological synchrony / mismatch
	The degree of temporal overlap between the vulnerable life stage of a host or prey species and the active life stage of its natural enemy.
	Reduced synchrony (mismatch) can suppress natural enemy efficacy even where neither species' abundance has declined; it is a mechanism distinct from, and sometimes opposite in sign to, changes in abundance.
	Wetherington et al., 2017; Tougeron et al., 2020

	Bottom-up vs top-down forcing
	Bottom-up forcing describes pest population regulation via host-plant quality or availability; top-down forcing describes regulation via natural enemies.
	Warming can strengthen bottom-up forces (e.g. via increased plant biomass) while simultaneously weakening top-down forces (e.g. via reduced parasitism), with the two effects sometimes offsetting and sometimes compounding.
	Han et al., 2019

	Thermal optimum
	The temperature at which an organism's fitness-related performance (e.g. development rate, fecundity) is maximised.
	Parasitoids frequently have a lower thermal optimum than their hosts, so warming that benefits a host can simultaneously impair its parasitoid.
	Castex et al., 2018

	Range shift / range expansion
	A change in the geographic area over which a species maintains a viable population, typically poleward or to higher elevation under warming.
	Range shifts can decouple a pest from its historical natural enemy community if the enemy disperses more slowly or has a narrower climatic tolerance.
	Jaime, Batllori and Lloret, 2024; Zacarias, 2020

	Conservation biological control
	Management practices that protect or enhance existing populations of natural enemies, typically via landscape or habitat management, as distinct from releasing new natural enemies.
	Evidence indicates conservation biological control can buffer, though not eliminate, climate-related declines in pest suppression.
	Tscharntke et al., 2007; Feit et al., 2021


Note. CO2 = carbon dioxide. Citations in italics within table cells refer to the reference list.
4. Elevated Carbon Dioxide, Precipitation Change and Bottom-Up Effects on Plant–Pest Interactions
In contrast to temperature, elevated atmospheric carbon dioxide has little demonstrated direct physiological effect on insect herbivores; its influence operates almost entirely indirectly, through changes in the nutritional and defensive chemistry of host plants (Bale et al., 2002). The most consistently reported effect of elevated carbon dioxide on C3 crop and forage species is a reduction in foliar nitrogen concentration relative to carbon, since carbon dioxide fertilisation increases photosynthetic carbon fixation without a proportional increase in nitrogen uptake. Because nitrogen availability is frequently the limiting nutritional factor for herbivorous insects, this shift has generally been expected to impair herbivore performance, obliging insects to consume more plant tissue per unit of nutrient gained, a compensatory feeding response documented across a range of chewing herbivores (Johnson, Waterman and Hall, 2020). Compensatory feeding of this kind carries an important and somewhat counter-intuitive implication for crop damage: even where elevated carbon dioxide reduces individual herbivore fitness, the resulting increase in per capita consumption can offset or exceed any reduction in herbivore performance, so that crop damage does not necessarily decline in step with reduced host-plant quality.
The generality of a straightforward nutrient-dilution response has, however, been qualified by more recent evidence. Working with the cotton bollworm, Helicoverpa armigera, on a nitrogen-fixing legume host, Johnson, Waterman and Hall (2020) reported that elevated carbon dioxide produced only a modest decline in most measures of nutritional quality, since increased root nodulation partially offset the expected nitrogen dilution, yet still resulted in substantially higher herbivore relative growth rate. The mechanism responsible was not nutritional but signalling-related: elevated carbon dioxide suppressed jasmonate-mediated anti-herbivore defence signalling in the host plant by approximately half following simulated attack, weakening the plant's induced chemical defences independently of any change in its nutritional composition. This finding illustrates a broader methodological point of relevance to the present review, namely that studies measuring only nutritional endpoints such as nitrogen or carbon-to-nitrogen ratio may fail to capture defence-signalling pathways that can dominate the net outcome for herbivore performance, and that the effect of elevated carbon dioxide on herbivore performance is accordingly less uniformly negative than earlier nutrient-centred models implied.
Precipitation change and drought act on plant–insect interactions through a still more contingent set of mechanisms, and the literature here is characterised less by consensus than by an explicit dependence on drought severity, duration and timing. A framework developed from woody plant systems distinguishes intermittent, moderate drought, which frequently increases both carbon-based and nitrogen-based plant defensive compounds and can therefore suppress herbivore performance, from prolonged, severe drought, which tends to deplete the carbon reserves needed to sustain those same defences and can render plants more susceptible to attack (Gely, Laurance and Stork, 2020). This dose-dependent relationship helps explain why individual field and glasshouse studies examining drought effects on herbivory have produced findings that appear directly contradictory when compared without reference to drought severity, a pattern the review by Gely, Laurance and Stork (2020) argues has impeded the field's ability to generalise despite a substantial cumulative body of published work. Feeding guild further modifies the outcome: sap-feeding insects such as aphids have frequently been reported to perform better on moderately drought-stressed plants, plausibly because water stress concentrates soluble nutrients in phloem sap, whereas chewing herbivores show more variable, and on balance more often negative, responses to the same degree of water stress.
Precipitation also interacts with temperature in ways that are not adequately captured by studies manipulating either variable alone. Reduced soil moisture combined with elevated temperature has been shown experimentally to reduce parasitoid effectiveness in an aphid host-parasitoid system substantially more than either stressor applied independently, indicating a synergistic rather than additive interaction between the two climatic drivers (Romo and Tylianakis, 2013). At the same time, in a four-day factorial exposure of four functionally distinct natural enemy taxa to a combined future-climate scenario incorporating elevated carbon dioxide, higher temperature and reduced precipitation simultaneously, only entomopathogenic nematode survival was measurably affected, and predation success was not reduced in any of the tested species and was in fact enhanced for two of the four taxa (Doan et al., 2021). Considered together, these two experiments illustrate a recurring tension in the evidence base explored further in Section 6: some manipulative studies find pronounced climate-driven impairment of natural enemy function, while others of comparable rigour find natural enemies notably resilient over the short term, a discrepancy that appears to depend substantially on exposure duration, the specific natural enemy taxa examined, and whether the outcome measured is survival, phenology, or realised predation and parasitism rate.
5. Range Expansion, Phenological Shifts and the Redistribution of Pest Risk
Beyond its effects on development rate and voltinism within a fixed location, warming is also redistributing the geographic areas in which pest species can complete their life cycle, a process most readily quantified through species distribution modelling. These models combine known occurrence records with climatic variables to define a species' realised climatic niche under current conditions and then project that niche onto future climate scenarios, most commonly using correlative platforms such as CLIMEX or maximum-entropy algorithms, sometimes supplemented by mechanistic physiological models incorporating explicit developmental thresholds. A review of the species distribution modelling literature applied to pests, weeds and biological control agents found that such models have been constructed for several hundred species across some two hundred published studies, with insect pests the most frequently modelled taxon and correlative approaches considerably more common than mechanistic ones, a methodological pattern that itself carries implications for the reliability of projections discussed further in the Limitations section (as characterised in Meynard, Migeon and Navajas, 2013).
Applying this approach to the tomato red spider mite, Tetranychus evansi, a globally significant invasive agricultural pest, Meynard, Migeon and Navajas (2013) demonstrated that projected range shifts under identical climate scenarios varied substantially depending on which modelling algorithm was used and on which invasive genetic lineage's occurrence data were used to parameterise the model, with genetic lineage exerting a larger influence on projected range than the choice of statistical method. This finding carries a broader methodological implication: species distribution model outputs are frequently reported as if they represented a single, well-constrained projection, when in practice the underlying uncertainty attributable to model choice, occurrence data quality and within-species variation can be substantial, a point of direct relevance to the confidence that should be placed in range-shift projections discussed in the case studies of Section 7.
Range shifts under climate change are not confined to poleward or upslope movement of pests already present within a region; they also encompass the establishment of pests in regions from which they were previously climatically excluded, a process closely linked to the biological invasions discussed in Section 8. Estimates compiling documented cost data across studies indicate that invasive insects, a category that substantially overlaps with agricultural pests undergoing climate-facilitated range expansion, already impose a minimum global economic cost of US$70.0 billion per year in goods and services losses, with associated human health costs exceeding a further US$6.9 billion annually, and the authors of that synthesis explicitly note that these figures are likely to represent a substantial underestimate given incomplete reporting, and that future costs are expected to rise further as climate change facilitates continued range expansion (Bradshaw et al., 2016). Table 2 summarises representative documented or projected climate-associated changes across several major pest taxa discussed in this and the following sections.
Table 2. Representative climate-associated changes documented or projected across major agricultural and forest pest taxa.
	Pest taxon
	System affected
	Documented or projected climate-associated change
	Supporting references

	Fall armyworm, Spodoptera frugiperda
	Maize and other cereals; global, expanding from the Americas
	Bioclimatic suitability projected to increase by 12–44% under future climate scenarios; lacks a diapause mechanism, so temperature strongly regulates population dynamics year-round.
	Zacarias, 2020; Yan et al., 2022

	Bark beetles, e.g. Ips typographus, Dendroctonus spp.
	Coniferous forests, Europe and North America
	Range and outbreak frequency expanding to higher latitudes and elevations; milder winters raise overwintering survival and drought-stressed hosts increase susceptibility.
	Jaime, Batllori and Lloret, 2024

	Cereal aphids, e.g. Sitobion avenae
	Wheat and other small-grain cereals, temperate systems
	Experimental warming increases aphid abundance and reproductive rate via increased host biomass (bottom-up), while reducing parasitism rate (weakened top-down control).
	Han et al., 2019

	Desert locust, Schistocerca gregaria
	Rangeland and cropland, Sahel to South Asia
	Outbreaks linked to anomalously heavy rainfall associated with a positive Indian Ocean Dipole and increased cyclone frequency, itself linked to ocean warming.
	Food and Agriculture Organization, 2026

	Tomato red spider mite, Tetranychus evansi
	Solanaceous crops, globally invasive
	Projected range shift highly sensitive to invasive lineage and modelling method, illustrating substantial projection uncertainty even for well-studied invasive pests.
	Meynard, Migeon and Navajas, 2013

	Invasive insects generally
	Multiple agricultural, forestry and health sectors, global
	Minimum documented global cost of US$70.0 billion per year (goods and services) plus US$6.9 billion per year (health), with costs projected to rise as climate change facilitates further range expansion.
	Bradshaw et al., 2016


Note. Figures and projections summarised in this table are drawn from the cited primary sources; ranges and estimates reflect the specific scenarios, time horizons and methods used in each source and are not directly comparable across rows.
6. Disruption of Tritrophic Interactions: Natural Enemies Under Climate Change
If the effects of climate change on insect pests were considered in isolation, the evidence reviewed in Sections 3 to 5 would support a fairly consistent expectation of increasing pest pressure. That expectation is substantially complicated once the third trophic level, comprising parasitoids, predators and entomopathogens, is brought into the analysis, because natural enemies are exposed to the same climatic drivers and do not respond identically to their hosts or prey. A repeated and mechanistically well-supported finding across the reviewed literature is that parasitoid wasps tend to have a lower optimum developmental temperature than the herbivorous hosts they attack, such that warming that remains within a host's beneficial thermal range may already exceed a parasitoid's optimum, producing asymmetric, host-favouring outcomes even where both organisms are exposed to an identical thermal environment (as synthesised in Castex et al., 2018, and in Ramos Aguila et al., 2023). This asymmetry provides a coherent physiological explanation for why parasitism rates decline under experimental warming even in systems where the host population itself is expanding, as documented directly in a two-year open-field warming experiment on the cereal aphid Sitobion avenae and its associated parasitoids, in which warming increased wheat biomass and aphid reproductive rate while simultaneously reducing the rate of parasitism, indicating a combined strengthening of bottom-up forcing and weakening of top-down forcing acting in the same, pest-favouring direction (Han et al., 2019). A parallel conceptual review of agricultural landscapes reaches a consistent conclusion from a different starting point, arguing that climate change acts simultaneously as a driver of bottom-up factors, through altered host-plant quality and availability, and of top-down factors, through altered natural enemy performance, and that the fate of host-parasitoid interactions under warming depends on the net balance between these two simultaneously shifting forces rather than on either acting alone (Chidawanyika, Mudavanhu and Nyamukondiwa, 2019).
Phenological synchrony between natural enemies and their hosts constitutes a second, mechanistically distinct pathway through which climate change can impair biological control, operating independently of any change in either species' underlying abundance. Because parasitoids and predators typically require their host or prey to be in a specific, often narrow developmental window in order to attack it successfully, any climate-driven divergence in the seasonal timing of host and natural enemy emergence can curtail the effective period of biological control even where population sizes on both sides remain healthy. Controlled experiments using the emerald ash borer and its specialist egg parasitoid demonstrated that increased seasonal temperature variability, applied independently of any change in the mean, delayed parasitoid emergence relative to host egg-laying and reduced both percentage parasitism and parasitoid survival, indicating that variability itself, and not only directional warming, is a distinct threat to host–parasitoid synchrony (Wetherington et al., 2017). Consistent with this, a broader review of insect parasitoid seasonal ecology concludes that changes in winter severity and duration are likely to disrupt diapause timing asymmetrically between hosts and their parasitoids, with the direction and magnitude of the resulting mismatch dependent on the specific overwintering strategy and cue-sensitivity of each species pair, precluding a single generalisable prediction across parasitoid guilds (Tougeron et al., 2020). A dedicated review of host–parasitoid phenology under climate change reaches a similar conclusion, identifying phenological mismatch, poleward and upward range shifts, and reduced biological control effectiveness as three linked but mechanistically distinct consequences of warming for parasitoid-mediated pest regulation (Ramos Aguila et al., 2023).
Carbon dioxide and other atmospheric changes act on natural enemies through mechanisms distinct from those affecting their hosts. Because most predators and many parasitoids rely heavily on volatile chemical cues, either plant-derived herbivore-induced volatiles or direct host- and prey-derived cues, to locate their target, any climate-driven alteration of chemosensory signalling has the potential to impair natural enemy efficacy even where the underlying pest population is otherwise unaffected. Evidence reviewed on this question indicates that elevated carbon dioxide levels projected for the coming century do not, in most published studies, enhance the abundance or host- or prey-location efficiency of natural enemies, and that other pollutant gases associated with industrial and agricultural emissions, including sulphur dioxide and nitrogen dioxide, tend if anything to reduce natural enemy abundance, while ozone-driven changes to herbivore-induced volatile profiles can alter the attractiveness of damaged plants to searching natural enemies in directions that are not consistently predictable (as reviewed in Castex et al., 2018). This body of evidence points to chemosensory disruption as a mechanistically distinct, and comparatively under-quantified, pathway of climate impact on the third trophic level, separate from the more extensively studied pathways of direct thermal physiology and phenological mismatch.
It would, however, misrepresent the evidence base to characterise natural enemy responses to climate change as uniformly negative, and several methodologically strong studies caution directly against this simplification. A four-day factorial exposure of an entomopathogenic nematode, a wolf spider, a ladybird beetle and a parasitoid wasp to a combined future-climate treatment incorporating simultaneously elevated carbon dioxide, a 3.4°C temperature increase and a 28 per cent reduction in precipitation found that predation success was not reduced in any of the four taxa and was significantly enhanced in two of them, with only nematode survival showing a modest, and precipitation-specific rather than temperature- or carbon dioxide-specific, decline (Doan et al., 2021). A meta-analysis compiling 86 field exclusion studies across a wide range of crop types and climatic zones similarly found that predators reduced pest populations by an average of 73 per cent and increased crop yield by an average of 25 per cent, and that this effect held regardless of whether predator communities comprised a single dominant species or several species, providing reassurance that biological control by generalist predators remains functionally robust across the climatic range currently sampled by the primary literature (Boldorini et al., 2024). At landscape scale, field assays of aphid predator communities across ten barley fields varying in surrounding landscape complexity found that predator assemblages occupying structurally complex landscapes, containing a greater number of non-crop habitat patches, exhibited higher thermal resilience and provided more temperature-stable pest control in subsequent microcosm experiments, directly linking landscape-scale habitat conservation, a management lever already recommended for reasons unrelated to climate change, to demonstrable climate resilience of biological control (Feit et al., 2021; see also the foundational landscape-scale conservation biological control framework of Tscharntke et al., 2007).
Reconciling these apparently divergent strands of evidence, several considerations recur across the literature. First, short-duration manipulative studies, particularly those examining survival and predation success over days rather than generations, appear systematically more likely to report natural enemy resilience than studies tracking phenological synchrony or multigenerational population dynamics over a full season or longer, suggesting that some of the apparent optimism in the short-term physiological literature may not extend to the phenological and demographic timescales most relevant to season-long pest suppression in the field. Second, functional group matters: entomopathogens and predators with broad, generalist prey ranges and flexible phenology appear, on the evidence reviewed here, comparatively better buffered against climate disruption than host-specific parasitoids with narrow developmental windows, a distinction with direct practical relevance to which biological control tactics are likely to remain reliable under future climatic conditions (a distinction elaborated further in Section 9 and summarised in Table 3). Third, landscape and management context, particularly the availability of non-crop habitat and the diversity of the resident natural enemy community, appears to modulate climate sensitivity substantially, such that studies conducted in structurally simplified agricultural landscapes may systematically understate the resilience achievable under more diversified farming systems (Feit et al., 2021).
Table 3. Reported effects of climate variables on natural enemy functional groups.
	Natural enemy group
	Climate variable
	Reported direction / mechanism of effect
	Supporting references

	Specialist parasitoid wasps
	Warming (mean)
	Frequently negative: lower thermal optimum than host; reduced parasitism rate even where host population increases.
	Han et al., 2019; Castex et al., 2018

	Host–parasitoid pairs
	Temperature variability (not just mean)
	Negative: delayed parasitoid emergence relative to host, reduced synchrony, reduced parasitism and survival.
	Wetherington et al., 2017; Stireman et al., 2005

	Parasitoids generally
	Winter severity / duration change
	Mixed and species-specific: diapause timing disrupted asymmetrically between hosts and parasitoids; no single generalisable direction.
	Tougeron et al., 2020

	Predators, parasitoids and other natural enemies
	Elevated CO2
	Mostly neutral to slightly negative for host/prey-location efficiency; chemosensory disruption reported in some systems.
	Castex et al., 2018

	Generalist predators (nematode, spider, ladybird, parasitoid wasp)
	Combined future-climate treatment (CO2 + temperature + reduced precipitation, short-term)
	Largely resilient: predation success unchanged or enhanced in 3 of 4 taxa; only nematode survival modestly reduced.
	Doan et al., 2021

	Generalist predator communities (field meta-analysis)
	Across climatic zones and crop types
	Robust: 73% average pest reduction, 25% average yield increase, independent of single- vs multi-species predator communities.
	Boldorini et al., 2024

	Aphid predator communities
	Landscape complexity as a moderator of thermal variability
	Positive moderating effect: predator assemblages in complex landscapes show higher thermal resilience and more stable pest control.
	Feit et al., 2021; Tscharntke et al., 2007


Note. CO2 = carbon dioxide. Rows are organised from more specialist, phenologically constrained natural enemies (generally more climate-vulnerable) to more generalist, landscape-buffered natural enemy communities (generally more climate-resilient).
7. Case Studies in Climate-Driven Pest and Natural Enemy Dynamics
The mechanistic evidence reviewed in Sections 3 to 6 is drawn substantially from controlled or semi-controlled experimental systems. This section examines four applied case systems, selected because each has generated a sufficiently mature body of field and modelling evidence to test whether the mechanistic expectations established above are borne out, and because collectively they span a deliberately wide range of taxa, climatic zones and production systems: a highly polyphagous, non-diapausing migratory lepidopteran; forest bark beetles; a migratory orthopteran with an unusually direct climatic trigger; and temperate cereal aphid–parasitoid systems, which are treated more briefly here since they were addressed mechanistically in Section 6.
7.1 Fall Armyworm (Spodoptera frugiperda)
The fall armyworm is native to the tropical and subtropical Americas but has, since 2016, spread rapidly through Africa, South and Southeast Asia and Oceania, and is now among the most economically significant migratory crop pests globally, attacking maize preferentially but also sorghum, rice and a wide range of other host plants (Zacarias, 2020; Yan et al., 2022). Its climate sensitivity is unusually direct because the species lacks a diapause mechanism, meaning that, unlike many temperate pests, its population dynamics are governed continuously by ambient temperature rather than being punctuated by an overwintering dormancy stage; this makes it an informative test case for the direct thermal mechanisms discussed in Section 3, since confounding effects of diapause timing are largely absent (Yan et al., 2022). Global bioclimatic suitability modelling projects that the area climatically suitable for the species will expand by between 12 and 44 per cent under future climate scenarios relative to the present day, with the largest projected increases in border regions between the United States and Canada, in sub-Saharan Africa and in central Europe, indicating that the species' invasive front is likely to continue advancing into regions currently at its climatic margin (Zacarias, 2020). Because the fall armyworm's spread has occurred over a sufficiently short period to be documented in near real time, it also offers a rare opportunity to compare model-projected range expansion against observed invasion trajectories, an opportunity not yet available for slower-moving range shifts in less mobile taxa.
7.2 Bark Beetles in Coniferous Forests
Bark beetles, principally within the genera Ips and Dendroctonus, provide the clearest documented instance within the reviewed literature of climate change directly precipitating outbreak-scale forest disturbance rather than merely modulating background pest pressure. A synthesis of the climate-effects literature on bark beetle–host tree systems concludes that extreme weather episodes attributable to anthropogenic climate change, particularly drought, have already measurably intensified the frequency and severity of bark beetle disturbance across coniferous forests in multiple regions, operating through two compounding mechanisms: reduced winter mortality of overwintering beetle life stages under milder winters, and reduced host tree resin-based defensive capacity under drought stress, which together increase both beetle survival and host susceptibility simultaneously (Jaime, Batllori and Lloret, 2024). This dual mechanism, in which climate change simultaneously benefits the pest directly and weakens the host plant's defences, distinguishes the bark beetle case from the more typical single-mechanism pathways discussed elsewhere in this review, and may partly explain why bark beetle outbreaks have proven among the most visually dramatic and economically costly instances of climate-attributed pest disturbance documented to date. The bark beetle case also illustrates a scale mismatch of direct relevance to natural enemy dynamics: because outbreak-phase bark beetle populations can expand far more rapidly than the specialist predator and parasitoid communities that regulate them at endemic densities, natural enemy populations are frequently unable to track outbreak-phase host density, a pattern consistent with the more general asymmetry between host and natural enemy population growth rates discussed in Section 6.
7.3 Desert Locust (Schistocerca gregaria)
The desert locust offers an unusually direct illustration of a climatic teleconnection driving pest outbreak dynamics. Locust population dynamics are governed primarily by rainfall rather than by temperature: periods of drought suppress locust numbers by limiting the vegetation on which they depend, whereas anomalously heavy rainfall in the arid recession areas spanning West Africa to South Asia promotes rapid vegetation growth that supports the transition from the solitary to the destructive gregarious phase (Food and Agriculture Organization, n.d.). The severe 2019 to 2021 desert locust upsurge across the Horn of Africa, the Arabian Peninsula and parts of South Asia has been linked by the Food and Agriculture Organization's technical monitoring to an unusually intense positive phase of the Indian Ocean Dipole, itself associated with anomalous warming of the western Indian Ocean, which produced markedly above-average rainfall and an elevated frequency of cyclones across the region during the preceding two years. This case illustrates a pathway distinct from the direct thermal and carbon dioxide mechanisms emphasised elsewhere in this review, namely a climate-driven shift in the frequency of extreme precipitation events acting through an intermediate ocean–atmosphere teleconnection, and underscores that the net agricultural risk from climate change cannot be inferred from mean temperature trends alone.
7.4 Cereal Aphid–Parasitoid Systems: A Synthesis Across Cases
Temperate cereal aphid–parasitoid systems, examined mechanistically in Section 6, merit brief synthesis alongside the preceding three cases because they most directly illustrate the tritrophic mechanism at the centre of this review, namely simultaneous strengthening of bottom-up and weakening of top-down forces under warming (Han et al., 2019). Considered together, the four cases indicate that no single climatic pathway dominates across pest systems: the fall armyworm case is governed principally by direct thermal physiology in the near-total absence of diapause; the bark beetle case by a compound mechanism combining reduced overwintering mortality with drought-weakened host defence; the desert locust case by precipitation extremes transmitted through an ocean–atmosphere teleconnection; and the cereal aphid case by the differential thermal sensitivity of a host and its specialist parasitoid. This diversity of operative mechanisms across only four case systems cautions against extrapolating findings from any single well-studied system, such as the fall armyworm or bark beetles, to agricultural pests generally, and supports the more cautious, mechanism-specific approach to synthesis adopted throughout this review rather than a single unifying climate-pest model.
8. Extreme Weather Events and Outbreak Dynamics
A recurring theme across the case systems examined in Section 7, and across the mechanistic literature reviewed in Sections 3 to 6, is that discrete extreme weather events, rather than gradual shifts in seasonal means, frequently function as the proximate trigger for pest outbreak or for the collapse of natural enemy regulation. This distinction carries direct implications for how climate-pest relationships should be modelled and communicated: a modelling or management framework calibrated solely to projected changes in mean temperature or mean annual rainfall risks systematically understating risk in systems where extremes, rather than means, are the operative driver. The desert locust case discussed in Section 7.3 is the clearest illustration within this review, since locust plague dynamics are driven by anomalous rainfall episodes and cyclone frequency rather than by any trend in mean precipitation (Food and Agriculture Organization, n.d.). The bark beetle case provides a second, mechanistically distinct illustration, in which discrete drought episodes, rather than a gradual trend in mean precipitation, appear to be the proximate trigger for the weakening of host tree defences that precipitates outbreak-scale mortality (Jaime, Batllori and Lloret, 2024).
Extreme heat episodes, distinct from drought, constitute a further category of concern, with particular relevance to natural enemies. Because many predatory arthropods rely on active foraging behaviour that is itself temperature-sensitive, short-duration heat waves with high daytime temperature peaks have been reported to alter the locomotion, diurnal activity rhythm and preferred microhabitat location of predatory mirid bugs used in biological control, with corresponding reductions in realised pest suppression during and immediately following the heat event, independent of any change in predator survival or abundance (as characterised within the broader predator–prey climate literature synthesised in Section 6). This behavioural pathway, operating over hours to days rather than across a full generation, is mechanistically distinct from the phenological mismatch and thermal-optimum pathways discussed in Section 6, and indicates that even natural enemy populations that appear numerically stable across a season may experience transient, extreme-event-driven lapses in pest suppression efficacy that are difficult to detect without high-frequency field monitoring.
Increased climatic variability, as distinct from either mean change or discrete extreme events, has also been shown experimentally to disrupt host–parasitoid synchrony even where neither species' mean environment has changed, as demonstrated in the emerald ash borer–parasitoid system discussed in Section 6, where increased temperature and humidity variability delayed parasitoid emergence relative to host oviposition and reduced parasitism independently of any change in mean conditions (Wetherington et al., 2017). Taken together, the evidence reviewed in this section indicates that projections of climate-driven pest risk based solely on shifts in seasonal or annual mean climate variables are likely to be systematically incomplete, and that a fuller risk assessment requires explicit attention to the projected frequency and intensity of extreme and anomalous events, a point returned to in the discussion of forecasting approaches in Section 10 and in the Future Directions.
9. Implications for Biological Control and Integrated Pest Management
The evidence synthesised in the preceding sections carries direct implications for the four principal tactics comprising integrated pest management, namely chemical insecticides, pheromone-based mating disruption, entomopathogens, and biological control using predatory and parasitic arthropods. A recent review examining the influence of climate, and temperature specifically, across all four tactics concludes that reliance on chemical insecticides is likely to increase simply because pest populations are projected to grow, but that the temperature-dependence of insecticide toxicity is itself complex and varies both between insecticide classes and between pest species, such that warming does not uniformly increase or decrease chemical control efficacy (Perrin et al., 2025). The same review finds that entomopathogens and their derivatives may see improved field efficacy under warming, since higher temperatures generally enhance the infectivity and pathogenicity of many entomopathogenic fungi, bacteria and nematodes, although the interacting effect of temperature on insect host immune competence remains difficult to predict and could, in some systems, offset this benefit. Biological control using predatory and parasitic arthropods is identified as the most climatically context-dependent of the four tactics, with outcomes reported to depend substantially on the specific relative thermal sensitivity of the pest and its natural enemy in each system, precisely the asymmetry emphasised throughout Section 6 of this review (Perrin et al., 2025).
A central practical implication follows directly from the landscape-scale evidence discussed in Section 6: because structurally complex agricultural landscapes containing greater non-crop habitat area have been shown to support natural enemy communities with measurably higher thermal resilience and more temperature-stable pest suppression (Feit et al., 2021), landscape-level conservation of natural enemy habitat, already recommended on biodiversity and general pest-suppression grounds (Tscharntke et al., 2007), emerges from the climate-specific literature as one of the more directly evidence-supported adaptive management strategies currently available, in contrast to several other proposed adaptations for which the supporting evidence remains preliminary. This does not imply that landscape complexity is a complete substitute for climate-responsive management; rather, the evidence indicates it functions as a buffer that reduces, without eliminating, the vulnerability of biological control to climatic variability.
A second implication concerns the differential vulnerability of biological control tactics by natural enemy functional group, summarised in Table 3. Because host-specific parasitoids appear, on the balance of evidence reviewed in Section 6, more consistently vulnerable to phenological mismatch and thermal-optimum asymmetry than generalist predators or entomopathogens, integrated pest management programmes relying heavily on a single specialist parasitoid species may be structurally more exposed to climate-driven efficacy loss than programmes that combine multiple natural enemy functional groups, a diversification rationale that parallels, and is reinforced by, the ecological insurance logic underlying the landscape complexity findings discussed above (Feit et al., 2021).
Translating this evidence base into confident, specific management prescriptions is nonetheless constrained by a set of recurring methodological limitations, summarised in Table 4, which recur across the primary literature reviewed in this synthesis and which materially limit the confidence that can currently be placed in extrapolating findings beyond the specific systems in which they were generated.
Table 4. Methodological limitations identified across the reviewed evidence base.
	Limitation
	Description
	Implication for confidence
	Illustrative sources

	Single-factor manipulation
	Many studies manipulate temperature, CO2 or precipitation independently rather than in combination.
	May miss synergistic or antagonistic interactions between climate variables that dominate under real multifactor field conditions.
	Romo and Tylianakis, 2013; Doan et al., 2021

	Short experimental duration
	Several key manipulative studies expose organisms for days rather than across a full generation or season.
	Short-term survival or predation-success outcomes may not predict season-long phenological synchrony or multigenerational population dynamics.
	Doan et al., 2021

	Laboratory or short-term semi-field setting
	Substantial evidence derives from controlled-chamber or brief field-enclosure assays rather than open-field, multi-season monitoring.
	Findings may not capture landscape-scale processes such as natural enemy spillover, dispersal or habitat buffering.
	Feit et al., 2021

	Geographic concentration
	Much of the primary experimental literature originates from temperate systems in North America, Europe and China.
	Limits confidence in extrapolating findings to tropical and subtropical smallholder systems, where much projected food-security risk is concentrated.
	Ma et al., 2025

	Model-choice and data-quality uncertainty in species distribution modelling
	Projected range shifts vary with modelling algorithm and occurrence-data provenance, sometimes as much as with the climate scenario itself.
	Single-model range-shift projections should be treated as illustrative rather than as precise forecasts.
	Meynard, Migeon and Navajas, 2013

	Confounding between climatic and non-climatic drivers
	Long-term field trends in pest abundance reflect simultaneous change in agricultural practice, land use and climate.
	Attribution of observed pest trends to climate change alone can overstate climate's relative contribution where management change is not controlled for.
	Sun et al., 2022


Note. CO2 = carbon dioxide. This table synthesises limitations discussed narratively across Sections 3–9 rather than reporting a formal, pre-registered risk-of-bias assessment.
10. Modelling and Forecasting Pest and Natural Enemy Responses to Climate Change
Two broad modelling traditions recur across the literature reviewed in this synthesis. Correlative species distribution models, of the kind applied to the fall armyworm and to Tetranychus evansi in Section 7 and Section 5 respectively, relate current species occurrence records statistically to a set of climatic predictor variables and then project the fitted relationship onto future climate scenarios; these models are comparatively straightforward to implement given adequate occurrence data and are accordingly the most widely used approach within the reviewed pest distribution literature (Meynard, Migeon and Navajas, 2013). Mechanistic, physiologically explicit models, by contrast, incorporate directly measured developmental thresholds, thermal performance curves and, in some cases, diapause cues, and project population or distributional outcomes from these underlying physiological parameters rather than from statistical association with occurrence records; such models are used less frequently within the reviewed literature, in substantial part because they require considerably more extensive laboratory characterisation of the focal species' thermal biology than correlative approaches demand (as characterised in Meynard, Migeon and Navajas, 2013).
Both modelling traditions share a structural limitation of direct relevance to this review's central theme: the overwhelming majority of published species distribution models address the pest species alone, without incorporating the distribution or thermal biology of its principal natural enemies. Because Section 6 establishes that pest and natural enemy populations frequently diverge in their thermal responses even within a shared location, a model projecting only the pest's future range is liable to overstate the effective, realised increase in pest pressure wherever the pest's natural enemy community fails to track the pest into newly suitable areas, or conversely to understate pest release wherever natural enemy decline outpaces any range contraction in the pest itself. Modelling frameworks that jointly project pest and natural enemy distributions, rather than the pest alone, remain comparatively rare within the reviewed literature and constitute one of the more consequential methodological gaps identified by this review, addressed further in the Future Directions.
A further limitation concerns the treatment of climatic variability and extreme events within forecasting frameworks. Because Section 8 establishes that discrete extreme events and short-term climatic variability, rather than shifts in seasonal means alone, frequently function as the proximate trigger for outbreak dynamics in systems such as the desert locust and bark beetles, forecasting approaches calibrated primarily to projected changes in mean climate variables are likely to be systematically less informative for these variability-driven systems than for systems, such as the fall armyworm, whose population dynamics are governed more directly by mean thermal conditions. Operational locust forecasting, of the kind conducted by the Food and Agriculture Organization's Locust Watch programme, already incorporates monitoring of ocean–atmosphere teleconnections such as the Indian Ocean Dipole specifically because mean-climate projections alone have proved insufficient for this purpose (Food and Agriculture Organization, n.d.), and this operational precedent may offer a template for incorporating variability-sensitive indicators into forecasting frameworks for other climatically volatile pest systems.
Future Directions
The most immediate research priority identified by this review is the systematic extension of manipulative climate experiments from single-factor, single-generation designs towards multifactorial, multigenerational designs that combine temperature, carbon dioxide and precipitation manipulation within a single experimental framework. As documented in Sections 4 and 8, the limited number of studies that have applied combined climatic treatments, such as the four-taxon natural enemy exposure reported by Doan et al. (2021) and the temperature–drought interaction reported by Romo and Tylianakis (2013), have in each case identified interaction effects not predictable from single-factor studies alone, indicating that the current evidence base, still dominated by single-factor designs, is likely to be systematically biased in ways that cannot be corrected by further single-factor replication. Because such experiments are resource-intensive, this priority is best pursued through coordinated, multi-site networks capable of sharing standardised protocols and climatic treatment specifications across research groups, an approach that would also address the geographic concentration of existing evidence identified in Table 4 by deliberately incorporating tropical and subtropical field sites alongside the temperate sites that currently dominate the literature.
A second immediate priority concerns the extension of experimental exposure durations beyond the days-to-weeks timescale that characterises much of the existing manipulative literature towards full-season and, where feasible, multigenerational designs capable of capturing phenological synchrony and cumulative population dynamics rather than short-term survival or predation-success endpoints alone. Because Section 6 documents that short-duration studies more frequently report natural enemy resilience than do studies tracking seasonal-scale phenological synchrony, resolving whether this pattern reflects a genuine timescale-dependent divergence in climate sensitivity, or merely reflects differences in the specific taxa and outcome measures examined by shorter- versus longer-duration studies, is a tractable and consequential empirical question that existing infrastructure, including the long-term agricultural research stations already used for studies such as Han et al. (2019), is well placed to address.
A longer-term but methodologically more demanding priority is the development of coupled species distribution and population models that jointly project pest and natural enemy responses to climate change within a shared spatial and temporal framework, rather than modelling pest distribution alone, as identified in Section 10. Because such joint models require detailed thermal-performance data for natural enemies, which are currently available for substantially fewer species than are equivalent data for their pest hosts, this priority would benefit from a coordinated effort to characterise the thermal biology of the natural enemy species most heavily relied upon in commercial biological control programmes, prioritised by economic importance and by data availability for their associated pest hosts, so that joint pest–natural enemy projections become feasible for a meaningful subset of economically important systems within a reasonable timeframe.
A further longer-term priority concerns the explicit incorporation of climatic variability and extreme-event frequency, rather than mean-climate change alone, into both experimental designs and forecasting frameworks, following the precedent set by operational locust monitoring discussed in Section 10. Because Section 8 indicates that variability-driven systems such as the desert locust and bark beetles are poorly served by mean-climate-calibrated forecasts, extending variability-sensitive monitoring approaches to additional climatically volatile pest systems, potentially including other migratory orthopterans and drought-sensitive forest pests beyond those examined in this review, represents a policy-relevant extension of an approach already operationally validated in at least one major pest system.
Finally, given the landscape complexity findings discussed in Sections 6 and 9, a policy-relevant and comparatively tractable near-term priority is the systematic evaluation of non-crop habitat conservation and landscape diversification as a climate adaptation strategy specifically, rather than solely as a general biodiversity or pest-suppression measure as it has predominantly been evaluated to date. Because the existing evidence linking landscape complexity to climate-resilient biological control derives substantially from a single well-designed but geographically limited study system (Feit et al., 2021), replicating this specific climate-resilience framework across additional crop systems, climatic zones and landscape gradients would materially strengthen the evidentiary basis for what is currently one of the more promising, but still narrowly evidenced, adaptive management recommendations to emerge from this review. Table 5 summarises these priorities alongside an indicative distinction between near-term and longer-term research needs.
Table 5. Research priorities identified by this review.
	Priority
	Why current evidence is inadequate
	Proposed approach
	Indicative timescale

	Multifactorial, coordinated climate manipulation experiments
	Most manipulative studies vary one climatic factor at a time; interaction effects are documented but rarely characterised systematically.
	Multi-site experimental networks applying standardised combined temperature, CO2 and precipitation treatments, including sites outside temperate regions.
	Near-term (immediate priority)

	Full-season and multigenerational exposure designs
	Short-duration (days-to-weeks) studies dominate and may not predict season-long phenological or population outcomes.
	Extend existing long-term field infrastructure to track phenological synchrony and multigenerational natural enemy dynamics.
	Near-term (immediate priority)

	Coupled pest–natural enemy distribution and population models
	Species distribution models overwhelmingly project pest ranges alone, omitting natural enemy thermal biology and distribution.
	Prioritised thermal-performance characterisation of economically important natural enemy species, feeding into joint projection frameworks.
	Longer-term

	Variability- and extreme-event-sensitive forecasting
	Mean-climate-calibrated forecasts are shown to be poorly suited to variability-driven systems such as locusts and bark beetles.
	Extend teleconnection- and variability-sensitive monitoring, following the operational locust-forecasting precedent, to additional volatile pest systems.
	Longer-term

	Replicated evaluation of landscape complexity as a climate-specific adaptation
	Evidence linking landscape complexity to climate-resilient biological control derives from a single, geographically limited study system.
	Replicate the climate-resilience index and field design across additional crops, climatic zones and landscape gradients.
	Near-term (policy-relevant)


Note. CO2 = carbon dioxide. Timescale designations are indicative and reflect the authors' assessment of relative feasibility and urgency rather than a formal prioritisation exercise.
Conclusions
This review set out to synthesise, on equal analytical footing, the evidence on how climate change affects agricultural insect pests and the natural enemies that regulate them, and to evaluate the implications of that combined evidence for crop protection. Several conclusions can be drawn with reasonable confidence from the evidence reviewed. Warming acts on insect pests through well-established and broadly consistent direct physiological mechanisms, accelerating development, increasing voltinism and, in many though not all systems, improving overwintering survival and facilitating range expansion into previously unsuitable areas. These direct effects are reinforced in numerous, though not universal, cases by indirect bottom-up effects mediated through host-plant nitrogen and defensive chemistry under elevated carbon dioxide, and by drought-mediated changes in plant chemical defence that depend strongly on drought severity and duration rather than acting in a single, uniform direction.
The evidence on natural enemies is less uniform, and this heterogeneity is itself a substantive finding rather than a gap to be dismissed. A recurring and mechanistically coherent pattern across host–parasitoid systems is that specialist parasitoids, owing to a combination of lower thermal optima than their hosts and a comparatively narrow window of phenological synchrony with host development, are disproportionately vulnerable to both directional warming and to increased climatic variability, in ways that can suppress biological control even where neither the pest nor the natural enemy population has measurably declined in abundance. Generalist predators and entomopathogens, by contrast, together with predator communities embedded within structurally complex, non-crop-rich landscapes, show more consistent evidence of functional resilience across the studies reviewed here, indicating that the overall trajectory of climate change is better characterised as a differential reweighting of which natural enemy functional groups remain reliable, rather than as a uniform collapse of biological control capacity.
The four case systems examined in this review, spanning a non-diapausing migratory lepidopteran, forest bark beetles, a rainfall-triggered migratory orthopteran and temperate cereal aphid–parasitoid systems, illustrate that no single climatic pathway, whether direct thermal physiology, drought-weakened host defence, precipitation-driven teleconnection, or differential host–parasitoid thermal sensitivity, dominates across pest systems generally. This diversity of operative mechanisms is among the review's more consequential findings, since it implies that management and forecasting frameworks calibrated to any single well-studied system are unlikely to transfer reliably to pest systems governed by a different primary mechanism.
For crop protection practice, the clearest evidence-supported implication to emerge from this synthesis is that landscape-scale conservation of non-crop habitat, already recommended for general biodiversity and pest-suppression reasons independent of climate change, additionally confers measurable resilience of biological control specifically against climatic variability, and constitutes one of the more directly evidenced adaptive strategies currently available to practitioners, even though the evidentiary base for this specific claim remains narrower than would be desirable. Chemical, microbial and pheromone-based control tactics each face distinct, climate-mediated shifts in efficacy that are not uniformly positive or negative, underscoring that no single control tactic can be assumed immune to climate disruption and that management strategies combining multiple tactics and multiple natural enemy functional groups are likely to prove more robust than strategies reliant on any single approach. The overall picture that emerges is one of climate change generally, though not universally, favouring pests over their natural enemies, mediated through mechanisms that are increasingly well characterised at the level of individual systems but that remain incompletely integrated into a predictive framework capable of anticipating outcomes in systems not yet directly studied.
Limitations
As with any narrative review, this synthesis is subject to the intrinsic limitations of the narrative review format, including the possibility of selection and interpretive bias in the choice and weighting of sources, notwithstanding the transparent search, eligibility and appraisal process described in Section 2. Because search and screening were conducted iteratively across multiple platforms rather than through a single systematic database export, the review cannot exclude the possibility that some relevant studies, particularly those published in venues outside the platforms consulted, were not identified.
Access to subscription-restricted bibliographic databases, including Web of Science, Scopus and Embase, was not available during preparation of this review, and the evidence base is accordingly drawn from openly accessible peer-reviewed literature, institutional sources, and publisher platforms reachable without subscription access. While the reviewed literature nonetheless spans a broad range of high-quality peer-reviewed outlets, this constraint may have led to under-representation of relevant findings published exclusively in subscription-only venues not otherwise indexed in the openly accessible sources consulted.
The evidence base synthesised in this review is also geographically uneven, with a substantial majority of the primary experimental and field literature originating from temperate systems in North America, Europe and China, and comparatively less primary evidence available from tropical and subtropical smallholder farming systems, notwithstanding that such systems are frequently identified within the reviewed literature itself as facing disproportionate climate-related food security risk. Conclusions drawn in this review about the relative resilience or vulnerability of particular natural enemy functional groups should accordingly be regarded as most strongly supported for the temperate systems in which most underlying studies were conducted, and as provisional rather than established for under-represented regions and cropping systems.
Heterogeneity in study design, including substantial variation in the taxa, life stages, exposure durations, climatic treatment magnitudes and outcome measures used across the primary literature, precluded quantitative synthesis, and the conclusions offered in this review are accordingly qualitative and interpretive rather than derived from pooled statistical effect sizes. Much of the primary evidence, particularly regarding combined multifactor climate effects and multigenerational population dynamics, is drawn from a comparatively small number of methodologically rigorous but individually narrow studies, so that the review's conclusions on these specific points should be understood as provisional, pending replication across a broader range of systems, rather than as settled findings. Finally, this review relies substantially on observational field data and short- to medium-duration experimental manipulations, and offers only limited coverage of very long-term, multi-decadal field evidence, since the rapid recent development of this research field means that few study systems have yet accumulated observational records of sufficient duration to disentangle gradual climatic trends from the substantial year-to-year climatic and agronomic variability that characterises most agricultural systems.
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