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Highlights
Heat extremes are becoming more fre-
quent and severe owing to contempo-
rary climate change, and the observed
ecological impacts from past extremes
are expected to be exceeded by current
and future heat extremes.

Although the vulnerabilities of species
to heat extremes are increasingly being
investigated, the resulting dynamics of
populations and communities, including
various response stages during and after
Heat extremes have become the new norm in the Anthropocene. Their potential
to trigger major ecological responses is widely acknowledged, but their unprec-
edented severity hinders our ability to predict the magnitude of such responses,
both during and after extreme heat events. To address this challengewe propose
a conceptual framework inspired by the core concepts of ecological stability and
thermal biology to depict how responses of populations and communities accu-
mulate at three response stages (exposure, resistance, and recovery). Biological
mechanisms mitigating responses at a given stage incur associated costs that
only become apparent at other response stages; these are known as 'ecological
debts'.We outline several scenarios for how ecological responses associatewith
debts to better understand biodiversity changes caused by heat extremes.
heat extremes, are rarely considered.

Several biological mechanisms can
buffer ecological responses at different
response stages (exposure, resistance,
recovery), but also induce debts that
become apparent at later stages. These
debts amplify and extend ecological
responses over longer periods, espe-
cially with sequential climatic (or other
disturbance) events.

Integrating mechanisms across re-
sponse stages, with their associated
ecological debts, is key to identifying
settings where large heat-induced eco-
logical impacts are most likely.
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Heat extremes as a major stress in a warming world
Anthropogenic climate change is paving the way for more frequent extreme climatic events [1,2].
The observed ecological impacts of recent climate extremes demonstrate their consequences at
large spatial scales, such as forest diebacks and coral bleaching [3–5]. In fact, many present day-
climate extremes, including heat extremes (see Glossary), have been unprecedented compared
with those in recent evolutionary history in terms of intensity and frequency [1,6]. The predicted
rate of increase of heat extremes in the next 100 years is much steeper than that of gradual cli-
mate change [1], and their extremity is expected to cause stronger ecological effects than by
the rise in mean temperatures [7,8]. Therefore, understanding how natural systems will respond
to novel heat extremes represents a pressing issue for both fundamental and applied ecological
research [9,10].

Our current knowledge of species responses to heat extremes mainly comes from studies on
thermal sensitivity [11] and thermal vulnerability [12] which generally point to greater risks
to tropical and mid-latitude organisms from warming compared to high-latitude ones [13–15]. Al-
though these studies have yielded important insights into how organismal fitness responds to
warming, as well as which species will shift their ranges or become extinct, we still lack frame-
works that consider both the short- and long-term responses of populations and communities
to heat extremes [16–18]. Moreover, understanding how short-term responses feedback to
long-term responses and how these relationships help to predict population and community
stability against heat extremes will be crucial for advancing climate change ecology [19,20].

Short-term responses, such as reductions in population sizes, can indeed persist for the long
term (e.g., beyond the end of an extreme heat event) owing to shifts in genetic diversity [21,22],
biotic interactions [23,24], and functional traits [17,25]. The immediate impacts of heat extremes
can be dampened by biological mechanisms emerging at the (sub)organismal level (Table 1),
but the derived costs and consequences of such mechanisms for population- and community-
level responses have received little attention so far. We review mechanisms operating in the
short term that subsequently propagate into population and community dynamics in the long
term in response to heat extremes. For this purpose, we integrate key concepts emerging from
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Table 1. Summary of the biological mechanisms and processes modulating the magnitude of ecological
responses to heat extremes at different stages of the response (exposure, resistance, recovery), as well as
their associated costs/ecological debtsa

Response
stages

Biological mechanisms and processes Costs/debts

Exposure Plastic adjustments
• Activity patterns: diel narrowing, diapause, seasonal
escape (I, P)

• Movement: tracking of buffered habitats, postural
changes (I, P)

• Physiological: evapotranspiration (I)Habitat features
• Thermal buffering
• Thermal heterogeneity

• Acquisition trade-offs (e.g., between for-
aging and thermoregulation) [46]

• Higher metabolic costs [44] and altered
habitat features after seasonal escape [45]

• Missed opportunities for reproduction [42]

Resistance Thermal performance
• Plastic changes in the thermal performance curve and energy
balance (I)
o Reversible acclimation
o Developmental plasticity
o Hardening

• Protective mechanisms against heat damage (I)
• Altered demographic structure (P)
• Altered resource availability/interacting stressors (I, P)
• Biotic interactions (e.g., enemy release, lower mutualist
performance) (P, C)

• Allocation trade-offs (between production
of heat shock proteins and life-history
traits, e.g., growth, fecundity) [55,100]

• Long-term reproductive damage [74]
• Demographic bottlenecks [65]
• Mismatches phenotype-environment
caused by previous acclimation [56]

• Reduced protection against additional
biotic or abiotic pressures [71,80]

Recovery Redeemed debts (legacies)
• Physiological repair of heat damage (I)
• Altered fecundity and development (I)
• Altered resource availability (I, P)
• Biotic interactions (e.g., hindered
species re-establishment – “commu-
nity closure”) (P, C)

Compensation and
rescue
• Life-history strategy
(fast vs. slow) (P)

• Dispersal (immigration
and emigration) (P)

• Genetic/species
diversity (P, C)

• Incomplete repair of physiological heat
damage [54,64]

• Increased dominance of fast-living species
in communities [62]

• Loss of habitat-forming species and eco-
system engineers [38]

aThe biological scales of mechanisms and processes are indicated as follows: C, community; I, individual; P, population.
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Glossary
Acclimation: plastic phenotypic
changes (e.g., physiological,
morphological) that can help to
anticipate and provide improved
performance (e.g., higher survival or
reproductive output) to an ongoing or
future exposure to heat extremes.
However, acclimation can sometimes be
maladaptive, for instance when thermal
conditions change across life stages.
Aestivation: a phase of reduced
metabolic activity, usually spent in
thermal refugia, to minimize exposure to
seasonal periods of deleterious hot and
dry conditions.
Biological mechanisms: in the
context of heat extremes, active
biological responses that emerge mainly
at the level of organismal traits, with the
aim to buffer heat-induced ecological
impacts.
Biological processes: in the context
of heat extremes, passive biological
responses, for instance as a result of
thermodynamics (i.e., increased
biological rates at higher temperatures)
or heat-induced damage.
Demographic bottleneck: in the
context of heat extremes, constrained
population growth due to a higher (heat-
induced) proportion of less energetically
efficient life stages.
Ecological debts: delayed costs
resulting from the activation of biological
mechanisms to buffer the impacts of
heat extremes at earlier response stages
(akin to the concept of 'resilience debt',
whereby a preconditioned state of the
system incurs effects that are only
apparent after the system is disturbed
[18]).
Ecological response: accumulated
deviation of a given biological feature
(e.g., population size, community
composition) from baseline conditions
that is induced by exposure to a heat
extreme (also known as 'perturbation').
Ecological stability: the study of the
dynamics and attributes of biological
systems in response to disturbances.
Exposure: the response stage where
organisms perceive and avoid
conforming to environmental
temperatures that potentially cause
performance declines.
Heat extremes: periods of extremely
high environmental temperatures at daily
to weekly timescales, defined in
statistical terms (e.g., several
consecutive days with temperatures
above the 90th percentile for a reference
the fields of thermal biology, related to how organisms cope with different thermal environments,
and ecological stability, that relates to how populations and communities respond to pulse
disturbances [26,27]. We extend from previous frameworks for organismal responses to heat
extremes [11,28] by depicting how population and community responses to heat extremes
(collectively referred to as ecological responses) unfold over time. To this end, we suggest
that many biological processes and mechanisms that buffer immediate responses to heat
extremes at the organismal level incur significant costs, but these costs only become apparent in
the longer term at population or community levels [18,29] – we refer to such costs as ecological
debts (Box 1, Figure 1, and Table 1). Ecological debts can therefore alter how thermal responses
scale up across levels of organization [30], and how immediate responses are linked to long-term
responses to heat extremes [31].

Ecological responses to heat extremes unravel over time: exposure, resistance,
and recovery
Ecological responses to heat extremes develop over time in three stages: exposure, resistance,
and recovery (Figure 1). The three stages are defined based on how body temperatures of
ectotherms oscillate during and after heat extremes, underscoring the main mechanisms involved
at each stage (e.g., thermoregulation in the exposure stage; Table 1) as well as their associated
costs. We stress that such mechanisms are likely to overlap across stages, reflecting the non-
independence of each response stage in determining ecological debts (Figure 1 and Table 1).
For instance, species frequently exposed to potentially deleterious temperatures (high exposure)
often display high heat tolerance and are therefore highly resistant to heat extremes [32]. Likewise,
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Box 1. Inferring ecological debts induced by heat extremes

Inferring ecological responses to heat extremes requires a thorough understanding of the mechanisms involved and eco-
logical debts. However, empirical measures of debts are rare, risking underestimation of the ecological responses when
these debts are not taken into account. Theoretically, redeemed ecological debts could be detected as alterations in bio-
logical rates or processes (e.g., reduced vital rates, altered connectance in interaction networks) that cannot be explained
by, apparently favorable, current environmental or biotic factors (e.g., temperature or competition) and should be attrib-
uted to previous exposure to a heat extreme. Ecological debts caused during early response stages (e.g., exposure)
can be challenging to measure empirically during a heat extreme event, given that the direct costs of heat can overshadow
these accumulated debts. However, ecological debts can be measured more easily in the recovery stage, which is actually
the stage where debts are most likely to be redeemed. Shortly after the end of a heat extreme, a measure affecting the
response from heat-exposed organisms (e.g., population size) can be compared with naïve organisms at a similar density
(orange lines in Figure I), mainly by means of controlled experiments, modeling approaches, or well-replicated observa-
tional studies. It must be noted that ecological debts are usually the expression at higher organizational levels of heat-
induced costs, but these costs often arise at lower levels (e.g., physiological). For instance, heat-induced damage and
repair of the reproductive physiological or morphological machinery can already be measured during a heat extreme
(e.g., [61]), but their effects on reproductive output, which is often the measure of ecological relevance (e.g., fitness), can-
not be quantified until a time period necessary for gamete production, mating, and embryonic development [74]. It is there-
fore essential to strengthen the scaling of physiological impacts of heat extremes to more relevant ecological scales by
using metrics linked to energy or performance (see Box 2 in the main text).
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Figure I. Scenarios of ecological responses and debts to heat extremes, using population size as a
response variable. A heat extreme takes place over time (horizontal axis) until its end (vertical red broken line). The
accumulated ecological response is represented by the spotted area bounded between the baseline population size
(i.e., not exposed to the heat extreme; horizontal broken lines) and the temporal dynamics of the ecological response
(black curves). The fractions of ecological responses caused by paid debts are shown as orange filled areas. The expected
population recovery trajectories in the absence of ecological debts (i.e., only accounting for demographic compensation
and rescue after the extreme event) are shown by orange curves. Focal organisms from studies reporting comparable re-
sponses after heat extremes are represented next to each scenario, together with their generation times relative to the
other organisms shown. (A) Coral, slow-living [97], low resistance, high debt; (B) springtail, slow-living [25], high resistance,
high debt; (C) cladoceran, fast-living [98], low resistance, low debt; (D) predatory protist, fast-living [24], high resistance,
low debt. Note that ecological debts were not quantified explicitly in these studies, but were suggested as drivers of ob-
served legacies after heat extremes. Images drawn with BioRender.
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period) or as absolute temperatures
(e.g., related to biologically relevant
thresholds), such as CLIMDEX indices
(e.g., [2]).
Legacies: redeemed ecological debts.
Recovery: the response stage where
body temperatures return to normal after
a heat extreme, but ecological
responses remain detectable and may
even continue to accumulate.
Resistance: the response stage where
environmental temperatures induce
changes in body temperature, with
concomitant and immediate effects on
organismal performance.
Thermal performance curve (TPC):
the unimodal relationship between body
temperature and (performance-related)
traits; typically displays an asymmetric
shape with a steeper performance drop
at high temperatures.
Thermal sensitivity: the physiological
or fitness response to a given amount of
thermal change.
Thermal vulnerability: a measure of
how close key attributes of TPCs
(e.g., optimum, upper thermal limits) are
to environmental temperatures that
organisms experience. The thermal
safety margin (i.e., difference between
the thermal optimum of a trait and
environmental/operative temperature) is
one of the main indices of thermal
vulnerability.
Thermoregulation: organismal
responses via activity patterns,
movement, and physiology to keep
body temperatures within a temperature
range that provide optimal performance.
different organismal traits involved in population resistance and recovery might be subject to trade-
offs and, as a consequence, high resistance is likely to come at the expense of reduced ability to
recover [33]. Despite the fact that these three stages form the continuum of ecological responses,
Trends in Ecology & Evolution, Month 2024, Vol. xx, No. xx 3
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Figure 1. Accumulation of ecological debts along the three stages of the response to heat extremes. Following
the onset of a heat extreme (circle), ecological responses unfold over the exposure, resistance, and recovery stages. At each
response stage, organisms employ mechanisms to immediately reduce heat-induced impacts, but these mechanisms incur
delayed costs that accumulate as ecological debts (see Table 1 in the main text). These aremainly redeemed during recovery,
causing larger ecological responses than expected at this stage in the absence of debts. Note that mechanisms favoring
recovery also have debts that become apparent when facing a subsequent heat extreme or another disturbance.
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decomposing them helps in understanding the underlying mechanisms and processes through
which ecological debts arise in populations or communities (Table 1).

Exposure
At the onset of a heat extreme, organisms experience unsuitable external temperatures, and conse-
quently initiate several mechanisms to avoid conforming to such conditions. We refer to this
response stage as exposure, and this includes all mechanisms at the individual level that are used
to adjust body temperatures in relation to habitat or operative temperatures (thermoregulation).
At the population level, such mechanisms can result in fewer active individuals experiencing an
extreme event. Since exposure to heat extremes differs across environments and temporal
scales (e.g., more variable occurrence of extremes at higher latitude sites, especially at daily
to weekly timescales [34]), mechanisms mitigating exposure are expected to have greater
fitness consequences in more thermally variable environments. External physical features
can significantly modify exposure at the habitat level, thereby affecting the thermal conditions
that any population or community will actually experience [35,36] and thus determining costs
at the latter response stages (Table 1). For instance, thermal buffering occurs when heat trans-
mission is reduced in a given habitat, and generally takes place by blocking solar radiation and
thereby maintaining cooler temperatures with narrower fluctuations (e.g., under the cover of
plants or sessile invertebrates [32,37,38]).

Activity changes resulting in reduced exposure can be entirely induced by heat extremes, such
as diapause [39,40], or can act upon constituent activity patterns, such as diel narrowing and
seasonal escape [41]. In fact, seasonal escape is shaped throughout the evolutionary history of
a species to avoid harsh conditions that occur predictably at weekly to seasonal timescales, for
instance by means of aestivation. As a result, ecological responses after heat extremes could
4 Trends in Ecology & Evolution, Month 2024, Vol. xx, No. xx
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remain small when these events occur during periods of seasonal escape when there is relatively
little biological activity [42,43]. However, heat extremes could impact on inactive individuals via
increased metabolic costs [44] and altered habitat features [45], causing ecological debts when
biological activity resumes (following the extreme heat event) after the seasonal escape. For ex-
ample, heat extremes accelerate snowmelt in periods when deleterious freeze–thaw cycles
occur frequently (e.g., early in the growing season), thereby exposing organisms living in the
soil to harmful temperature fluctuations due to the loss of insulating snow cover [45]. Mobile
organisms can move to habitat patches with buffered thermal conditions, or can alter their
orientation, mainly to reduce incoming solar radiation [11,35]. The occurrence of distinct thermal
environments in space and time (i.e., thermal heterogeneity [35]) is crucial to allow tracking of suit-
able thermal conditions, which could essentially reduce costs at other response stages [46]. By
contrast, if activation of mechanisms to reduce exposure becomes exceedingly costly, ecological
debts are likely to accumulate and become apparent as legacies at later stages (Box 1, Figure 1,
and Table 1). For instance, tracking thermally favorable habitats or adopting diel narrowing comes
at the expense of lower resource acquisition, leading to high costs of thermoregulation in land-
scapes with low thermal heterogeneity [46]. The associated energy expenditure could lead to
greater detrimental effects during subsequent response stages (e.g., resistance) because energy
shortage can lead to reduced thermal tolerance [47,48].

Resistance
Organismal performance in ectotherms is directly linked to body temperature, typically described
by a unimodal asymmetric relationship known as the thermal performance curve (TPC) [49].
TPCs are widely used to assess organismal and population responses to warming [50], including
the immediate effects of heat extremes at a given body temperature (Box 2). In the resistance
stage, a widespread strategy to buffer potential heat-induced impacts is the adjustment of key
attributes of TPCs (i.e., optimum, breadth, limits, area under the curve), mainly through develop-
mental plasticity, reversible acclimation, and hardening [11,39,40,51]. However, under
sustained heat stress the mechanisms that actively modulate physiological functions may fail to
maintain an optimal fitness of individuals, or may even be maladaptive. In such stress response
stages, shifts in morphological and life-history traits are more likely [52], potentially leading to
large ecological debts (Figure 1 and Table 1). For example, excessive heat-induced impairment
of physiological functions can lead to declines in life-history traits (i.e., growth, survival, reproduc-
tion, development) at temperatures beyond their respective thermal optima [5,39,53,54]. Physio-
logical heat damage can thus cause large ecological debts as a result of allocation trade-offs,
such as by diverting energy and resources to protective mechanisms that would be otherwise al-
located to performance traits (e.g., production of heat-shock proteins at the expense of reduced
growth [55]). In addition, ecological debts accumulate when developmental plasticity at higher
temperatures produces phenotype–environment mismatches once climatic conditions return to
normal, causing reduced performance during recovery [56]. For example, a reduction in body
size as a result of warmer conditions during development (a pattern known as the tempera-
ture–size rule [57,58]) could incur long-term costs when temperatures return to normal after a
heat extreme, since smaller organisms often have lower fecundity and higher predation risks
[59]. This phenomenon could be particularly significant for small-bodied organisms with develop-
mental times matching the temporal scales of heat extremes (e.g., several days to weeks).

At the population level, resistance responses to heat extremes further depend on the demo-
graphic structure [60]. This is because different life- or size-stages have distinct selective pres-
sures on their thermal tolerance (e.g., [61]) given that each stage is characterized by specific
life-history processes (e.g., hatching, development, mating [62]) and particular microhabitat re-
quirements [63]. Consequently, large resistance responses are more likely when heat extremes
Trends in Ecology & Evolution, Month 2024, Vol. xx, No. xx 5
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Box 2. Can TPCs inform about ecological debts?

TPCs are the gold standard for assessing organismal responses to temperature changes [30,49,50] and have been widely
applied to assess the vulnerability of ectotherms to climate warming (e.g., [13,14]). We argue that the use of TPCs can be
extended to infer how ecological debts emerging from physiological and organismal processes propagate into population
and community levels. TPCs are commonly measured in individuals previously acclimated to benign thermal conditions,
but performance can also change substantially as a result of thermal history [49,99]. It is well known that previous exposure
to acute heat (hardening) or chronic warming (acclimation) can provide enhanced tolerance/performance to a subsequent
heat exposure [51], but the costs associated with suchmechanisms (summarized in Table 1 in themain text) have received
far less attention in the context of TPCs. The production of heat-shock proteins and other energy-demanding mechanisms
is expected to reduce performance traits such as growth, as shown in theoretical models [55]. Therefore, heat-induced
costs on performance traits (e.g., fecundity, growth) can be characterized based on TPCs (Figure IA) to inform about eco-
logical debts redeemed at the recovery phase (Figure IB), as well as the resulting performance when facing a subsequent
heat extreme (vertical broken lines in Figure IA). Importantly, TPCs could be additionally described as a function of time,
either the time of heat exposure (to illustrate how ecological debts may amplify with the buildup of heat stress [95]) or the time
of recovery (to depict how ecological debts persist or dampen over time when temperatures return to normal). For instance,
TPCs could be measured at different time-steps along the recovery of individuals previously exposed to a heat extreme, to
track their deviation in terms of relevant performance metrics from individuals exposed to control temperatures, such as
fecundity at the resistance or recovery temperatures (Figure I). However, TPCs have major assumptions and limitations
[49], for example, related to the incorporation of realistic variability in thermal regimes [34,99] or the substantial variation in
TPCs depending on the trait and life stage under examination, among other methodological aspects [96]. Therefore, the
application of TPCs to estimate ecological debts is also subjected to these known limitations, and studies should be carefully
designed by considering these caveats. Experimental studies measuring thermal effects across levels of organization
(e.g., from organismal to population levels [75]), using species with well-known life histories, can prove highly valuable to
assess how ecological debts arise and translate into altered population [25] and community dynamics. Such integrative
approaches can be further accompanied by simulations and mechanistic models to obtain more accurate estimates of eco-
logical debts in natural populations and communities (analogous to the methodologies proposed to assess extinction debts
[89]).
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Figure I. Physiological costs induced by heat extremes decrease organismal performance [e.g., thermal
performance curves (TPC) of fecundity, panel A], and these effects later scale up to alter population dynamics
in the form of paid ecological debts (panel B). TPCs of fecundity and population dynamics are displayed at different
response stages: resistance, and recovery at two time intervals (t1 and t2). The displayed TPCs and population dynamics
are based on [25], where heat exposure (broken red lines) strongly reduced fecundity (but not survival) in a boreal springtail
species, resulting in divergent population growth trajectories from the baseline (blue lines) during recovery. Heat-induced
costs affect the TPC most strongly at the resistance stage (panel A), which can slowly converge back into the TPC of indi-
viduals not exposed to the heat extreme (baseline) as ecological debts are paid over the recovery period (upwards-facing
arrow). Ecological debts originating from heat-induced declines in fecundity translate into reduced population growth
(panel B) after a time interval necessary for recruitment, such as a period equivalent to the generation time of the species.
For example, fecundity debts generated at recovery t1 are paid at the population level at recovery t2. Note that emergent
properties at the population level (e.g., density-dependent vital rates) and life-history trade-offs (e.g., reduced fecundity but
increased offspring viability) can blur how organismal effects propagate to population levels, and should be taken into ac-
count to accurately use TPCs in the context of ecological debts.
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have disproportionate deleterious effects on thermally sensitive life-stages [42,64]. The resulting
altered demographic structure could represent an ecological debt itself if, for example, dominant
life-stages after heat extremes constrain population growth through demographic bottlenecks
[65]. In addition, co-occurring stressors (e.g., heat extremes combined with drought) and low re-
source availability could bring ecological responses to heat extremes beyond critical thresholds,
often as a result of interactive responses [47,66–68], leading to local extinction of populations.

Indirect effects from biotic interactions during the resistance stage can further impact on popula-
tions [69]. For example, ectothermic predators are considered to be particularly prone to reducing
their population sizes and even becoming locally extinct during heat extremes, given that meta-
bolic costs increase more steeply at higher temperatures than their feeding rates [65,70]. This
could release prey species from predation after heat extremes, likely favoring population explo-
sions in heavily top-down controlled communities [62]. Heat extremes can also provide windows
of opportunity for the establishment of range-expanding species towards higher latitudes or ele-
vations [71]. This has been shown experimentally in communities composed with several native
and a single range-expanding Drosophila species, where heatwaves inhibited the fecundity of
the native species but promoted the fecundity of the range-expanding species, thereby facilitating
the establishment of the latter [72]. A recent global meta-analysis further supports the synergies
between heat extremes and range-expanding species, and showed that heat extremes have
stronger impacts on native than on non-native species, particularly in freshwater systems [73].
Negative consequences mediated by biotic interactions are also expected for species that are
dependent on heat-sensitive mutualists, such as many insect-pollinated plants or habitat-
forming marine species [5,38].

Recovery
Ecological responses after an extreme heat event, when body temperatures return to normal
following elevated environmental temperatures, belong to the recovery stage. Although ecologi-
cal responses can persist in the long term after the occurrence of heat extremes, themechanisms
underlying recovery remain poorly understood and, more importantly, are only loosely linked to
the mechanisms that buffer immediate responses to heat extremes [17]. Essentially, heat-
induced ecological debts accumulated in earlier stages are often redeemed and manifested
as legacies at the recovery stage when (abiotic) stressful conditions are reduced (Figure 1 and
Table 1). Ecological debts affecting long-term fecundity may be common in the face of heat ex-
tremes, given that reproductive thermal limits are often much lower than those of survival, thus
causing legacies at the population level after a time-period necessary for recruitment (Boxes 1
and 2) [74–76]. The overlap between key life-history processes and the timing of heat extremes
is crucial for recovery responses [42] given that skipped reproductive events due to heat ex-
tremes can represent missed opportunities in seasonal environments [77]. For instance, a heat
extreme during mating can dramatically reduce reproductive success in beetles, but have only
minor effects shortly before or after mating [78]. Interestingly, physiological recovery of reproduc-
tive traits after heat stress may be decoupled from heat tolerance [79], suggesting weak relation-
ships between population resistance and recovery from heat extremes.

Debts caused by biotic interactions are expected to affect recovery in populations and commu-
nities in compound ways that require a thorough understanding of the trait responses and life his-
tories of the species involved. Among the possible factors at play, we put emphasis on the timing
of heat extremes relative of the phenology of the interacting species [80], as well as on the differ-
ences in thermal tolerance and recruitment among species [17,53,62]. Furthermore, at the com-
munity level, compositional recovery after pulse disturbances often mediates functional recovery
[27,31], but this relationship could be altered in the context of heat extremes because of
Trends in Ecology & Evolution, Month 2024, Vol. xx, No. xx 7
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temperature effects on metabolism. For instance, in an outdoor experiment with freshwater com-
munities exposed to experimental heatwaves [81], complete functional recovery (biomass pro-
duction) was observed despite low compositional recovery, possibly as a result of warming-
induced increases in metabolic rates. Invasive species, owing to their high propagule pressure
and fast resource acquisition, could also recover better than native species after heat extremes
[71,73], potentially leading to long-term changes in community composition [82]. Assessing
whether such compositional changes are transient or persistent, especially with the expected
increase in the frequency of heat extremes, warrants further research. In addition, altered
resources after heat extremes can slow down the rate of recovery, such as when long-living pred-
ators experience a delayed scarcity of short-living prey because of time-lags in the propagation of
disturbance effects across trophic levels [23,29,67].

Mechanisms involving compensation and rescue, mostly at the population level, depend more
strongly on the intrinsic features of species than on previous heat-induced debts, and can largely
explain the differences in recovery responses between species [83]. Life-history strategies explain
how long-lived and low-reproductive animal species often display high resistance but low recov-
ery after pulse disturbances, whereas the opposite is found in short-lived and highly reproductive
species [33,84]. Dispersal (i.e., immigration and emigration) is crucial for accelerating recovery
after heat extremes [85,86]; for instance, large responses may persist over time in heavily
fragmented and dispersal-limited landscapes [20]. A high degree of thermal heterogeneity,
denoting spatial asynchrony in thermal exposure, can promote the arrival of heat-tolerant and
fast-colonizing species in focal patches [82], thus fueling community and ecosystem recovery
[87]. However, despite their ability to disperse from source habitats, locally extinct species may
fail to reestablish in the recovery phase if the biotic environment has shifted during heat extremes.
For example, rotifers returning to heat-exposedmicrocosms after becoming extinct either did not
manage to re-establish ('community closure') or resulted in greatly divergent trajectories of com-
munity reassembly during recovery [88].

Sequential heat extremes
Recovery mechanisms reduce ecological responses (thus lowering ecological debts) to a single
extreme heat event. This is true when populations and communities are not immediately exposed
to another sequential extreme event, including heat extremes. However, an increased frequency
of heat extremes can substantially reduce the potential of a population to shrink its ecological
debt from the previous heat extreme event [64,89]. Accumulated ecological debts from the pre-
vious heat extreme could even lead to local extinction or migration of species, particularly when
they are exposed to another heat extreme event (or a stress of similar severity, such as extreme
drought). As such, the buildup of small effects of heat stress on survival (e.g., accumulation of
ecological debts) can cause population crashes following multiple heat extremes [90]. This
could override the benefits of priming effects – the mechanisms that provide enhanced perfor-
mance in the face of sequential stressors, mostly over the lifespan of an individual [91]. At the
community level, priming effects can also occur through increased dominance of heat-
resistant or fast-growing genotypes after heat extremes, such as in the case of the Great
Barrier Reef, where coral reefs surviving a single extreme heat event were more resistant to ex-
posure to another heat event in the following year [92]. In general, we suggest that the accumu-
lation of ecological debts will make responses to heat extremes more likely to be amplified,
rather than buffered, by the occurrence of sequential events (Box 2). In the earlier example, re-
cruitment in the coral reefs was severely compromised after two consecutive heat extremes
due to earlier adult mortality, perhaps hindering complete recovery of coral populations before
subsequent heat extremes [93]. Indeed, considering how the frequency of sequential events
relates to the species generation times is key to predict these consequences [67], as short-
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Outstanding questions
How can variation in ecological
responses to heat extremes be
predicted?

What are the relative contributions of
different mechanisms (across different
ecological scales) at the various
stages of the response to heat
extremes?

Can heat extremes induce
evolutionary changes that reduce
ecological responses? If so, are
trade-offs in evolutionary changes of
mechanisms involved at different re-
sponse stages? For instance, could
the evolution of higher heat tolerance
(i.e., related to resistance) come at
the expense of reduced repair of
heat damage and/or compensatory
mechanisms (i.e., related to recovery)?

Can we identify environmental settings
where biotic interactions are particularly
important in determining ecological
responses to heat extremes?

How do ecological debts change with
more severe heat extremes and with
the occurrence of sequential extreme
events?

How will heat extremes trigger gradual
ecological responses over yearly to
decadal timescales as a result of the
accumulation of ecological debts?
lived species are expected to recover better before the onset of a subsequent heat extreme
[23,84] (see Figure I in Box 1).

Concluding remarks and future directions
Ecological responses to heat extremes are determined by both distinct and overlapping mecha-
nisms across different response stages, mainly to overcome thermal stress. We advocate that a
more temporally explicit view of ecological responses to heat extremes could yield insights into bio-
diversity conservation in a world with increasing extreme climatic events. By considering how expo-
sure, resistance, and recovery affect the dynamics of populations and communities, as proposed in
our conceptual framework (Figure 1), we can better identify vulnerable species and ecosystems,
and accordingly devisemanagement andmitigation strategies against the impacts of heat extremes
on ecological systems. For example, restoration programs can enhance the availability of cooler mi-
crohabitats by promoting ecosystem engineers, thereby already reducing ecological impacts at
early response stages [36,94]. Faster recovery could be promoted by enabling the flow of individ-
uals across thermally heterogeneous landscapes, by enhancing access to decimated resources
(e.g., natural vegetation cover, water availability), and by preventing the establishment of invasive
species after heat extremes [71]. Implementing such strategies can potentially shorten the time-
frames for reducing ecological debt, especially as the intervals between heat extremes are shrinking
[1]. Nevertheless, to achieve this we need to overcome current knowledge gaps in our understand-
ing of responses to heat extremes (seeOutstanding questions). For instance, mechanisms promot-
ing recovery after heat extremes are largely understudied (e.g., rates of repair of physiological heat
damage [95]), despite their strong contribution to the overall ecological response. We recommend
that measurements assessing recovery should capture delayed effects on heat-sensitive biological
processes that are otherwise overlooked (e.g., dispersal, recruitment) [25,85], which will require
careful consideration of the life history (e.g., generation time) of the study species [84]. In addition,
mechanisms modulating responses at earlier response stages often have associated debts, but
we still ignore the importance of these debts in driving long-term ecological responses. Notably, a
greater focus is needed on evolutionary changes that can promote recovery after heat extremes,
and should build on our current understanding of how gradual warming and extremes drive the evo-
lution of thermal performance and tolerance (e.g., [43,54,76,96]). Possible trade-offs in the evolu-
tionary potential of mechanisms conferring resistance and recovery could be explored, as well as
how these relationships differ with heat extremes of varying severity. Finally, even though sequential
heat extremes are more likely to occur as the climate becomes warmer, we are only starting to
depict their potential impacts in relation to single extreme heat events. Our ability to anticipate
and act upon the ecological consequences of heat extremes will only improve by acknowledging
the response continuum during and after heat extremes, and the mechanisms underlying variation
in responses that contribute to ecological debts. Our conceptual framework is a step towards
achieving this, although we also maintain that its application is more likely to be successful in exper-
imental studies, and is more likely to be exclusive to ectotherms. Integrative approaches combining
experiments and theory can help to infer ecological debts in real-world settings, a necessary step
towards understanding biodiversity dynamics in response to climate extremes.

Acknowledgments
We are thankful to four anonymous reviewers for their suggestions on previous versions of our manuscript. We are grateful to the

members of Terrestrial Ecology Group for their insights on the topic covered in this review. We thank Philipe Piccardi for drawing

illustrations for Figure I in Box 1. M.P.T. acknowledges the support from the Swiss State Secretariat for Education, Research,

and lnnovation (SERI) under contract M822.00029 and from the Swiss National Science Foundation (grant 310030_212550).

Declaration of interests
The authors declare no conflicts of interests.
Trends in Ecology & Evolution, Month 2024, Vol. xx, No. xx 9

CellPress logo


Trends in Ecology & Evolution
OPEN ACCESS
References

1. Seneviratne, S.I. et al. (2021) Weather and climate extreme

events in a changing climate. In Climate Change 2021: The
Physical Science Basis. Contribution of Working Group I to
the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change (Masson-Delmotte, V. et al., eds),
pp. 1513–1766, Cambridge University Press

2. Buckley, L.B. and Huey, R.B. (2016) Temperature extremes:
geographic patterns, recent changes, and implications for
organismal vulnerabilities. Glob. Chang. Biol. 22, 3829–3842

3. Harris, R.M.B. et al. (2018) Biological responses to the press
and pulse of climate trends and extreme events. Nat. Clim.
Chang. 8, 579–587

4. Ummenhofer, C.C. and Meehl, G.A. (2017) Extreme weather
and climate events with ecological relevance: a review. Philos.
Trans. R. Soc. B Biol. Sci. 372, 20160135

5. Smith, K.E. et al. (2023) Biological impacts of marine
heatwaves. Annu. Rev. Mar. Sci. 15, 119–145

6. Fischer, E.M. et al. (2021) Increasing probability of record-
shattering climate extremes. Nat. Clim. Chang. 11, 689–695

7. Jørgensen, L.B. et al. (2022) Extreme escalation of heat failure
rates in ectotherms with global warming. Nature 611, 93–98

8. Murali, G. et al. (2023) Future temperature extremes threaten
land vertebrates. Nature 615, 461–467

9. Turner, M.G. and Seidl, R. (2023) Novel disturbance regimes
and ecological responses. Annu. Rev. Ecol. Evol. Syst. 54, 63–83

10. Jentsch, A. et al. (2007) A new generation of climate-change
experiments: events, not trends. Front. Ecol. Environ. 5,
365–374

11. Buckley, L.B. and Kingsolver, J.G. (2021) Evolution of thermal
sensitivity in changing and variable climates. Annu. Rev. Ecol.
Evol. Syst. 52, 563–586

12. Clusella-Trullas, S. et al. (2021) How useful are thermal vulnera-
bility indices? Trends Ecol. Evol. 36, 1000–1010

13. Deutsch, C.A. et al. (2008) Impacts of climate warming on
terrestrial ectotherms across latitude. Proc. Natl. Acad. Sci.
U. S. A. 105, 6668–6672

14. Kingsolver, J.G. et al. (2013) Heat stress and the fitness conse-
quences of climate change for terrestrial ectotherms. Funct.
Ecol. 27, 1415–1423

15. Dillon, M.E. et al. (2010) Global metabolic impacts of recent
climate warming. Nature 467, 704–706

16. Donohue, I. et al. (2016) Navigating the complexity of ecological
stability. Ecol. Lett. 19, 1172–1185

17. Thakur, M.P. et al. (2022) Biotic responses to climate extremes
in terrestrial ecosystems. iScience 25, 104559

18. Johnstone, J.F. et al. (2016) Changing disturbance regimes,
ecological memory, and forest resilience. Front. Ecol. Environ.
14, 369–378

19. Louthan, A.M. et al. (2021) Climate sensitivity across latitude:
scaling physiology to communities. Trends Ecol. Evol. 36,
931–942

20. Pinsky, M.L. et al. (2022) Unifying climate change biology
across realms and taxa. Trends Ecol. Evol. 37, 672–682

21. Gurgel, C.F.D. et al. (2020) Marine heatwave drives cryptic loss of
genetic diversity in underwater forests. Curr. Biol. 30, 1199–1206

22. Reusch, T.B.H. et al. (2005) Ecosystem recovery after climatic
extremes enhanced by genotypic diversity. Proc. Natl. Acad.
Sci. U. S. A. 102, 2826–2831

23. Suryan, R.M. et al. (2021) Ecosystem response persists after a
prolonged marine heatwave. Sci. Rep. 11, 6235

24. Thakur, M.P. et al. (2021) Resilience of rhizosphere microbial
predators and their prey communities after an extreme heat
event. Funct. Ecol. 35, 216–225

25. Martínez-De León, G. et al. (2024) Population resistance and
recovery after an extreme heat event are explained by thermal
effects on life-history traits. Oikos 2024, e10023

26. Ingrisch, J. and Bahn, M. (2018) Towards a comparable quan-
tification of resilience. Trends Ecol. Evol. 33, 251–259

27. Hillebrand, H. et al. (2018) Decomposing multiple dimensions of
stability in global change experiments. Ecol. Lett. 21, 21–30

28. Williams, S.E. et al. (2008) Towards an integrated framework for
assessing the vulnerability of species to climate change. PLoS
Biol. 6, e325

29. Essl, F. et al. (2015) Historical legacies accumulate to shape
future biodiversity in an era of rapid global change. Divers.
Distrib. 21, 534–547

30. Rezende, E.L. and Bozinovic, F. (2019) Thermal performance
across levels of biological organization. Philos. Trans. R. Soc.
B Biol. Sci. 374, 20180549

31. Hillebrand, H. and Kunze, C. (2020) Meta-analysis on pulse dis-
turbances reveals differences in functional and compositional
recovery across ecosystems. Ecol. Lett. 23, 575–585

32. Vives-Ingla, M. et al. (2023) Interspecific differences in micro-
habitat use expose insects to contrasting thermal mortality.
Ecol. Monogr. 93, e1561

33. Capdevila, P. et al. (2022) Life history mediates the trade-offs
among different components of demographic resilience. Ecol.
Lett. 25, 1566–1579

34. Kingsolver, J.G. and Buckley, L.B. (2017) Quantifying thermal
extremes and biological variation to predict evolutionary re-
sponses to changing climate. Philos. Trans. R. Soc. B Biol.
Sci. 372, 20160147

35. Woods, H.A. et al. (2015) The roles of microclimatic diversity
and of behavior in mediating the responses of ectotherms to
climate change. J. Therm. Biol. 54, 86–97

36. Kemppinen, J. et al. (2024) Microclimate, an important part of
ecology and biogeography. Glob. Ecol. Biogeogr. 33, e13834

37. De Frenne, P. et al. (2019) Global buffering of temperatures
under forest canopies. Nat. Ecol. Evol. 3, 744–749

38. Hesketh, A.V. and Harley, C.D.G. (2023) Extreme heatwave
drives topography-dependent patterns of mortality in a bed-
forming intertidal barnacle, with implications for associated
community structure. Glob. Chang. Biol. 29, 165–178

39. González-Tokman, D. et al. (2020) Insect responses to heat:
physiological mechanisms, evolution and ecological implica-
tions in a warming world. Biol. Rev. 95, 802–821

40. Sgrò, C.M. et al. (2016) What can plasticity contribute to
insect responses to climate change? Annu. Rev. Entomol. 61,
433–451

41. Kefford, B.J. et al. (2022) Acute, diel, and annual temperature
variability and the thermal biology of ectotherms. Glob. Chang.
Biol. 28, 6872–6888

42. Cinto Mejía, E. and Wetzel, W.C. (2023) The ecological conse-
quences of the timing of extreme climate events. Ecol. Evol.
13, e9661

43. Buckley, L.B. and Huey, R.B. (2016) How extreme tempera-
tures impact organisms and the evolution of their thermal
tolerance. Integr. Comp. Biol. 56, 98–109

44. Nielsen, M.E. et al. (2022) Longer and warmer prewinter periods
reduce post-winter fitness in a diapausing insect. Funct. Ecol.
36, 1151–1162

45. Bokhorst, S. et al. (2012) Extreme winter warming events
more negatively impact small rather than large soil fauna: shift
in community composition explained by traits not taxa. Glob.
Chang. Biol. 18, 1152–1162

46. Sears, M.W. and Angilletta, M.J. (2015) Costs and benefits of
thermoregulation revisited: both the heterogeneity and spatial
structure of temperature drive energetic costs. Am. Nat. 185,
E94–E102

47. Litchman, E. and Thomas, M.K. (2023) Are we underestimating
the ecological and evolutionary effects of warming? Interactions
with other environmental drivers may increase species vulnera-
bility to high temperatures. Oikos 2, e09155

48. Huey, R.B. and Kingsolver, J.G. (2019) Climate warming,
resource availability, and the metabolic meltdown of ectotherms.
Am. Nat. 194, 140–150

49. Sinclair, B.J. et al. (2016) Can we predict ectotherm responses
to climate change using thermal performance curves and body
temperatures? Ecol. Lett. 19, 1372–1385

50. Huey, R.B. and Berrigan, D. (2001) Temperature, demography,
and ectotherm fitness. Am. Nat. 158, 204–210

51. Seebacher, F. et al. (2015) Physiological plasticity increases
resilience of ectothermic animals to climate change. Nat. Clim.
Chang. 5, 61–66

52. Cerini, F. et al. (2023) A predictive timeline of wildlife population
collapse. Nat. Ecol. Evol. 7, 320–331
10 Trends in Ecology & Evolution, Month 2024, Vol. xx, No. xx

http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0005
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0005
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0005
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0005
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0005
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0005
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0010
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0010
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0010
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0015
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0015
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0015
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0020
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0020
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0020
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0025
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0025
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0030
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0030
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0035
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0035
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0040
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0040
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0045
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0045
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0050
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0050
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0050
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0055
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0055
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0055
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0060
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0060
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0065
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0065
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0065
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0070
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0070
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0070
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0075
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0075
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0080
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0080
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0085
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0085
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0090
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0090
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0090
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0095
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0095
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0095
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0100
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0100
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0105
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0105
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0110
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0110
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0110
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0115
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0115
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0120
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0120
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0120
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0125
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0125
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0125
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0130
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0130
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0135
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0135
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0140
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0140
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0140
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0145
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0145
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0145
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0150
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0150
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0150
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0155
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0155
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0155
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0160
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0160
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0160
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0165
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0165
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0165
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0170
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0170
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0170
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0170
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0175
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0175
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0175
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0180
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0180
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0185
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0185
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0190
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0190
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0190
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0190
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0195
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0195
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0195
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0200
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0200
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0200
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0205
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0205
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0205
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0210
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0210
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0210
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0215
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0215
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0215
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0220
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0220
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0220
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0225
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0225
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0225
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0225
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0230
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0230
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0230
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0230
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0235
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0235
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0235
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0235
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0240
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0240
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0240
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0245
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0245
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0245
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0250
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0250
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0255
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0255
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0255
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0260
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0260
CellPress logo


Trends in Ecology & Evolution
OPEN ACCESS
53. Ma, C.-S. et al. (2020) Survive a warming climate: insect re-
sponses to extreme high temperatures. Annu. Rev. Entomol.
66, 8.1–8.22

54. Williams, C.M. et al. (2016) Biological impacts of thermal
extremes: mechanisms and costs of functional responses
matter. Integr. Comp. Biol. 56, 73–84

55. Kingsolver, J.G. and Woods, H.A. (2016) Beyond thermal per-
formance curves: modeling time-dependent effects of thermal
stress on ectotherm growth rates. Am. Nat. 187, 283–294

56. Vinton, A.C. et al. (2022) Plasticity's role in adaptive evolution
depends on environmental change components. Trends Ecol.
Evol. 37, 1067–1078

57. Atkinson, D. (1994) Temperature and organism size – a biological
law for ectotherms? Adv. Ecol. Res. 25, 1–58

58. Verberk, W.C.E.P. et al. (2021) Shrinking body sizes in
response to warming: explanations for the temperature–size
rule with special emphasis on the role of oxygen. Biol. Rev.
96, 247–268

59. Kingsolver, J.G. and Huey, R.B. (2008) Size, temperature, and
fitness: three rules. Evol. Ecol. Res. 10, 251–268

60. Ohlberger, J. (2013) Climate warming and ectotherm body size –
from individual physiology to community ecology. Funct. Ecol. 27,
991–1001

61. Sales, K. et al. (2021) Fertility and mortality impacts of thermal
stress from experimental heatwaves on different life stages
and their recovery in a model insect. R. Soc. Open Sci. 8,
201717

62. Harvey, J.A. et al. (2020) Climate change-mediated tempera-
ture extremes and insects: from outbreaks to breakdowns.
Glob. Chang. Biol. 26, 6685–6701

63. Kingsolver, J.G. et al. (2011) Complex life cycles and the
responses of insects to climate change. Integr. Comp. Biol.
51, 719–732

64. Ma, C.-S. et al. (2018) Resolving biological impacts of multiple
heat waves: interaction of hot and recovery days. Oikos 127,
622–633

65. Lindmark, M. et al. (2019) Size-based ecological interactions
drive food web responses to climate warming. Ecol. Lett. 22,
778–786

66. Rozen-Rechels, D. et al. (2019) When water interacts
with temperature: ecological and evolutionary implications of
thermo-hydroregulation in terrestrial ectotherms. Ecol. Evol. 9,
10029–10043

67. Jackson, M.C. et al. (2021) The temporal dynamics of multiple
stressor effects: from individuals to ecosystems. Trends Ecol.
Evol. 36, 402–410

68. Hector, T.E. et al. (2021) Thermal limits in the face of infectious
disease: how important are pathogens? Glob. Chang. Biol. 27,
4469–4480

69. Stoks, R. et al. (2017) Daily temperature variation and extreme
high temperatures drive performance and biotic interactions in
a warming world. Curr. Opin. Insect Sci. 23, 35–42

70. Fussmann, K.E. et al. (2014) Ecological stability in response to
warming. Nat. Clim. Chang. 4, 206–210

71. Diez, J.M. et al. (2012) Will extreme climatic events facilitate
biological invasions? Front. Ecol. Environ. 10, 249–257

72. Chen, J. and Lewis, O.T. (2023) Experimental heatwaves
facilitate invasion and alter species interactions and composition
in a tropical host-parasitoid community. Glob. Chang. Biol. 29,
6261–6275

73. Gu, S. et al. (2023) Meta-analysis reveals less sensitivity of non-
native animals than natives to extreme weather worldwide. Nat.
Ecol. Evol. 7, 2004–2027

74. Walsh, B.S. et al. (2019) The impact of climate change on
fertility. Trends Ecol. Evol. 34, 249–259

75. Bozinovic, F. et al. (2020) Thermal effects vary predictably
across levels of organization: empirical results and theoretical
basis. Proc. R. Soc. B Biol. Sci. 287, 20202508

76. vanHeerwaarden, B. and Sgrò, C.M. (2021) Male fertility thermal
limits predict vulnerability to climate warming.Nat. Commun. 12,
2214

77. McLean, N. et al. (2016) Predicting when climate-driven pheno-
typic change affects population dynamics. Ecol. Lett. 19, 595–608

78. Pilakouta, N. et al. (2023) The consequences of heatwaves for
animal reproduction are timing-dependent. Funct. Ecol. 37,
2425–2433

79. Xie, L. et al. (2023) Tolerance of high temperature and associated
effects on reproduction in euedaphic Collembola. J. Therm. Biol.
113, 103439

80. Cope, O.L. et al. (2023) The timing of heat waves has multiyear
effects on milkweed and its insect community. Ecology 104,
e3988

81. Polazzo, F. et al. (2023) Impacts of extreme climatic events
on trophic network complexity and multidimensional stability.
Ecology 104, e3951

82. Sorte, C.J.B. et al. (2010) Impacts of a simulated heat wave on
composition of a marine community. Oikos 119, 1909–1918

83. Capdevila, P. et al. (2020) Towards a comparative framework of
demographic resilience. Trends Ecol. Evol. 35, 776–786

84. Neilson, E.W. et al. (2020) There's a storm a-coming: ecological
resilience and resistance to extreme weather events. Ecol. Evol.
10, 12147–12156

85. Harvey, B.P. et al. (2022) Predicting responses to marine
heatwaves using functional traits. Trends Ecol. Evol. 37, 20–29

86. De Boer, M.K. et al. (2014) Dispersal restricts local biomass but
promotes the recovery of metacommunities after temperature
stress. Oikos 123, 762–768

87. Loreau, M. et al. (2003) Biodiversity as spatial insurance in
heterogeneous landscapes. Proc. Natl. Acad. Sci. U. S. A.
100, 12765–12770

88. Seifert, L.I. et al. (2015) Extreme heat changes post-heat wave
community reassembly. Ecol. Evol. 5, 2140–2148

89. Figueiredo, L. et al. (2019) Understanding extinction debts:
spatio-temporal scales, mechanisms and a roadmap for future
research. Ecography (Cop.) 42, 1973–1990

90. Rezende, E.L. et al. (2020) Predicting temperature mortality
and selection in natural Drosophila populations. Science 369,
1242–1245

91. Zhou, L. and Wang, S. (2023) The bright side of ecological
stressors. Trends Ecol. Evol. 38, 568–578

92. Hughes, T.P. et al. (2019) Ecological memory modifies the cumu-
lative impact of recurrent climate extremes. Nat. Clim. Chang. 9,
40–43

93. Hughes, T.P. et al. (2019) Global warming impairs stock–
recruitment dynamics of corals. Nature 568, 387–390

94. Thakur, M.P. et al. (2020) Climate extremes, rewilding, and the
role of microhabitats. One Earth 2, 506–509

95. Ørsted, M. et al. (2022) Finding the right thermal limit: a frame-
work to reconcile ecological, physiological and methodological
aspects of CTmax in ectotherms. J. Exp. Biol. 225, jeb244514

96. Hoffmann, A.A. et al. (2023) Testing evolutionary adaptation po-
tential under climate change in invertebrates (mostlyDrosophila):
findings, limitations and directions. J. Exp. Biol. 226, jeb245749

97. Gómez-Gras, D. et al. (2021) Population collapse of habitat-
forming species in the Mediterranean: a long-term study of gor-
gonian populations affected by recurrent marine heatwaves.
Proc. R. Soc. B Biol. Sci. 288, 20212384

98. Vad, C.F. et al. (2023) Spatial insurance against a heatwave
differs between trophic levels in experimental aquatic communities.
Glob. Chang. Biol. 29, 3054–3071

99. Dowd, W.W. et al. (2015) Thermal variation, thermal extremes
and the physiological performance of individuals. J. Exp. Biol.
218, 1956–1967

100. Zizzari, Z.V. and Ellers, J. (2014) Rapid shift in thermal resis-
tance between generations through maternal heat exposure.
Oikos 123, 1365–1370
Trends in Ecology & Evolution, Month 2024, Vol. xx, No. xx 11

http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0265
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0265
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0265
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0270
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0270
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0270
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0275
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0275
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0275
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0280
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0280
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0280
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0285
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0285
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0290
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0290
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0290
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0290
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0295
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0295
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0300
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0300
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0300
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0305
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0305
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0305
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0305
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0310
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0310
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0310
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0315
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0315
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0315
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0320
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0320
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0320
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0325
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0325
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0325
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0330
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0330
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0330
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0330
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0335
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0335
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0335
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0340
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0340
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0340
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0345
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0345
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0345
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0350
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0350
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0355
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0355
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0360
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0360
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0360
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0360
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0365
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0365
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0365
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0370
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0370
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0375
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0375
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0375
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0380
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0380
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0380
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0385
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0385
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0390
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0390
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0390
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0395
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0395
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0395
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0400
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0400
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0400
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0405
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0405
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0405
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0410
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0410
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0415
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0415
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0420
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0420
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0420
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0425
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0425
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0430
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0430
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0430
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0435
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0435
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0435
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0440
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0440
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0445
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0445
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0445
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0450
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0450
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0450
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0455
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0455
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0460
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0460
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0460
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0465
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0465
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0470
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0470
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0475
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0475
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0475
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0480
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0480
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0480
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0485
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0485
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0485
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0485
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0490
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0490
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0490
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0495
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0495
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0495
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0500
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0500
http://refhub.elsevier.com/S0169-5347(24)00167-8/rf0500
CellPress logo

	Ecological debts induced by heat extremes
	Heat extremes as a major stress in a warming world
	Ecological responses to heat extremes unravel over time: exposure, resistance, and recovery
	Exposure
	Resistance
	Recovery
	Sequential heat extremes
	Concluding remarks and future directions
	Acknowledgments
	Declaration of interests
	References




