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Global warming is exposing insect populations to
environmental conditions that may change faster than they can
adapt. Therefore, understanding whether rapid evolution can
enable insects to persist in the face of ongoing warming has
become a central challenge in evolutionary ecology. Here, we
examined recent advances in assessing the potential for and
constraints on rapid thermal adaptation. We focus on
quantitative genetics, experimental evolution, and
environmental gradients as complementary approaches.
Quantitative genetic approaches have revealed that thermal
traits have sufficient genetic variation to respond to natural
selection; however, these responses may be constrained by
their underlying genetic architecture. Experimental evolution
has demonstrated that rapid adaptive responses are possible;
however, laboratory conditions may oversimplify the
environmental complexity experienced by natural populations.
Environmental gradients can impose differential selection on
populations, leading to phenotypic differentiation that can be
evaluated through common-garden experiments. Recent
evidence further suggests that thermal adaptation under
climate warming cannot be fully understood from a single-
stressor perspective because interacting selective pressures
can reshape both the direction and magnitude of evolutionary
responses. To improve predictions of insect persistence under
future warming scenarios, it is essential to integrate
evolutionary, ecological, and genomic approaches.
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Introduction

Global change is advancing at an unprecedented pace,
reshaping the thermal, chemical, and ecological land-
scapes inhabited by insects and imposing strong selec-
tive pressures on their populations [1,2]. Although
insects are often considered prime candidates for rapid
evolutionary responses due to their short generation
times and large population sizes, these adaptive re-
sponses may be insufficient to keep pace with the speed
and multidimensionality of contemporary climate
change [3,4], especially among tropical insects [5]. Un-
derstanding how quickly insect populations can evolve
under conditions of global change is critical for funda-
mental and applied reasons alike. From an ecological
perspective, an evolutionary failure to keep up with
environmental changes can lead to local extinctions and
disrupted species interactions [4,6]. From an applied
perspective, rapid evolutionary responses can influence
the spread and adaptation of invasive species, the sta-
bility of biological control, and the emergence of in-
secticide resistance in pest insects [7,8]. Therefore,
predicting whether and how insects can adapt evolutio-
narily is essential for forecasting biodiversity dynamics
and designing sustainable management strategies.

Rising mean temperatures, an increased frequency and
intensity of extreme heat events, and the proliferation of
urban heat islands act as strong selective pressures across
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Schematic representation of how rapid evolution in response to global change can be tested in natural populations. (a) Quantitative genetics provides
estimates of genetic variances and covariances, which offer insights into the potential and constraints of thermal trait evolution. Here, thermal traits 1
and 2 are negatively correlated in the low-latitude population, suggesting an evolutionary trade-off between the two traits. In contrast, these same
traits are uncorrelated in the high-latitude populations, indicating that they traits can evolve independently. (b) Experimental evolution: artificial
selection experiments can evaluate the speed and magnitude of the evolution in thermal traits. These experiments typically select for the highest (high
selection) or lowest (low selection) phenotypic values each generation, resulting in evolutionary responses in the thermal traits. (c) Environmental
gradients: populations distributed along geographic gradients (e.g. latitude or altitude) may undergo strong spatial selection, resulting in phenotypic
differentiation among populations. Here, populations distributed along a latitudinal gradient that were reared in common-garden conditions exhibit
phenotypic differentiation, with the thermal trait being negatively associated with latitude. This can be explained by genetic differentiation among

populations driven by local adaptation.

natural, agricultural, and urban ecosystems [9]. Evidence
from thermal biology thus provides a powerful mechan-
istic framework for evaluating how rapidly insects can
evolve under conditions of global warming. Thermal
performance curves, critical thermal limits, and time-
temperature relationships define the boundaries that
shape key features of insect populations, such as survival,
reproduction, and population growth [10,11]. Under-
standing whether these traits can evolve as quickly as
environmental change is fundamental to predicting the

future of insects in a warming world. Here, we examine
recent evidence from three complementary empirical
approaches that are widely used to assess the evolutionary
responses of insect populations to global warming (Figure
1): (i) quantitative genetic analyses, (i) experimental se-
lection, and (iii) a combination of environmental gradients
and common-garden experiments. While recent reviews
have synthesized the contributions of these approaches in
evaluating the likelihood of persistence under global
change through rapid evolution [6,12,13], here we
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highlight emerging patterns, unresolved challenges, and
promising directions for integrating evolutionary pro-
cesses into predictions of insect thermal adaptation to a
rapidly warming world.

Quantitative genetics and evolutionary
potential

Predicting the adaptive responses to climate change re-
quires estimating heritable genetic variation of traits that
allow populations to adapt to changing thermal condi-
tions [13]. Several studies have revealed a polygenic
basis and significant heritability for thermal tolerance
[14-16]. Additionally, substantial genetic variation for
stress-resistance traits, such as desiccation resistance and
its underlying traits (e.g. hydrocarbon cuticular compo-
sition), has been also reported in several insect species
[17,18]. However, predictions about the adaptive capa-
city to global warming may be limited because estimates
of heritability depend on the methodology used to
measure thermal tolerance [13]. Furthermore, most of
these studies have been conducted under benign con-
ditions, and it is recognized that cryptic genetic variation
may be revealed under stressful conditions, thereby in-
creasing the phenotypic variation on which natural se-
lection can act [19, but see 16].

Although single-trait quantitative genetic studies provide
information about the evolutionary potential, it is im-
portant to note that phenotypic evolution is shaped by the
genetic relationships among traits. These relationships are
encapsulated in the genetic (co)variance matrix, com-
monly referred to as the G matrix [20]. The G matrix
captures genetic correlations among traits (Figure 1a) and
provides critical insights into the potential and constraints
of evolutionary responses to selection. For instance,
aligning genetic covariances among resistance-stress traits
in Drosophila melanogaster with the direction of selection
can boost the evolutionary potential to thermal selection
[21]. Conversely, low heritabilities and genetic correla-
tions among parameters of the thermal performance
curves (TPCs) suggest evolutionary constraints on
thermal adaptation in the harlequin beetle (Harmonia
axyridis) [22]. In this context, TPCs offer a comprehen-
sive phenotypic framework for understanding the re-
lationship between fitness and temperature and can
provide meaningful information regarding the evolu-
tionary capacity of thermal traits [23]. This can be
achieved by testing trade-offs between maximum per-
formance and breadth of performance (specialist-gen-
eralist trade-off hypothesis) or positive associations
between the maximum performance and optimal tem-
perature (hotter is better hypothesis) [24]. Demographic
simulations have suggested that genetic constraints of
TPCs drive the extinction risk of ectotherm populations
[25]. However, these findings should be interpreted with
caution due to limitations of simulations.
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Quantitative genetic studies provide valuable information
about evolutionary potential and constraints in response to
global warming. However, these studies require complex
breeding designs and large sample sizes to accurately es-
timate genetic parameters. Recently, genetic association
panels have allowed us to identify genetic variants asso-
ciated with phenotypic traits, and estimate heritability and
genetic correlations between stress-resistance traits at a
reduced cost in terms of experimentation and logistics. For
instance, genetic reference panels (e.g. the Drosophila
Genetic Reference Panel (DGRP) and the Drosophila
Synthetic Population Resource (DSPR)) have revealed
substantial genetic variation in stress-resistance traits
[26-28]. However, the genetic variation of TPC parameters
in these association panels has not yet been explored,
leaving key questions about the genetic architecture and
polygenic nature of thermal performance unanswered. It is
important to note that the genetic basis of stress-resistance
traits in D. melanogaster may differ from that in other insect
species. Nevertheless, these panels are a valuable approach
for generating robust data to predict insect evolutionary
responses to global change.

Experimental evolution and adaptive
dynamics

Experimental evolution is the study of evolutionary
processes within populations across multiple generations
under defined and reproducible conditions (Figure 1b).
It encompasses a broad range of experimental designs,
including artificial selection (i.e. individuals are selected
based on their phenotypic value), laboratory culling (i.c.
populations are exposed to stress, and the survivors be-
come the founders of the next generation), and labora-
tory natural selection (i.e. populations are maintained
under contrasting environments under laboratory con-
ditions), among others [29,30]. In general, studies of
experimental evolution have provided clear evidence
that insect populations can evolve rapidly under dif-
ferent thermal conditions [31]. For example, several
studies have demonstrated that heat tolerance, thermal
performance curves, fecundity, and reproduction can
change quickly within a few dozen generations in re-
sponse to selection, suggesting that insect populations
have the genetic variation to evolve rapidly [32-34].
However, recent quantitative syntheses indicate that
these responses are often weaker and more variable than
expected. For example, a recent meta-analysis revealed
that TPCs can evolve in response to temperature se-
lection, at the cost of reduced fitness at lower tempera-
tures [24]. Similarly, fitness-related traits such as
fecundity, development rate, and body size often exhibit
weak or inconsistent evolutionary responses across stu-
dies [35], which is consistent with theoretical expecta-
tions that these traits tend to have lower heritability [36].
The discrepancy between focal studies and meta-ana-
lyses (i.e. rapid versus weak evolutionary responses) may

www.sciencedirect.com

Current Opinion in Insect Science 2026, 77:101557



4 Global change biology

be explained by the limited representation of a broad
range of taxa, which limits our ability to identify general
patterns in the evolutionary responses to global warming.

Although laboratory natural selection experiments have
been useful for understanding the effects of a particular
abiotic or biotic factor, they are typically conducted in
simplified, constant, and homogeneous environments. In
contrast, natural populations encounter combinations of
environmental factors that can lead to complex evolutionary
dynamics due to the nonadditive effects between stressors
[37]. Evidence from multi-stressor studies shows that evo-
lutionary responses can vary substantially depending on the
environmental context. For example, warming can either
amplify or suppress the evolution of insecticide resistance,
depending on the environmental context and metabolic
architecture [38], by increasing the energetic and detox-
ification costs associated with resistance [39]. Additionally,
the molecular mechanisms underlying resistance can be
temperature-dependent, thereby influencing detoxification
pathways and gene regulation [40,41]. In summary, multi-
stressor experiments provide more realistic estimates of the
constraints and opportunities for rapid evolution in response
to global warming.

An additional limitation of laboratory selection experi-
ments is their reduced ability to capture the ecological
complexity of natural environments, which can strongly
modulate adaptive responses in the wild [42]. Mesocosm
and semi-natural experiments partially bridge this gap
by increasing environmental realism while retaining
experimental control, allowing populations to be ex-
posed to multiple environmental factors. Recently, a
series of studies combining field enclosures and common
garden experiments have demonstrated that D. melano-
gaster can rapidly track environmental changes, showing
evolutionary responses at the genome-wide level as well
as stress resistance traits, pigmentation, and insecticide
resistance [43-45]. However, it is more difficult to in-
clude and control complex demographic dynamics in
these experimental settings. For instance, dispersal can
facilitate evolutionary rescue by enabling populations to
track suitable microclimates and introduce beneficial
alleles from other populations [6,46]. However, im-
migration can also erode local adaptation through gene
flow from maladapted populations [47].

Environmental gradients and local adaptation
Latitudinal, altitudinal, and urbanization gradients expose
insect populations to persistent differences in thermal re-
gimes, generating predictable selection pressures on
thermal tolerance, performance, and life-history traits
(Figure 1c) [48]. In recent years, evidence suggests rapid
local adaptation to climatic conditions, even over relatively
short geographic distances, as observed in rural-urban gra-
dients [49,50]. Additionally, empirical studies across

tropical systems have demonstrated that insect populations
inhabiting contrasting thermal environments often exhibit
distinct tolerance thresholds and performance patterns
[5,51]. Furthermore, a recent fitness-based approach re-
vealed that thermal adaptation reflects local performance
optimization rather than simple shifts in thermal limits,
suggesting that spatial temperature variation shapes evo-
lutionary fitness landscapes [52].

Though temperature is one of the most important en-
vironmental variables that changes along a latitudinal gra-
dient, photoperiod, solar radiation, and humidity (among
other variables) also covary with latitude [49]. Thus, popu-
lations distributed along latitudinal gradients may experi-
ence multiple stressors that can affect evolutionary
responses and our predictions regarding global warming
[53]. Additionally, geographic variation in thermal tolerance
often aligns more closely with local climate than with broad
latitudinal patterns [54]. Therefore, incorporating multiple
environmental variables, the influence of microclimatic
heterogeneity, and the local thermal history should provide
a clearer picture of how adaptive responses are shaped
across environmental gradients. At a broader scale, studies
across climatic gradients have demonstrated that popula-
tions from warmer or more variable environments often
exhibit greater heat tolerance, higher thermal optima, and
broader performance breadth across temperatures
[52,55,56]. Conversely, thermal traits rapidly converge after
populations are reared under common-garden conditions,
suggesting that phenotypic plasticity also plays an important
role in the adaptive responses [57]. Furthermore, species
can exhibit seasonal plasticity, enhancing their resilience to
future climate conditions [58]. Overall, experimental evo-
lution studies have demonstrated that evolutionary re-
sponses to warming environments are population-specific,
which suggests that environmental heterogeneity, pheno-
typic plasticity, and the initial population differences occur
despite exposure to similar thermal selection regimes [59].

Despite the presence of cumulative evidence of local
thermal adaptation, demographic processes can limit evo-
lutionary responses to climate change. For instance, high
dispersal rates and gene flow can erode local adaptation by
introducing maladapted genotypes, especially in mobile
insects such as crop pests and disease vectors [60]. Im-
migration can delay adaptation following environmental
change, but it cannot necessarily prevent it [61]. In addi-
tion, dispersal traits themselves may evolve under strong
selection in changing environments [62]. Consequently,
the likelihood of evolutionary rescue in insect populations
depends on the interaction between local adaptation, dis-
persal, and landscape structure [63]. While rapid adaptive
evolution can enable populations to persist and expand
into new environments, demographic and genetic factors
often constrain these responses, limiting the extent to
which populations can adapt to ongoing global
warming [19].
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Table 1
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Comparative synthesis of the main empirical approaches used to investigate rapid evolutionary responses to global warming in insects.

Quantitative genetic analyses

Experimental selection

Environmental gradient

Main question Is there genetic variation for
adaptation?

Predicts adaptive potential
Genetic variation may not
translate into realized evolution
Adaptive potential [14,16]
Present-day variation [66]
Low-intermediate [16,67]

High [14,15]

selection?
Main strength
Main caveat

Evolutionary inference
Temporal scale
Ecological realism
Control for
environmental noise
Empirical support

High [75]

Evidence for adaptive potential,
but realized evolution remains
uncertain [14,16,68]

Can populations evolve under imposed

Directly tests evolutionary responses
Simplified laboratory environments

Direct evolutionary response [69,71]
Multi-generational selection [69,72]
Intermediate [72-74]

Frequent responses to selection, but
magnitude and correlated responses
vary [33,70,71,76,77]

Have populations diverged along natural
gradients?

Captures natural ecological variation
Environmental history and gene flow may
confound inference

Local adaptation/clinal divergence [78,79]
Historical/long-term[45,80]

High [81-83]

Intermediate [83,84]

Evidence for clinal divergence and local
adaptation, but patterns are context
dependent [55,78-82,85-87]

The table summarizes evidence from empirical studies primarily published within the last five years. It compares quantitative genetic analyses,
experimental selection, and environmental gradient approaches based on evolutionary inference, temporal scale, ecological realism, experimental
control for environmental noise, and overall empirical support. Together, these studies emphasize the complementary strengths and limitations of
each approach in understanding and predicting insect adaptation to ongoing global warming.

Conclusions

Are insects evolving quickly enough to keep up with
global warming? The answer is complicated because
current evidence shows that evolutionary responses are
shaped by the interaction between genetic architecture,
environmental complexity, and demographic dynamics
(see Table 1). While quantitative genetic and experi-
mental evolution studies reveal substantial genetic var-
iation for key thermal traits, thermal evolution may be
constrained by soft (e.g. selection not aligned to genetic
correlations, life-history trade-offs) or hard limits (e.g.
molecular or physiological constraints) [13]. Further-
more, experimental evolution demonstrates that rapid
responses are possible but often depend on the trait.
More consistent responses are observed in upper
thermal limits and acute stress resistance, while other
traits, such as life-history traits, show more variable and
context-dependent evolutionary responses. However,
multi-stressor environments reveal non-adaptive selec-
tion dynamics that reshape metabolic trade-offs and alter
both the direction and magnitude of evolutionary
change. Geographic patterns also suggest that adaptation
occurs at fine spatial scales but is strongly influenced by
plasticity and gene flow, which can facilitate or hinder
evolutionary rescue. In this context, long-term mon-
itoring efforts and multigenerational field datasets are
increasingly important for detecting adaptive changes in
the face of ongoing global warming [64]. Furthermore,
combining the experimental approaches reviewed here
with genomic analyses (e.g. genetic variation and GWAS,
experimental evolution and evolve and resequence (E&
R), latitudinal gradients and genome-environment asso-
ciations) can provide important insights into the genetic
basis of rapid adaptation across generations under la-
boratory and semi-natural conditions [31,65]. Ultimately,
understanding insect adaptation in a changing world
requires shifting from single-stressor perspectives to a

more integrative framework in which evolution is
viewed as a dynamic outcome of interacting selective
pressures acting across biological and spatial scales.
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