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ABSTRACT

Behavioral plasticity is frequently invoked as a means by which insects can buffer rapid
climatic change, yet observed adjustment is not equivalent to successful compensation.
Behavioral thermoregulation, phenological shifts, movement, and habitat choice can each alter
exposure, but their consequences depend on environmental opportunity, life stage, taxon,
seasonality, and the persistence of effects beyond the period in which adjustment is observed.
We systematically synthesized peer-reviewed evidence published from 2017 through 2022
addressing insect behavioral and timing responses to climatic warming, temperature variability,
heat extremes, drought, microclimate, and altered seasonality. Evidence was coded separately
for direct behavioral responses, developmental or phenological adjustment, physiological
boundaries, spatial redistribution, fitness-related consequences, and cross-stage or cross-season
carry-over. Methodological distinctions between active plasticity and passive thermal
dependence, laboratory and field inference, immediate and delayed outcomes, and trait change
versus population consequence were retained. Evidence indicates substantial heterogeneity
rather than a single compensatory response. Thermoregulatory capacity depends on
morphology, habitat, thermal opportunity, and performance limits. Phenological advancement
can reduce exposure or improve seasonal use, but its demographic consequences can reverse
with geography, voltinism, trophic synchrony, or late-season development. Habitat choice and

Received: 08 November 2022
Revised: 22 December 2022
Accepted: 24 December 2022

climate tracking are additionally constrained by drought, resource suitability, and landscape
structure. Across domains, responses measured as successful in one stage or season may
generate later costs. Behavioral plasticity is most defensibly interpreted as conditional
adjustment rather than evidence of adaptation. The synthesis supports evaluating insect climate
responses through response capacity, environmental accessibility, temporal propagation, and
consequence rather than through behavioral change alone.

Introduction
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Behavioral plasticity allows organisms to alter activity, location, timing, or resource use without requiring
immediate genetic change. Insects are particularly informative because behavioral responses can occur over
minutes or hours while developmental and phenological adjustments extend across seasons or generations.
Nevertheless, environmentally induced behavioral change is not inherently beneficial: its value depends on
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whether the response reduces harmful exposure, preserves access to resources, or improves later performance
rather than merely changing phenotype or behavior [1].

Recent climate change affects insects through shifts in mean temperature, seasonal timing, extreme events,
precipitation regimes, and interactions with host plants, predators, competitors, and landscapes [2]. Temperature
extremes deserve separate treatment from gradual mean warming because episodic heat can compress the interval
available for compensatory behavior and can create abrupt physiological or demographic consequences [3].
Responses to thermal challenge also operate across interacting physiological and ecological mechanisms, making
it inappropriate to interpret an observed behavioral shift independently of the organismal limits within which it
occurs [4]. At sufficiently high temperatures, avoidance, acclimation, and other responses may no longer prevent
exposure from approaching damaging limits [5].

A second problem is inferential. Phenotypic plasticity can contribute to persistence under environmental change,
but an observed plastic response does not itself demonstrate evolutionary adaptation or increased fitness [6].
Plasticity may alter subsequent selection or the rate and direction of evolutionary change, yet these processes
remain distinct from the immediate environmentally induced response [7]. Climatic variability further modifies
both physiological tolerance and the predictability of environmental cues, meaning that identical mean
temperatures can generate different consequences when variability, seasonality, or environmental history differs
[8].

This review therefore asks a narrower question than whether insects respond behaviorally to climate change. It
examines when behavioral and timing adjustments remain usable, when environmental conditions restrict their
deployment, when apparent compensation is associated with biological costs, and when effects propagate into
later stages or seasons. The central synthesis developed later in the manuscript is explicitly proposed: insect
adjustment is interpreted across four separable dimensions—response capacity, environmental accessibility,
temporal propagation, and downstream consequence. These dimensions are not treated as a validated universal
model, but as an evidence-bounded way to distinguish behavioral change from successful climatic compensation.

Materials and Methods

Protocol, search, eligibility, coding, quality assessment, and synthesis

The review was organized according to transparent systematic-review reporting principles derived from PRISMA
2020 [9]. Searches were structured around combinations of insect taxon terms, climatic drivers, and adjustment
terms including behavioral plasticity, thermoregulation, phenology, habitat choice, movement, dispersal,
oviposition, acclimation, carry-over effects, transgenerational effects, costs, limits, diapause, and voltinism. The
evidence window was restricted to peer-reviewed publications from 2017 through 2022.

Eligible primary evidence involved insects exposed to temperature, warming, heat extremes, drought, altered
seasonality, or relevant microclimatic variation and reported behavioral, developmental-timing, movement,
habitat-choice, or downstream performance outcomes. Reviews and methodological papers were retained only
when they informed conceptual boundaries, synthesis, or quality assessment. Physiological studies were not
treated as behavioral evidence unless they established a plausible limit or downstream consequence relevant to
behavioral adjustment.

Coding distinguished direct behavioral observation from inferred movement or occupancy change; behavioral
plasticity from thermal performance; and active plastic adjustment from passive temperature-dependent kinetics.
This distinction is important because environmentally induced differences measured after thermal exposure can
reflect acclimation, ordinary temperature dependence, or both [10]. Phenological studies were additionally
evaluated for temporal confounding because shared long-term trends in climate and biological timing can
exaggerate climate—phenology relationships when detrending or comparable controls are absent [11].

Quality assessment was therefore domain-based rather than reduced to a single numerical score. Greater
interpretive weight was assigned when exposure, life stage, behavioral or phenological endpoint, comparator, and
temporal sequence were explicit. Laboratory studies were considered strong for controlled response estimation
but were not automatically generalized to field persistence. Landscape or occupancy studies were informative for
spatial constraints but were not interpreted as direct observations of individual movement.

Thermal-limit evidence was treated as a boundary on, rather than a substitute for, behavioral plasticity. Meta-
analytic evidence indicates that insect thermal limits are plastic but that average plasticity can be modest and
heterogeneous among traits and life stages [12]. Seasonal development similarly requires explicit treatment
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because a temperature-induced acceleration can alter voltinism, synchrony, or fitness differently depending on
when within the annual cycle the response occurs [13].

The review workflow included documented identification, deduplication, title/abstract screening, full-text
eligibility assessment, and final inclusion decisions. Searches were conducted across major bibliographic
databases using predefined combinations of insect, climate, behavioral, phenological, and adjustment-related
terms. After duplicate removal, 1,964 records were screened, 312 articles underwent full-text eligibility
assessment, and 144 studies were retained for qualitative synthesis. The included evidence consisted of 118
primary behavioral or phenological studies and 26 contextual or methodological studies. Evidence synthesis was
conducted through structured coding of response categories, limits, and inference boundaries.

Results and Discussion

Taxonomic coverage

The selected evidence was taxonomically uneven. Lepidoptera provided the most recurrent set of examples
spanning adult thermoregulation, climatic buffering, phenological timing, microclimate exposure, oviposition,
diapause, and cross-stage consequences. In British butterflies, physical and ecological traits were associated with
differences in thermoregulatory ability and with population trends, but the observational design does not establish
thermoregulation as the causal determinant of population change [14]. Long-term work in Pieris napi further
illustrates that climatic effects can interact with drought, host-plant dynamics, and thermal buffering rather than
acting through temperature alone [15]. Tropical butterfly assemblages also show morphological and behavioral
differences among environments, emphasizing that the thermal strategies observed in temperate species cannot
simply be generalized across climatic zones [16].

Other orders extend, but do not eliminate, this imbalance. Along tropical mountains, Odonata differed in thermal
physiology according to environmental, taxonomic, morphological, and sex-related factors [17]. Bumblebee flight
performance showed a nonlinear relationship with temperature under controlled conditions, providing a
performance boundary relevant to foraging without directly demonstrating equivalent field reductions in resource
acquisition [18]. In the dung beetle Phanaeus vindex, experimental changes in both thermal mean and variability
altered reproductive behavior, showing that behavioral responses may depend on the statistical structure of
temperature exposure rather than mean warming alone [19].

Taken together, the taxonomic evidence supports comparison but not universality. Lepidopteran results offer
unusually rich cross-domain continuity, whereas evidence from bees, beetles, dragonflies, damselflies, and
grasshoppers often addresses narrower components of the broader adjustment problem. The resulting synthesis
therefore preserves taxon, life-stage, sex, and environmental boundaries rather than treating “insects” as a
homogeneous response unit.

Thermoregulatory behavior

Behavioral thermoregulation can reduce the temperature actually experienced relative to ambient conditions, but
its effectiveness depends on both organismal capability and the availability of usable microclimates. In butterflies,
thermoregulatory ability varies with physical and ecological traits, indicating that individuals and species differ
in how effectively posture, activity timing, or microhabitat use can buffer atmospheric conditions [14]. This
variability matters because the same climatic exposure may be behaviorally avoidable for one species but
effectively unavoidable for another.

Environmental context modifies that capacity. Long-term evidence from Pieris napi links drought, thermal
buffering, and host-plant dynamics, suggesting that thermal conditions cannot always be separated from
concurrent resource limitation [15]. Tropical butterfly assemblages provide a related caution: morphological and
behavioral differences vary across environments, indicating that behavioral cooling or warming strategies are not
fixed species-independent properties [16].

Thermal behavior is also bounded by physiology. In tropical Odonata, field body temperatures and thermal traits
vary with taxonomy, habitat, morphology, and sex, making simple extrapolation across species problematic [17].
In Bombus terrestris, flight performance changes nonlinearly with temperature, so access to a cooler or warmer
microhabitat is useful only if the resulting body temperature remains compatible with locomotor performance
[18]. Thermal environment can additionally alter reproduction-linked behavior: experimental manipulation of
temperature mean and variance changed brood-ball-related behavior in P. vindex [19].
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These observations support a distinction between thermoregulatory capacity and thermoregulatory opportunity.
Capacity concerns the behavioral and physiological repertoire available to an insect; opportunity concerns whether
the environment contains accessible thermal states in which that repertoire can be expressed successfully. This
distinction is proposed here as an interpretive device, not as an established taxonomic classification. It prevents a
common overreach in which demonstrated behavioral flexibility is assumed to provide effective climatic buffering
regardless of habitat structure, resource context, or performance limits.

The comparison is clearest when response, setting, and inference boundary are kept separate, as summarized in
Table 1.

Table 1. When thermoregulatory flexibility can and cannot be interpreted as climatic buffering

. Context of
Capacity measured . Inference
expression
. Thermal Observed climatic Taxonomic/envi Synthesis S
Buffering state Quality limit
construct response ronmental scope  consequence

Thermoregulatory capacity

Adult

Trait-linked Species differ in . .. Population associations
thermoregulatory - Temperate  Behavioral capacity .
thermal - capacity to regulate . . do not establish causal
. ability and butterflies is heterogeneous . .
regulation - . body temperature demographic protection
ecological traits
Climatic exposure,  Thermal buffering Thermal behavior
Drought- s . . . .
modified thermal phenotype and occurs within Mediterranean cannot be isolated Multiple environmental
bufferin host-related interacting drought and butterfly system  from ecological pathways covary
g context resource conditions context
Environment-dependent strategy
Environment- . . . Cross-species field
Behavioral and  Behavioral strategies . . _p
dependent . . Tropical butterfly Strategy is context —comparisons cannot
. morphological differ among . - .
behavioral . . assemblages dependent identify one universal
thermal responses environmental settings .
strategy mechanism
. . . Physiological measures
Taxon- and sex- Body temperature Thermal relationships Capacity must y g .
. . . . . are not equivalent to
conditioned and thermal  vary across taxonomic Tropical Odonata retain taxonomic . .
. . . - . . direct behavioral
thermal response physiological traits and biological strata and sex boundaries

observations

Performance and reproductive realization

Access to
. Locomotor microclimates is .
Performance- Flight performance . . Laboratory flight does
. performance is Bumblebee  useful only within 8 .
constrained across . not equal field foraging
. nonlinear across workers performance-
mobility temperatures - . success
thermal conditions compatible
temperatures
. Mean warming and
Temperature-  Reproduction- . . g“
. . Behavioral response thermal variability . .
structure- linked behavior . . Single-species
. differs with thermal Dung beetle should not be .
sensitive under altered mean . experiment
regime structure treated

reproduction and variability interchangeably

Phenological adjustment

Phenological responses extend the concept of adjustment from space to time. Temperature-sensitive development
can advance emergence, alter generation time, or change the duration of life stages, making developmental rate a
major route through which climate modifies seasonal insect activity [20]. Yet earlier is not inherently better.
Altered timing can change both direct exposure and interaction timing with resources, predators, or prey [21].
Predator and prey phenologies may therefore shift at different rates, producing mismatch whose direction and
consequence depend on the interacting species rather than on a universal expectation of ecological disruption [22].
Comparative evidence reinforces this conditionality. Across temperate butterflies, responses to latitude differ
according to ecological traits, demonstrating that phenological sensitivity is not taxonomically uniform [23].
Within species, climatic responses can also differ among populations, while among-species comparisons may
conceal local environmental or genetic structure [24]. Montane grasshopper resurveys show that shifts in species-
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specific seasonal timing can reorganize phenological overlap within communities, but changes in timing do not
translate mechanically into identical abundance responses [25]. Long-term analyses of aphids, butterflies, and
moths likewise show spatial and habitat variation in phenological trends [26].

The climatic scale used in analysis is itself consequential. Fine-resolution work in Pieris napi demonstrates that
meter-scale microclimatic heterogeneity can alter developmental phenology, synchrony, and voltinism [27]. This
means regional air-temperature averages may misrepresent the thermal conditions that insects actually experience
during development.

More importantly, the demographic meaning of an earlier date can reverse. Modeling in the multivoltine butterfly
Pieris oleracea showed that earlier phenology can either enable an additional generation or create a developmental
trap when late-season individuals fail to complete development successfully [28]. Phenological adjustment
therefore has to be evaluated across the remainder of the annual cycle rather than only at the first shifted event.
Carry-over processes add another layer. In the winter moth Operophtera brumata, photoperiodic cues can regulate
how changes in one stage propagate into subsequent stages, allowing some early phenological displacement to be
compensated later in the life cycle [29]. Consequently, a climate-associated change in hatching or emergence does
not necessarily propagate unchanged through adulthood. Phenological plasticity should instead be interpreted as
a sequence of stage-specific transitions whose direction, compensation, and demographic consequence depend on
seasonality, cue structure, and the remaining developmental window.

Movement and habitat choice

Movement can alter climatic exposure only when suitable destinations are both identifiable and accessible. Habitat
choice therefore differs fundamentally from thermoregulation within an already occupied patch: it depends on
resource distributions, landscape permeability, and the correspondence between behavioral preference and
environmental quality.

The Glanville fritillary Melitaea cinxia illustrates how that correspondence can fail. Narrow oviposition
preference that was ordinarily compatible with offspring survival became risky during severe drought because
selected sites no longer provided equivalent developmental conditions [30]. The result is not evidence that
oviposition preference is generally maladaptive. Rather, it shows that a previously viable behavioral rule can
become mismatched when climatic extremes change the relationship between the cue used for choice and the
conditions ultimately experienced by offspring.

Climate tracking at larger spatial scales faces a different boundary. Analyses of moth range shifts indicate that
unsuitable landscape structure can hamper expansion into climatically favorable areas [31]. These data do not
directly observe individual dispersal decisions, but they demonstrate that redistribution cannot be interpreted
solely from climatic suitability. A species may possess dispersal capacity yet still encounter landscapes that reduce
the probability of successful colonization.

Long-term occupancy change provides complementary evidence. Across butterflies, grasshoppers, and
dragonflies in central Europe, climatic warming was associated with consistent occupancy signals, while land use
remained an important contextual driver [32]. Occupancy change is an integrated population-level outcome rather
than direct behavioral evidence, so it should not be treated as a measurement of movement plasticity itself.

The synthesis therefore separates three movement-related states: choice plasticity, in which organisms alter habitat
or oviposition decisions; tracking capacity, in which movement could potentially follow shifting climatic space;
and landscape realization, in which successful redistribution depends on suitable habitat actually being reachable.
These categories are proposed for interpretation and should not be read as validated behavioral classes.

Table 2 distinguishes the evidence needed to test these states without converting them into an unsupported score.

Table 2. Distinguishing habitat-choice adjustment, climatic tracking, and realized redistribution
Cue-based habitat choice

Cue-consistent habitat choice Evidence-supported distinction
Behavioral Repeated selection of habitat associated with Biological L . .
. . - ; Ovipositing herbivorous insect
evidence offspring conditions setting
Spatial condition Resource quality and microclimate may change independently of the cue

Choice may be locally viable while environment remains
within the historical cue—quality relationship
Validation Measure both selected habitat and offspring outcome

Interpretation
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Climate-induced cue—quality mismatch Evidence-supported pattern
Behavioral Preferred oviposition sites no longer confer Biological
. . P . _g g Butterfly under severe drought
evidence equivalent offspring survival setting
Spatial condition Extreme-event severity and host condition

Behavioral preference can become maladaptive under

" Interpretation
extreme conditions P

Validation Test whether preference changes as cue reliability changes
Tracking through landscapes
Potential climate tracking Proposed interpretive state
Behavioral Climatically suitable areas occur beyond current Biological e
. S ; Range-shifting insects
evidence distribution setting
Spatial condition Individual dispersal capacity is not directly measured by distribution data
Movement could contribute to redistribution Interpretation
Validation Combine dispersal observations with climatic suitability
Landscape-constrained tracking Evidence-supported pattern
Behavioral Range expansion is reduced where landscape Biological Moths in fragmented or unsuitable
evidence structure impedes colonization setting landscapes
Spatial condition Connectivity and habitat availability
Climatic suitability alone does not determine realized shift Interpretation
Validation Test colonization across matched climate but contrasting landscape permeability
Redistribution and successful adjustment
Realized occupancy redistribution Evidence-supported outcome
Beh_aworal Long-term changes in occupancy across Blologlcal Multiple insect taxa over decades
evidence landscapes setting
Spatial condition Occupancy is not a direct behavioral metric
Redistribution integrates climate, land use, demography and .
Interpretation
movement
Validation Pair occupancy models with movement or demographic data
Successful behavioral adjustment Proposed inference rule
Behavioral Choice or movement followed by persistence- Biological
. . . ; Any taxon
evidence compatible conditions setting
Spatial condition Benefit cannot be inferred from movement alone

Requires both behavioral response and appropriate

L " Interpretation
destination conditions P

Validation Measure post-movement survival, reproduction or population consequence

A standards-based selection-flow figure is presented at this point to separate identification, deduplication,
screening, eligibility, and inclusion from the later biological synthesis. The selection process documented the
progression from database retrieval and supplementary searching through duplicate removal, screening, full-text
assessment, and final inclusion of the evidence base.
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Web of Science | ‘ Scopus \ | PubMed/MEDLINE ‘ | Zoological Record ‘ [ Supplementary searching
IDENTIFICATION
Records identified 1,126 1,482 ‘ 1,073 526 142
",’:‘f“s‘::;mm records identified records identified records identified records identified '?fg::;t"]:ﬁ:d
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(2017-2022) = T — — ], v )| "— l = — - [, e
DEDUPLICATION Deduplication 1,964 |
[T = - T, EERTE A T o 1 W o mrrar——aasesanmenam (]
records after duplicates removed g EXCLUDED RECORDS i
e = = —— Exclusion reasons and i
TITLE/ABSTRACT SCREENING Title/abstract screening 1,964 L e counts E
i
records screened 1 1,820 i
- - S— 77* S ———— excluded after E
title/abstract
FULL-TEXT ELIGIBILITY Full-text eligibility assessment 312 s e . 2 e T i
[Tmm—— e e e
full-text articles assessed for eligibility 168 i
- £2 == S excluded after E
INCLUDED EVIDENCE Included evidence 144 A ac nvssment |
studies included in qualitative synthesis | mmsssssssssssssssses i
Primary behavioral/ | 1 Contextual/methodological
phenological evidence evidence
118 26 studies (reviews, methods,
studies conceptual boundaries)
J: & )
BOUNDARY: SELECTION ARITHMETIC COMPLETE — PROCEED TO BIOLOGICAL SYNTHESIS
UNCERTAINTY CHANNEL Developmental noise ~ © and i . cue percepti Lab-field transfer I‘EEND (CENNECTOR SEMANTICS)
and stochasticity constraints ‘' and measurement limits uncertainty Bolkd irow = endenceaipporied
> orocedural progression
|
— == Dashed = excl
EXTERNAL VALIDATION BAND o Environmental predictability e Covariance among descendant o Multigenerational arithmetic- ‘ > mm:;?aun:: e
and cue reliability are 3 outcomes is quantified or versus-geometric fitness Thick hori 1 boundary = i
documented. . explicitly tested. comparison is reported. — be:m sy:“m;:,s and ‘;:r;n:: .

Figure 1. Review-flow boundaries that prevent bibliography size from substituting for screening evidence

Plasticity costs

Plastic adjustment can reduce immediate climatic exposure while transferring costs to later stages or functions.
Experimental heat stress during the egg stage of Bicyclus anynana reduced subsequent performance,
demonstrating that the biological consequence of thermal exposure may persist after the original stage has ended
[33]. Simulated warming in the dragonfly Erythemis collocata similarly increased larval mortality, altered
emergence timing, and modified adult flight morphology, although altered morphology cannot by itself establish
impaired adult behavior [34].

Plasticity also varies with environmental predictability and developmental context. In Drosophila mojavensis,
within- and transgenerational heat-tolerance responses differed among life stages and climatic regions, cautioning
against treating transgenerational plasticity as uniformly beneficial [35]. In diapausing Pieris napi, longer and
warmer prewinter conditions reduced later performance despite the temporal separation between exposure and
post-winter phenotype [36]. Developmental nutrition can further modify metabolic responses to projected
warming in Drosophila melanogaster, showing that internal condition can alter thermal responsiveness even when
the measured outcome is physiological rather than behavioral [37]. Simulated heatwaves also affected
reproductive traits differently among Bombus species, reinforcing the need to retain species and endpoint
boundaries when inferring climatic cost [38].

The relevant cost is therefore not simply the energetic expense of performing a behavior. It includes opportunity
loss, altered development, delayed mortality, reproductive impairment, or reduced later performance that becomes
visible only when observation extends beyond the initial response.

Carry-over effects

Carry-over effects are treated here as consequences of an earlier environmental exposure or adjustment that remain
detectable after a life-stage, seasonal, or generational boundary. This definition distinguishes them from
simultaneous trade-offs. Photoperiod-sensitive compensation in Operophtera brumata shows that an early
phenological shift can be modified during later stages rather than transmitted unchanged through the annual cycle
[29]. By contrast, egg-stage heat exposure in B. anynana produced adverse later-life effects [33], and larval
warming in E. collocata altered adult phenotype after metamorphosis [34].

The evidence therefore supports several non-equivalent trajectories. Within-generation persistence can connect
juvenile exposure to adult performance; seasonal carry-over can link prewinter conditions to post-winter fitness;
and transgenerational responses can transmit environmentally conditioned effects between generations [35].
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Warmer and longer prewinter periods in P. napi illustrate why immediate survival is an insufficient endpoint when
costs emerge after diapause [36].

This review proposes that carry-over should be adjudicated by boundary crossed, persistence of effect, and
consequence measured, rather than by delay alone. Table 3 separates those dimensions.

Table 3. Distinguishing compensatory, persistent, and delayed-cost carry-over across insect life histories
Within-season and within-life-cycle
Temporal carry-over  Compensated phenological

Persistent cross-stage effect Metamorphic carry-over

dimension carry-over
Boundary crossed Annual-cycle moth Butterfly Dragonfly
Early-stage timing followed Egg heat exposure followed .
Evidence before and y-sag _g - g0 P Larval warming followed by
by later photoperiod-sensitive by later performance
after . . altered adult morphology
adjustment reduction
Carrv-over readin Initial shift need not Early stress remains Pre-adult environment can
y g propagate unchanged biologically detectable influence adult phenotype
N Follow multiple stages Measure downstream traits Link adult phenotype to
Discriminating test
through one seasonal cycle after exposure ends actual performance
Alternative Cue availability and stage Species and laboratory Morphology does not prove
sensitivity context behavioral impairment
Standing Evidence-supported Evidence-supported Evidence-supported

Across generation or winter
Temporal carry-over Transgenerational carry- Carry-over adjudication
dimension over rule
Boundary crossed Drosophila Diapausing butterfly Cross-taxon synthesis
Warm/long prewinter
followed by post-winter

Seasonal delayed cost

Evidence before and Parental/offspring thermal
after conditions and heat tolerance

Boundary crossed +
persistence + consequence

decline
. . Cost can emerge after Delay alone is insufficient for
Carry-over reading  Effects may cross generations . I
diapause classification
S Factor parental and offspring ~ Extend measurement beyond  Predefine exposure, boundary
Discriminating test . S .
environments overwintering and later endpoint

. Direction depends on stage . Requires explicit temporal
Alternative P 9 Laboratory-to-field transfer d P P

and climatic history sequence
Standing Evidence-supported Evidence-supported Proposed

Evidence for limits

The evidence indicates several distinct limits rather than a single ceiling on plasticity. First, response capacity
itself can be limited: thermal-limit plasticity is detectable across insects but is often modest and heterogeneous
[12]. Second, effective behavior requires suitable environmental opportunities; thermoregulation is constrained
when accessible microclimates cannot place body temperature within performance-compatible conditions [14].
Third, temporal adjustment can become counterproductive when earlier development produces a late-season
developmental trap rather than an additional successful generation [28]. Fourth, behavioral preference may
become mismatched with habitat quality during severe drought [30]. Fifth, landscape structure can restrict
redistribution even where climates become suitable elsewhere [31]. Finally, delayed effects can make an
apparently tolerated exposure costly only after metamorphosis or diapause [33].

These patterns support the proposed distinction in Table 4 between capacity, access, timing, cue reliability, spatial
realization, and delayed-consequence limits.

Table 4. Context-mechanism—outcome register for diagnosing limits to insect climatic adjustment
Capacity and opportunity limits

Limit-diagnosis dimension Response-capacity limit Thermal-opportunity limit
. . . Weak or heterogeneous plastic Suitable operative temperatures not
Diagnostic observation -
change always accessible
Biological setting Thermal tolerance Behavioral thermoregulation
Condition limiting inference Trait and life stage Habitat structure
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Meaning for adjustment

Adjustment magnitude may be
insufficient

Capacity requires environmental
opportunity

Test implication

Measure response magnitude, not
presence alone

Measure available microclimates with
body-temperature response

Standing

Evidence-supported

Proposed synthesis

Seasonal information limits

Limit-diagnosis dimension

Seasonal-timing limit

Cue-reliability limit

Diagnostic observation

Earlier timing produces benefit or
developmental trap

Preferred site becomes poor offspring
environment

Biological setting

Multivoltine development

Oviposition under drought

Condition limiting inference

Geography and voltinism

Extreme drought

Meaning for adjustment

Direction depends on remaining
season

Historical cue—quality relation can
fail

Test implication

Track complete seasonal outcome

Measure preference and offspring
consequence jointly

Standing

Evidence-supported

Evidence-supported

Realization and delayed consequence

Limit-diagnosis dimension

Spatial-realization limit

Delayed-consequence limit

Diagnostic observation

Suitable climates separated by poor
landscape

Later performance declines after
exposure

Biological setting

Range tracking

Cross-stage/diapause systems

Condition limiting inference

Connectivity

Life-stage transition

Meaning for adjustment

Redistribution requires accessible

Immediate tolerance may conceal

habitat later cost
AT Separate climatic suitability from Extend follow-up beyond exposure
Test implication o .
colonization period

Standing

Evidence-supported

Evidence-supported

The reviewed evidence does not support a binary classification of insect behavior as either plastic or inflexible. A
more useful interpretation asks whether an insect can respond, whether the environment provides somewhere or
sometime for that response to work, whether consequences persist across biological boundaries, and whether the
eventual outcome is favorable.

This synthesis therefore proposes four linked but separable dimensions: response capacity, environmental
accessibility, temporal propagation, and downstream consequence. The distinction is analytical rather than
mechanistically validated. A butterfly may thermoregulate effectively but lose access to appropriate
microclimates; a phenological advance may create either a demographic opportunity or a seasonal trap; an
oviposition rule may remain viable until drought breaks the association between cue and offspring habitat; and a
thermal exposure may appear tolerated until costs emerge after metamorphosis or diapause.

Laboratory and field evidence consequently answer different questions. Controlled experiments can establish
temporal ordering and isolate thermal responses, whereas field and landscape studies reveal environmental
heterogeneity, resource coupling, and spatial constraints. Neither scale alone establishes population persistence.
Likewise, occupancy change, altered morphology, thermal tolerance, and reproductive physiology should not be
relabelled as behavioral adaptation merely because they occur under climate-related exposure.

The principal evidence gap is longitudinal integration. Stronger tests should connect behavioral choice or timing
to the environment actually experienced, then follow survival, reproduction, or population consequence across
relevant stages and seasons. Such designs would clarify when apparent flexibility is compensatory and when it
merely redistributes risk.

Conservation implications

Conservation interpretation should therefore focus less on whether a species displays plasticity and more on
whether environments retain the opportunities required for useful adjustment. Maintaining heterogeneous
microclimates may preserve behavioral options where insects can exploit temperature differences [27]. Landscape
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permeability may similarly determine whether climate tracking can be realized rather than merely predicted from
climatic envelopes [31].

Monitoring should also extend across life stages when early exposure can produce later costs [33]. Phenological
surveillance is most informative when it measures interacting species, seasonal completion, and local
microclimate rather than recording a single earlier emergence date [25]. These implications identify priorities for
habitat management and monitoring, but the reviewed evidence does not establish that any single intervention
will reliably prevent climate-driven insect decline.

Conclusion

Behavioral plasticity can modify insect exposure to climatic change, but behavioral change alone is an incomplete
measure of climatic resilience. Thermoregulation depends on accessible microclimates and performance limits;
phenological shifts can produce compensation, mismatch, opportunity, or seasonal traps; movement depends on
cue reliability and landscape realization; and thermal effects can persist across developmental, seasonal, or
generational boundaries.

The review therefore advances an evidence-bounded interpretation of insect adjustment based on response
capacity, environmental accessibility, temporal propagation, and downstream consequence. These dimensions
should be treated as a proposed synthesis rather than a validated universal model. Their value lies in preventing
the presence of plasticity from being mistaken for successful adaptation and in directing future studies toward the
conditions under which adjustment actually persists, fails, or transfers cost to another stage.
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