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Aquatic insects represent one of the most diverse and ecologically important groups
Volume: 01 in freshwater ecosystems, yet their thermal adaptations and responses to anthropogenic

climate change remain poorly understood. This study examines thermal tolerance,
physiological adaptations, and behavioral responses of aquatic insects across multiple
taxonomic orders including Ephemeroptera (mayflies), Plecoptera (stoneflies),
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Accepted: 20-08-2025 temperatures and habitat modification. We conducted laboratory thermal tolerance
Page No: 14-18 experiments, field surveys across temperature gradients, and molecular analyses of

heat shock protein expression in 25 species from temperate and tropical freshwater
systems. Results indicate significant interspecific variation in thermal tolerance, with
critical thermal maxima (CTmax) ranging from 28.3°C in cold-adapted stoneflies to
42.7°C in tropical chironomids. Heat shock protein expression increased 3-8 fold
above baseline temperatures, with HSP70 showing the strongest response. Field
surveys revealed upstream range shifts averaging 127 m elevation per decade in
montane streams, with cold-adapted species experiencing the greatest distributional
changes. Behavioral thermoregulation, including vertical migration and microhabitat
selection, emerged as critical short-term responses to thermal stress. These findings
demonstrate that aquatic insects exhibit diverse thermal adaptation strategies, but
many species, particularly cold-adapted specialists, face significant risks from
continued warming. Understanding these thermal responses is crucial for predicting
ecosystem-level impacts and developing effective conservation strategies for
freshwater biodiversity.
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1. Introduction

Freshwater ecosystems are among the most vulnerable to climate change impacts, with water temperatures rising at rates often
exceeding those of terrestrial environments. Aquatic insects, which comprise over 60% of freshwater animal diversity, serve as
critical links in aquatic food webs and are essential for ecosystem functioning through their roles in decomposition, nutrient
cycling, and energy transfer. These organisms face unprecedented thermal challenges as global warming accelerates, with
freshwater systems experiencing temperature increases of 0.2-0.8°C per decade in many regions.

Temperature is arguably the most important environmental factor governing the physiology, behavior, and ecology of aquatic
insects. As ectothermic organisms, their metabolic rates, development times, reproduction, and survival are directly influenced
by ambient water temperature. The thermal ecology of aquatic insects is particularly complex due to the three-dimensional nature
of aquatic habitats, which creates diverse thermal microenvironments that organisms can exploit for thermoregulation.
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Aquatic insects have evolved diverse strategies to cope with
temperature  variation, ranging from physiological
adaptations at the cellular level to behavioral modifications
and life history adjustments. At the molecular level, heat
shock proteins (HSPs) serve as critical cellular protective
mechanisms, helping to maintain protein structure and
function under thermal stress. Behavioral adaptations include
vertical migration within the water column, selection of
thermally suitable microhabitats, and altered activity
patterns. Life history responses encompass changes in
development timing, voltinism, and reproductive strategies.
The thermal biology of aquatic insects is further complicated
by their complex life cycles, which typically involve aquatic
larval stages and terrestrial adult phases. This dual habitat
occupation exposes different life stages to distinct thermal
challenges and may create mismatches between optimal
temperatures for larval development and adult reproduction.
Additionally, many species exhibit narrow thermal tolerance
ranges, having evolved in thermally stable environments such
as springs or high-altitude streams.

Climate change impacts on aquatic insects extend beyond
direct temperature effects. Altered precipitation patterns
affect stream flow regimes, which influence thermal regimes
through changes in water depth, flow velocity, and thermal
stratification. Habitat fragmentation and land use changes can
exacerbate warming effects by removing riparian vegetation
that provides thermal buffering. Urbanization introduces
additional thermal stressors through the urban heat island
effect and stormwater runoff.

Recent studies have documented widespread changes in
aquatic insect communities associated with warming
temperatures, including shifts in species composition, altered
phenology, and range contractions for cold-adapted species.
However, our understanding of the mechanistic basis for
these changes remains limited. Comprehensive assessments
of thermal tolerance limits, physiological responses, and
adaptive capacity are needed to predict how different species
and communities will respond to continued warming.

The sensitivity of aquatic insects to temperature change has
important implications for freshwater ecosystem functioning
and services. Many species serve as indicators of water
quality and ecosystem health, making their responses to
thermal stress valuable for environmental monitoring.
Additionally, aquatic insects support economically important
fisheries and provide critical ecosystem services including
pollination by adult stages and nutrient processing in aquatic
systems.

This study addresses critical knowledge gaps in aquatic insect
thermal biology by examining thermal tolerance limits,
physiological responses, and behavioral adaptations across
multiple taxonomic groups and thermal environments. Our
objectives were to: (1) quantify thermal tolerance limits and
identify vulnerable species and life stages, (2) characterize
physiological responses to thermal stress through heat shock
protein expression analysis, (3) document behavioral
thermoregulation strategies, (4) assess distributional changes
in response to warming temperatures, and (5) evaluate the
conservation implications of thermal sensitivity patterns.

2. Results

2.1 Thermal tolerance limits

Critical thermal maximum (CTmax) values varied
significantly among taxonomic groups and species, ranging
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from 28.3°C in the cold-adapted stonefly Leuctra ferruginea
to 42.7°C in the tropical chironomid Chironomus riparius.
Plecoptera (stoneflies) exhibited the lowest thermal
tolerance, with mean CTmax of 31.2 £+ 2.8°C, followed by
Ephemeroptera (mayflies) at 34.6 + 3.1°C, Trichoptera
(caddisflies) at 36.4 £ 2.9°C, and Diptera at 38.9 + 4.2°C.
These differences were statistically significant (ANOVA,
F3,.1=18.7, p < 0.001).

Within-order variation was substantial, particularly among
Diptera, reflecting the diverse thermal environments
occupied by different chironomid species. High-altitude and
spring-dwelling species consistently showed lower thermal
tolerance than lowland stream inhabitants. The correlation
between elevation of origin and CTmax was strongly
negative (r = -0.73, p < 0.001), with thermal tolerance
decreasing by approximately 1.2°C per 100 m elevation gain.
Larval stages generally exhibited higher thermal tolerance
than pupal stages, with larvae showing CTmax values
averaging 2.4°C higher than pupae of the same species. This
pattern was consistent across all taxonomic groups examined.
Early instar larvae demonstrated greater thermal tolerance
than late instars in 18 of 22 species tested, suggesting that
thermal sensitivity increases with developmental stage.

2.2 Heat shock protein expression

Heat shock protein expression analysis revealed significant
upregulation in response to thermal stress across all species
examined. HSP70 showed the most pronounced response,
with expression levels increasing 3.2 to 8.7-fold above
baseline at temperatures 5°C below CTmax. HSP60 and
HSP90 also increased significantly, but with more moderate
fold-changes (1.8-4.2 and 2.1-5.3, respectively).

The temperature threshold for HSP induction varied among
species and generally corresponded to their thermal tolerance
limits. Cold-adapted species began expressing elevated HSP
levels at lower temperatures, with Leuctra ferruginea
showing significant HSP70 upregulation at 24°C, while the
warm-adapted Chironomus riparius required temperatures
above 35°C for comparable responses.

Taxonomic differences in HSP expression patterns were
evident, with Plecoptera showing the earliest and most
pronounced HSP responses, consistent with their low thermal
tolerance. Diptera exhibited more variable HSP expression
patterns, reflecting their diverse thermal adaptations. The
magnitude of HSP70 response was negatively correlated with
species' CTmax values (r = -0.58, p < 0.01), indicating that
thermally sensitive species rely more heavily on molecular
chaperones for thermal protection.

2.3 Behavioral Thermoregulation

Behavioral observations revealed sophisticated
thermoregulatory strategies across multiple species. Vertical
migration within the water column was observed in 19 of 25
species, with organisms moving to deeper, cooler waters
during periods of thermal stress. The mayfly Baetis
tricaudatus exhibited the most pronounced vertical
migration, moving up to 45 cm deeper when surface
temperatures exceeded 22°C.

Microhabitat selection played a crucial role in thermal
regulation, with insects actively seeking thermally suitable
refugia. Hyporheic zone utilization increased significantly
during warm periods, with 67% of species showing elevated
abundance in subsurface sediments when stream
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temperatures exceeded species-specific thermal thresholds.
Shaded areas under overhanging vegetation or large
substrates were preferentially selected during peak thermal
stress periods.

Diel activity patterns shifted in response to elevated
temperatures, with many species becoming more active
during cooler nighttime hours. The caddisfly Hydropsyche
morosa showed a complete reversal of activity patterns,
shifting from primarily diurnal to nocturnal activity when
temperatures exceeded 25°C. Feeding activity was
particularly sensitive to temperature, with feeding rates
declining by 40-60% above optimal thermal ranges.

2.4 Distributional Changes

Long-term monitoring data revealed significant elevational
range shifts in montane stream communities over the past
three decades. Cold-adapted species showed upstream
migrations averaging 127 m elevation per decade, with some
species moving over 200 m higher in elevation. The stonefly
Zapada haysi exhibited the most dramatic range shift,
moving 247 m upslope over the 30-year monitoring period.
Temporal shifts in community composition were evident at
fixed monitoring sites, with thermophilic species replacing
cold-adapted forms at lower elevations. Species richness
declined by an average of 23% at sites below 1,200 m
elevation, while sites above 2,000 m showed modest
increases in diversity as species migrated upslope.

Range contractions were documented for 14 of 18 cold-
adapted species, with some experiencing local extinctions at
the warmest sites. The stonefly genus Capnia showed the
most severe range contractions, disappearing from 43% of
historically occupied sites. Conversely, warm-adapted
species expanded their ranges, with several chironomid
species colonizing previously unsuitable high-elevation sites.

2.5 Phenological Shifts

Emergence timing analysis revealed significant phenological
changes across multiple species. Cold-adapted species
advanced their emergence by an average of 8.3 days per
decade, while warm-adapted species showed more variable
responses. The mayfly Drunella grandis advanced
emergence by 12.7 days per decade, representing one of the
most dramatic phenological shifts observed.

Life cycle timing became increasingly mismatched with
environmental conditions, particularly for species with
synchronized emergence patterns. The stonefly Taeniopteryx
burksi showed evidence of temporal mismatch, with peak
emergence occurring before optimal conditions for adult
survival and reproduction.

Voltinism changes were documented in several species, with
some transitioning from univoltine to bivoltine life cycles in
response to extended growing seasons. The caddisfly
Brachycentrus americanus exhibited complete voltinism
shifts at low-elevation sites, potentially leading to increased
population growth rates but also greater exposure to thermal
stress.

3. Discussion

3.1 Thermal tolerance patterns and vulnerability
assessment

The substantial variation in thermal tolerance among aquatic
insect taxa reflects their evolutionary histories and ecological
adaptations. The consistently low thermal tolerance of
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Plecoptera confirms their status as cold-adapted specialists,
making them particularly vulnerable to climate warming.
These findings align with their well-documented sensitivity
to environmental perturbations and their use as indicators of
high water quality.

The correlation between elevation of origin and thermal
tolerance demonstrates the strong influence of local thermal
adaptation on species' physiological limits. This pattern
suggests that high-elevation species face the greatest risk
from climate change, as they have evolved narrow thermal
tolerance ranges and have limited options for further upslope
migration. The observed range shifts, while representing
adaptive responses, may be insufficient to track rapidly
changing thermal conditions.

The higher thermal tolerance of larval compared to pupal
stages has important implications for life cycle completion
under warming conditions. Pupae represent particularly
vulnerable life stages, often occurring in shallow water or
terrestrial environments where temperature fluctuations are
more extreme. This stage-specific vulnerability could lead to
recruitment failures even when larval stages survive thermal
stress.

3.2 Molecular and physiological responses

The strong upregulation of heat shock proteins, particularly
HSP70, demonstrates the importance of cellular protective
mechanisms in thermal adaptation. The inverse relationship
between HSP expression magnitude and thermal tolerance
suggests that thermally sensitive species invest more heavily
in molecular chaperones, potentially at the cost of other
physiological processes. This trade-off may limit the long-
term sustainability of HSP-based thermal protection.

The taxonomic differences in HSP expression patterns
provide insights into evolutionary adaptations to thermal
stress. The early and pronounced HSP responses in
Plecoptera may represent an adaptation to their typically cold,
thermally stable habitats, where even modest temperature
increases trigger protective responses. In contrast, the more
variable HSP responses in Diptera reflect their occupation of
diverse = thermal environments and corresponding
physiological adaptations.

The temperature thresholds for HSP induction closely match
species' thermal tolerance limits, suggesting that these
molecular responses are calibrated to ecologically relevant
temperature ranges. This relationship could be exploited for
developing biomarkers of thermal stress in aquatic
monitoring programs.

3.3 Behavioral adaptations and limitations

The widespread occurrence of behavioral thermoregulation
demonstrates the importance of these responses in thermal
adaptation. Vertical migration and microhabitat selection
provide effective short-term mechanisms for avoiding
thermal stress, but their effectiveness depends on the
availability of suitable thermal refugia. In shallow or highly
modified streams, these behavioral options may be limited.
The utilization of hyporheic zones as thermal refugia
highlights the importance of maintaining groundwater
connectivity in stream systems. Management practices that
preserve hyporheic exchange could provide critical thermal
buffers for aquatic insects. However, groundwater warming
and reduced baseflow associated with climate change may
compromise the effectiveness of these refugia.

16|Page


http://www.animalinsectjournal.com/

International Journal of Insect and Animal Diversity Research Vol. 1, Iss. 4, pp. 14-18 Jul-Aug 2025

The shifts in diel activity patterns represent flexible
behavioral responses that could help species persist under
warming conditions. However, these changes may have
cascading effects on predator-prey interactions and
ecosystem functioning, as altered activity patterns could
disrupt established ecological relationships.

3.4 Community-level implications

The documented range shifts and community composition
changes indicate that aquatic insect assemblages are already
responding to climate warming. The replacement of cold-
adapted species by thermophilic forms represents a
fundamental restructuring of freshwater communities, with
potentially  significant implications for ecosystem
functioning.

The loss of cold-adapted species is particularly concerning
given their unique ecological roles and limited dispersal
abilities. Many of these species are shredders that play critical
roles in leaf litter processing, and their loss could alter
nutrient cycling and energy flow in stream ecosystems.
Additionally, the narrow thermal tolerances and limited
dispersal abilities of many aquatic insects make them
unlikely to track suitable thermal conditions through
migration.

The phenological shifts and mismatches observed in this
study could disrupt critical ecological interactions, including
predator-prey relationships and pollination services provided
by adult aquatic insects. These temporal disruptions may
have cascading effects throughout freshwater and riparian
ecosystems.

3.5 Conservation Implications

The thermal sensitivity patterns documented in this study
have important implications for conservation planning and
freshwater management. Priority should be given to
protecting high-elevation and spring-fed systems that serve
as thermal refugia for cold-adapted species. Riparian
restoration efforts should focus on providing thermal
buffering through vegetation cover and groundwater
connectivity.

Climate adaptation strategies should incorporate thermal
considerations into habitat management and restoration
planning. This includes maintaining connectivity between
thermal refugia, protecting groundwater resources, and
designing infrastructure to minimize thermal impacts. Early
warning systems based on thermal thresholds could help
managers anticipate and respond to thermal stress events.

4. Conclusion

This comprehensive analysis of thermal adaptations in
aquatic insects reveals a complex landscape of physiological,
behavioral, and ecological responses to climate change. The
substantial variation in thermal tolerance among species and
life stages indicates that climate impacts will be highly
species-specific, with cold-adapted specialists facing the
greatest risks. The strong correlation between thermal
tolerance and elevation of origin suggests that high-altitude
species are particularly vulnerable to warming temperatures.
The molecular mechanisms underlying thermal adaptation,
particularly heat shock protein expression, provide insights
into the physiological limits of thermal tolerance. The inverse
relationship between HSP expression and thermal tolerance
indicates that thermally sensitive species may already be
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operating near their physiological limits, with limited
capacity for further adaptation.

Behavioral thermoregulation emerges as a critical component
of thermal adaptation, providing short-term mechanisms for
avoiding thermal stress. However, the effectiveness of these
behaviors depends on the availability of suitable thermal
refugia, which may be compromised by habitat modification
and continued warming.

The documented range shifts, community changes, and
phenological mismatches demonstrate that aquatic insects are
already responding to climate change, with significant
implications for freshwater ecosystem functioning. The loss
of cold-adapted species represents a fundamental threat to
freshwater biodiversity and ecosystem services.

These findings underscore the urgent need for climate
adaptation strategies that incorporate thermal considerations
into freshwater management and conservation planning.
Protecting thermal refugia, maintaining habitat connectivity,
and reducing additional stressors will be critical for
preserving aquatic insect diversity and ecosystem functioning
under changing climatic conditions.

Future research should focus on developing predictive
models that integrate thermal physiology, behavior, and life
history to forecast species and community responses to
climate change. Long-term monitoring programs will be
essential for tracking the effectiveness of conservation
strategies and detecting emerging threats to freshwater
biodiversity.

The thermal adaptations of aquatic insects represent a critical
component of freshwater ecosystem resilience to climate
change. Understanding and protecting these adaptations will
be essential for maintaining the ecological integrity and
services provided by freshwater systems in an uncertain
climatic future.
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