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ABSTRACT

Insect thermal tolerance is commonly interpreted through individual responses such as heat-
shock proteins, antioxidant enzymes, lipid remodeling, or metabolic adjustment. These
processes, however, operate at different biological levels and need not vary together across
taxa, life stages, or exposure regimes. This article develops a proposed molecular-physiological
model in which thermal tolerance depends on coordinated preservation of proteome integrity,
membrane and lipid state, energetic supply, and damage control and repair. Cellular stress
signaling is treated as context-sensitive regulation rather than a universal master switch. The
synthesis separates functional evidence from association, molecular response from organismal
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performance, and acute protection from longer-duration maintenance. Evidence across Diptera,
Lepidoptera, Hemiptera, Hymenoptera, and Coleoptera indicates that component importance
and direction can vary with species, developmental stage, oxygen and resource state, and
exposure duration. The contribution is therefore not a conserved pathway but an evidence-
bounded coordination logic that generates testable predictions about when canonical stress
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responses should remain compensatory or become insufficient. Lett. 2024;4(2):52-62.
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Introduction

Insect heat biology is often interpreted through single molecular markers, although broad synthesis shows that
heat responses span protein quality control, metabolism, signaling, neuroendocrine regulation, behavior, and
organismal performance [1]. This creates an inferential problem: a molecule may be heat responsive without being
rate limiting, and a protective response may be activated without preserving performance.

Organismal plasticity constrains such interpretation. Across more than one hundred insect species, critical thermal
limits were plastic but generally only modestly so, with upper limits less plastic than lower limits and substantial
heterogeneity among life stages and study designs [2]. Large transcriptional or biochemical changes therefore
should not be assumed to yield equally large shifts in thermal limits.

Temporal scale further separates different phenomena. In a natural population of Murgantia histrionica, high-
temperature developmental performance differed markedly between experiments conducted more than a decade
apart, demonstrating historical change without identifying its genetic or physiological cause [3]. Within individual
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lifetimes, Drosophila suzukii shows strong temperature-duration dependence, and reproductive impairment can
occur under exposures causing limited mortality [4]. Historical change, hardening, prolonged damage, and
recovery are therefore distinct analytical problems.

Developmental stage adds another boundary. In Drosophila melanogaster, basal heat resistance and hardening
benefit differ among larvae, puparia, pupae, and adults [5]. The model developed here consequently asks not
which single pathway causes heat tolerance, but how proteostasis, membrane and lipid regulation, energy
metabolism, and damage control may jointly preserve function. Their integration is proposed as an organizing
hypothesis, not as an empirically validated universal circuit.

Protein stability and proteostasis

Elevated temperature can destabilize proteins and increase demand for chaperoning and degradation, but “HSP
induction” is too coarse to describe proteostasis. In transgenic Drosophila larvae, an HSP70 from a thermotolerant
dipteran conferred greater thermoresistance than the corresponding endogenous construct under the tested
conditions [6]. In Monochamus alternatus, MaltHSP70-2 was heat inducible, and RNA interference reduced
thermotolerance while altering expression within the wider HSP network [7]. These experiments support gene-
specific contributions, not universal sufficiency of HSP70.

Regulation is also selective. In Chilo suppressalis, HSF1 knockdown reduced survival and decreased expression
of several, but not all, HSP genes [8]. In Aphis gossypii, thermal transcriptomics and targeted analysis implicated
both HSP70 and Cathepsin B, linking chaperoning with proteolytic or lysosomal functions [9]. Proteostasis is
therefore treated here as a domain containing protein stabilization, turnover, and damage clearance rather than a
single heat-shock response.

Autophagy extends this logic while exposing cross-system entanglement. In D. melanogaster, heat stress altered
protein aggregation and autophagic activity, and pharmacological induction of autophagy in the gut was associated
with increased heat tolerance [10]. Rapamycin also affects TOR-linked translation and metabolism, so the
experiment does not isolate autophagy as the only causal route.

Multi-omics provides a different evidence class. In Spodoptera frugiperda, integrated transcriptomic and
proteomic analyses identified coordinated heat-responsive changes including small HSPs and antioxidant systems,
while silencing selected candidates increased mortality [11]. Functional tests strengthen inference for those nodes;
the wider omics network remains largely associational. The proposed model therefore distinguishes measured co-
regulation, functional dependency, and hypothesized cross-system linkage.

Membrane remodeling

“Membrane remodeling” encompasses several lipid processes that should not be conflated. In Drosophila, the
exchangeable apolipoprotein Nplp2 supports systemic lipid flow and contributes functionally to heat acclimation
[12]. This links lipid handling to thermal performance without proving an exclusive membrane-fluidity
mechanism. In hymenopterans, flight-muscle fatty-acid composition covaries with thermoregulatory capacity
[13]. Because body size, phylogeny, and metabolic phenotype can covary with lipid composition, this is
association rather than direct membrane causation.

Stress history and diet also shape lipid state. D. melanogaster lines selected for heat, cold, or desiccation resistance
show distinct lipid-class profiles rather than one common stress signature [14]. Separate lipidomic work found
that dietary sterol signatures persist in Drosophila tissues and that environmental conditions can coincide with
changes in membrane unsaturation [15]. Lipid state is therefore partly resource- and history-dependent.

Physical compartment is equally important. In Plutella xylostella, disruption of the very-long-chain-fatty-acid
enzyme PxHacd?2 reduced very-long-chain fatty acids, increased epidermal permeability, and altered temperature
adaptability [16]. This is a lipid-dependent thermal mechanism, but it concerns epidermal barrier function rather
than intracellular phospholipid bilayers. In Bactrocera dorsalis larvae, sublethal heat was associated with fatty-
acid shifts and central metabolic reorganization, including repression of parts of aerobic tricarboxylic-acid
metabolism [17]. The study links lipid and energetic responses without proving that every metabolite change is
protective.

Direction is not always intuitive. In Cyrtorhinus lividipennis nymphs, inhibition of alkaline ceramidase increased
heat survival while altering ceramide balance and antioxidant responses [18]. Thus, lipid-related effects depend
on lipid class, compartment, signaling role, species, and exposure condition; a simple rule that greater pathway
activity implies greater tolerance is not defensible.
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energy metabolism

Energy metabolism is not a single reserve but a set of pathway capacities whose usefulness changes with
temperature. Comparative flight-muscle respirometry in Apis mellifera, D. melanogaster, and Leptinotarsa
decemlineata showed species-specific thermal sensitivity and substrate-use flexibility, with alternative fuels
supporting respiration under some conditions as other routes declined [19]. The relevant capacity is therefore
maintenance of ATP-producing respiration, not one universal substrate switch.

Whole-animal function can decline despite broad metabolic activation. In Bombus eximius, elevated temperature
altered energy metabolism and coincided with poorer flight-related and pollination performance [20]. This
connects metabolism to an organismal endpoint but does not identify a single metabolic cause. Conversely,
Manduca sexta flight-muscle mitochondria did not use some alternative substrates reported in other insects for
ATP production [21], underscoring taxon-specific energetic constraints.

Analytical level also matters. Key energetic enzymes show temperature-sensitive activities that differ among
insect species [22], but isolated enzyme capacity is not intact-organism flux. In larval Lymantria dispar, metabolic
rate-temperature relationships vary among instars even after accounting for body mass [23]. Enzyme activity,
mitochondrial respiration, whole-animal metabolic rate, and survival must therefore remain distinct
measurements.

Resource state sets another boundary. Nutrient and water restriction can alter measured thermal tolerance,
indicating that energy and hydration may limit sustained protection [24]. Cold-acclimated D. melanogaster
females better maintained mitochondrial respiration and ATP-related function under cold stress [25]. That result
is not direct heat evidence; it supports only the broader principle that thermal acclimation can preserve
bioenergetic function.

Because these states differ in biological level and inference, a compact comparison is more useful than a pathway
list. Table 1 separates the energetic situations that change how thermal-performance data should be interpreted.

Table 1. Energy-metabolic states that alter inference about insect thermal tolerance
Metabolic Organism or tissue and Thermal meaning and limiting Validation route and evidence
configuration measured signal condition state
Substrate and respiratory capacity
Adult flight muscle across bee,
Respiratory- fly, and beetle models
substrate Temperature-dependent
flexibility =~ mitochondrial respiration with
alternative substrates
Adult hawkmoth flight muscle Compensation cannot be assumed from

Multiple routes can sustain energetic ~ Test substrate switching together
throughput when one route is constrained with intact-animal ATP
Substrate repertoire is species specific; ex maintenance and survival

vivo capacity is not survival Evidence-supported state

Restricted Compare homologous tissues
OXPHOS lacks some another taxon P g
substrate - . . . under common substrate panels
. alternative substrate use Endothermic physiology and ex vivo .
repertoire . . . Evidence-supported boundary
reported in other insects assays limit transfer
S . Pathway capacity can change before  Pair enzyme assays with flux or
Multiple insect species y capactty . g y . Y
Enzyme- o system-level flux is known respirometry
. Temperature-sensitive . L . .
capacity state . L In vitro activity does not establish control Evidence-supported measurement
energetic-enzyme activity A
strength in vivo state
Functional disruption and ontogenetic scaling
. Adult bumblebee Energetic disturbance can coincide with Combine metabolic perturbation
Metabolic- - . . - o
Heat-associated metabolic functional loss before lethality with direct performance
performance A - . .
disruption change with reduced Neural or muscular impairment may endpoints
P flight/pollination performance contribute independently Evidence-supported association
. . Development changes energetic demand Match stage-specific
Ontogenetically Larval instars P g - g . . ge-sp
o . and thermal sensitivity respirometry to common
scaled Stage-specific metabolic rate- . - .
. . . Resting metabolism is not a heat- performance endpoints
metabolism temperature relationships . .
tolerance endpoint Evidence-supported boundary

Maintenance under resource or acclimation history
Energy and hydration can limit sustained Standardize or manipulate

Resource-  Resource-manipulated insects

. protection resource state in mechanistic heat
constrained Tolerance changes under N
. . - Direction depends on resource and tests
maintenance  nutrient or water restriction - .
endpoint Evidence-supported boundary
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A Cold-acclimated adult R
Acclimation- Thermal acclimation can preserve

Drosophila females . . .
preserved . bioenergetic function
. . Better maintenance of . . .
mitochondrial o Cold-specific foundation; not direct heat

. respiration and ATP-related .
function evidence

function under cold stress

Test analogous maintenance
during heat acclimation
Proposed transfer hypothesis

Oxidative damage and repair

Oxidative stress is more informative when linked to functional intervention than when treated as an exposure
marker. In Bombyx mori, transgenic expression of a superoxide reductase from Pyrococcus furiosus reduced
mortality during prolonged high-temperature exposure [26]. Because the enzyme is heterologous, the experiment
shows that oxidative burden can be limiting without implying that insects naturally use this route.

Endogenous antioxidant evidence is more directly physiological. In Bemisia tabaci MED, catalase knockdown
increased reactive oxygen species and reduced survival and fecundity under high temperature [27]. This supports
a functional contribution of ROS removal but does not establish catalase as sufficient for field thermal fitness. It
also distinguishes damage limitation from repair: antioxidants reduce damaging chemistry, whereas repair restores
or maintains affected structures.

Life stage and biological organization broaden the repair problem. Early D. melanogaster embryos mount a robust
heat-responsive transcriptome, with population differences involving oxidative-stress genes [28]. Transcript
abundance alone, however, does not demonstrate function. In an aphid system, complementary mismatch-repair
functions distributed across Buchnera and Serratia endosymbionts reduce heat-sensitive mutation accumulation
in the obligate symbiont and restore host heat tolerance [29]. Repair can therefore occur at different biological
levels, including across symbiotic partners, without constituting one cell-autonomous pathway.

Oxygen history can alter the damage state. After severe hypoxia and reperfusion, D. melanogaster exposed to
higher temperatures showed greater behavioral impairment, mortality, and oxidative-stress responses than cooler
groups [30]. Because hypoxia is central to that design, the evidence supports an oxygen-by-temperature boundary
rather than a generic heat-only ROS mechanism.

The state-space interpretation used here is proposed: thermal failure becomes more likely when damage
accumulates faster than antioxidant, proteostatic, energetic, and repair processes can maintain function. No
universal threshold is implied. The figure therefore separates damage load from maintenance capacity and places
organismal endpoints beyond an explicit interpretation boundary.
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Figure 1. Damage-load and maintenance-capacity states separating buffered heat response from repair-
limited thermal failure
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Cellular stress signaling

Heat-responsive signaling should not be treated as a single upstream switch. In worker honeybees, heat-associated
histone methylation patterns and HSP transcription differed between subspecies [31]. These observations identify
chromatin state as a plausible regulatory modifier, but they do not establish that the measured marks cause
thermotolerance or are heritably adaptive.

Structural programs can also enter the stress response. In Spodoptera frugiperda, transcriptomic and metabolomic
changes implicated chitin-related processes, and perturbation of selected chitin-related genes altered high-
temperature performance [32]. Functional evidence therefore exists for particular nodes, whereas enrichment of a
broader pathway remains insufficient to assign causal status to every component.

Selectivity is equally evident within canonical HSP signaling. Genome-wide analysis in Bemisia tabaci MED
found heterogeneous heat responsiveness across the HSP superfamily, while BtaHsp90AS3 silencing reduced adult
survival at 42°C [33]. Heat signaling can also modify other physiological interactions: in Helicoverpa armigera,
high-temperature exposure altered susceptibility to nucleopolyhedrovirus together with enhanced HSP expression
[34]. Reduced viral susceptibility is a cross-system consequence, not evidence that heat exposure produces an
overall fitness benefit.

Environmental context can reverse or amplify signaling consequences. In D. melanogaster, oxygen conditions
interacted with mutations affecting cell-size-control pathways to alter heat tolerance [35]. The proposed model
therefore treats cellular stress signaling as context-sensitive gating among proteostasis, structural maintenance,
metabolism, and damage control rather than as a universal master regulator.

The distinct signaling situations require different tests of mechanism. Table 2 converts them into a prediction-
and-test ledger so that transcriptional association, functional dependency, collateral physiological effects, and
context dependence are not interpreted as equivalent evidence.

Table 2. Signaling states that require different tests before they can be assigned a thermal-tolerance mechanism

. . . . . . L . S . Current
Signaling Biological setting with  Mechanistic reading within its  Experiment that would evidential
condition observed response claim limit validate the assignment .

standing
Regulatory association
Honeybee worker . .
. y . Regulatory state may modify heat- Perturb chromatin .

Chromatin- subspecies ) o . Evidence-

. . ; responsive transcription regulators while
associated heat Heat-linked histone L . . supported

. Association does not establish measuring HSP output -

response methylation and HSP association

. epigenetic causation or inheritance and thermal performance
transcription

Structural and family-specific dependence
Perturb individual nodes  Evidence-

Fall armyworm Structural/cuticular programs can .
. . . . and separate supported with
Structurally Chitin-related omics participate in heat response .
. . . . developmental defects partial
coupled signaling response with selected Most pathway members remain .
. . from acute thermal functional
gene perturbation unvalidated L
effects validation
. Whitefly adults HSP-family members are not . .
Selective HSP- y . . . y Compare paralog-specific  Evidence-
famil Unequal HSP induction; interchangeable erturbations under subported
y HSP90 knockdown One validated gene does not define P . pp
dependence ; . . . matched heat regimes  functional state
lowers heat survival family-wide necessity
Cross-talk and contextual gating
Lepidopteran larvae Thermal signaling can alter a non- . .
. . P p g . g - Measure thermal survival ~ Evidence-
Stress—infection Heat-linked HSP thermal physiological outcome . .
. . and infection outcome supported cross-
cross-talk response and changed Pathogen resistance is not net ..
- A . jointly system state
viral susceptibility thermal fitness
Adult Drosophila Signaling effects depend on . .
Oxygen- P _g g P o Replicate pathway Evidence-
L mutants environmental supply conditions .
conditioned . . perturbations across supported
. . Genotype-by-oxygen Cell size, oxygen delivery, and
signaling LT . . controlled oxygen states boundary
effects on heat tolerance metabolic signaling are intertwined
. Cross-taxon synthesis . . . Test the same
Conditional . y Cellular signaling may gate different .
. Divergent regulatory ; perturbation across stage,  Proposed
gating among downstream maintenance processes .
effects across the states . oxygen, and exposure- synthesis
systems according to context

above duration contrasts
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No conserved gating topology has
been demonstrated

Cross-system coordination

The strongest evidence for coordination comes from studies in which one perturbation crosses mechanistic
domains. Autophagy manipulation in Drosophila links protein-damage clearance to TOR-sensitive metabolic
regulation [10]. Nplp2-dependent lipid flow links systemic lipid handling with heat acclimation [12]. In C.
lividipennis, ceramidase inhibition altered both sphingolipid state and antioxidant response while increasing heat
survival [18]. None of these experiments establishes a four-system network, but each shows that thermal
physiology cannot always be partitioned into independent modules.

Multi-omics strengthens evidence for co-regulation without automatically establishing direction. In S. frugiperda,
coordinated proteomic and transcriptomic responses include chaperone and antioxidant components, with causal
support restricted to selected perturbations [11]. B. dorsalis larvae show stress-specific metabolic and fatty-acid
remodeling [17]. Chitin-related multi-omics in S. frugiperda similarly combines broad association with functional
evidence for only selected genes [32]. Thus, co-change should be represented differently from demonstrated
dependency.

Energetic and environmental conditions further determine whether coordination preserves function.
Mitochondrial substrate flexibility differs among insect species [19]. Catalase activity can directly affect ROS
burden and high-temperature performance in whiteflies [27]. Oxygen history modifies oxidative outcomes in a
combined-stressor Drosophila model [30], while oxygen also changes the effect of cell-size-control genotypes on
heat tolerance [35]. The article therefore proposes a qualitative maintenance-budget logic: protection succeeds
when available energetic and repair capacities are sufficient for the damage load generated under a particular
context. This is not a measured optimization rule.

Broad evidence also warns against over-integration. Insect heat responses are mechanistically heterogeneous [1],
and organismal thermal-limit plasticity is generally modest [2]. Coordination is consequently defined here as a
proposed explanatory relation among empirically separable processes, not as a conserved molecular circuit.

To make that distinction operational, Table 3 classifies cross-system patterns by what level of inference they

justify.

Table 3. Decision matrix for distinguishing co-response, functional coupling, context conditioning, and
proposed coordination
Manuscript Inference ceiling and limiting
example boundary
Concurrent response
Multiple molecular HSP, antioxidant,

Coordination class Pattern signature Decisive test and status

Systems respond concurrently  Perturb one domain and

Parallel co- domains change  lipid, or metabolite . ; .
. . Common stress severity can drive  test response in another
response under the same heat changes in omics . . . .
parallel change without interaction Evidence-supported pattern
treatment datasets

Cross-domain dependence
Autophagy-TOR

One perturbation o A cross-domain dependency exists Use orthogonal
. context; lipid-flow— . .
Functional cross- changes a second acclimation: in the tested system perturbations and
domain coupling domain and thermal ceramide ' Pleiotropy and taxon specificity mechanistic intermediates
outcome can obscure route identity Evidence-supported class

antioxidant coupling
Context and biological-level coupling
Effect of a pathway Oxygen-conditioned

Factorially manipulate

Context- Mechanistic effect is conditional
. depends on oxygen, genotype effects; pathway and context
conditioned L Moderator may act through .
- resource state, stage, resource-limited Evidence-supported
coupling . several unmeasured processes
or exposure regime tolerance boundary class
Thermal outcome N Disrupt the partner-specific
Cross-level organization can alter . .
. . depends on . process while preserving
Biological-level Host—symbiont thermal performance

processes distributed . S - host state
repair contribution ~ Specialized systems may not .
across levels or Evidence-supported
transfer across taxa

partners specialized class
Proposed maintenance and failure states

coupling
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Several domains

. Integration of Generates a testable systems  Multi-domain perturbation
. jointly preserve A .
Coordinated function despite proteostasis, lipid hypothesis across matched exposure
maintenance state . . P state, energy supply, Whole architecture has not been durations
increasing thermal . . .
load and repair experimentally validated Proposed model class
Damage demand Predicts where molecular

Identify the first
functionally limiting
domain in each taxon/stage
Proposed model class

. Endpoint loss under
exceeds available

Coordination . . prolonged or
. maintenance in one
failure state contextually

or more limiting .
] constrained exposure
domains

activation may coexist with
organismal failure
No universal threshold or
dominant domain is established

The nested field in Figure 2 compresses this distinction by placing established component processes inside a
proposed coordination layer while keeping contextual modifiers and organismal outcomes outside the mechanistic
core.
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Figure 2. Nested maintenance field linking component-specific heat responses to conditional coordination
and organismal failure

Integrated molecular logic of thermal tolerance

The central contribution is a proposed coordination model in which heat tolerance reflects preservation of cellular
function rather than maximal activation of any single stress pathway. Direct functional evidence shows that HSP
identity can alter thermoresistance [6], systemic lipid flow can contribute to heat acclimation [12], mitochondrial
substrate use can constrain energetic flexibility [19], and catalase-mediated ROS removal can affect heat survival
and reproduction [27]. These findings justify treating proteostasis, lipid/membrane state, energy supply, and
damage control as functionally relevant domains. They do not demonstrate that the four domains form a conserved
network.

The model further distinguishes compensation from successful maintenance. A strong molecular response can
indicate effective protection, but it can also indicate that a system is approaching a limiting state. Chaperone
induction, antioxidant activation, or metabolic reorganization therefore cannot be interpreted by magnitude alone.
Their meaning depends on whether damaged structures are stabilized or removed, ATP-producing capacity
remains adequate, and organismal performance is preserved. This distinction is proposed because most studies
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measure only subsets of these levels simultaneously. It predicts multiple failure routes: protein damage may
become limiting despite adequate energy, energetic limitation may prevent repair despite strong stress signaling,
or membrane/barrier disruption may increase demand on otherwise competent protective systems.

Cellular stress signaling is positioned as conditional regulation. HSF1 controls only a subset of HSP responses in
one lepidopteran [8], chromatin marks are associated with subspecies-specific heat transcription in honeybees
[31], HSP9O0 function is selective within the whitefly HSP family [33], and genotype effects on heat tolerance
vary with oxygen conditions in Drosophila [35]. Accordingly, the proposed model contains no master switch.
The proposed coordination logic is asymmetric: evidence that one component contributes to tolerance establishes
that component as potentially limiting, but absence of a response in another taxon does not establish irrelevance.
Different insects may reach comparable tolerance through different combinations of pathway capacity,
constitutive protection, inducible response, tissue specialization, or behavioral avoidance. Comparative validation
should therefore test functional equivalence rather than require identical molecular signatures.

Repair is similarly plural. Autophagic clearance can affect heat tolerance [10], while an aphid’s heat tolerance can
depend on mismatch-repair functions distributed across bacterial symbionts [29]. These mechanisms can be
grouped as maintenance of damaged biological structures only at the conceptual level; they should not be
represented as one biochemical pathway.

The model therefore makes a limited claim: thermal tolerance is expected to depend on whether the relevant
systems can collectively maintain function under a specified thermal load. Because average plasticity of
organismal limits is modest [2] and tolerance depends strongly on stress duration and endpoint [4], predictive
accuracy cannot be assumed. Prospective validation of the proposed architecture remains necessary.

Predictions across acute and chronic exposure

The first prediction concerns temporal reweighting. Duration-dependent loss of survival and reproduction
demonstrates that thermal intensity cannot be interpreted without exposure time [4]. Functional HSP70 evidence
[7] and catalase-dependent ROS control [27] support rapid protective components, but the proposed model
predicts that prolonged exposure will increasingly reveal energetic depletion, accumulated macromolecular
damage, and repair limitations. No universal acute/chronic cutoff is proposed.

The second prediction is developmental. Heat hardening varies by life stage in Drosophila [5], larval metabolic
thermal sensitivity changes across instars in Lymantria [23], and early embryos have a distinct heat-responsive
transcriptional state [28]. The model therefore predicts that the first limiting domain—and hence the most
informative biomarker or perturbation—will differ among developmental stages.

Third, context should alter the relationship between molecular activation and organismal outcome. Nutrient and
water status can modify thermal tolerance [24]. Oxygen history modifies temperature-associated oxidative
outcomes after hypoxia [30], and oxygen conditions alter genotype effects on Drosophila heat tolerance [35].
Resource and oxygen state are therefore prioritized, but not exhaustive, boundary conditions.

Finally, validation should combine evidence levels rather than rely on expression alone. Meta-analysis shows that
organismal thermal plasticity remains modest despite widespread acclimation responses [2]. Multi-omics can
identify candidate coordination patterns while functional perturbation is required for causal edges [11].
Directionally unexpected ceramidase effects illustrate why pathway activity cannot be assigned a protective sign
a priori [18]. Mitochondrial substrate-use differences show why a mechanism validated in one taxon may fail in
another [19]. A stringent test of the proposed model should therefore measure molecular state, perturb selected
nodes, and quantify organismal endpoints across more than one exposure duration, with field transfer evaluated
separately.

Prospective tests should keep endpoints separate. Survival, reproduction, locomotor performance, and critical
thermal limits can diverge because they fail at different rates and may depend on different tissues. A molecular
predictor should therefore be evaluated against a prespecified endpoint rather than an undifferentiated label of
“thermal tolerance.” Repeated or chronic exposure should also include recovery measurements, because a
response that preserves acute survival may impose energetic or reproductive costs visible only after stress
cessation.

Field transfer is a separate validation step. Laboratory perturbations identify mechanistic dependencies, but natural
thermal regimes combine fluctuating temperature with resource variation, hydration constraints, pathogens, and
behavioral thermoregulation. The proposed model predicts that laboratory-supported edges will generalize most
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reliably when the field context preserves the same limiting process; this prediction remains untested at the
architecture level.

Conclusion

Insect thermal tolerance is better represented as a problem of maintaining function across interacting cellular
constraints than as the output of one molecular switch. Proteostasis, lipid and membrane state, energy metabolism,
and damage control each have independent empirical support, yet their relative importance varies with taxon,
developmental stage, exposure duration, oxygen and resource state, and measurement level. The model advanced
here is explicitly proposed: it organizes those components into a conditional coordination logic and identifies
failure as insufficient maintenance relative to thermal damage demand. Its value lies in generating tests that
distinguish co-response from dependency, molecular protection from organismal performance, and laboratory
mechanism from field generalization.
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