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1  |  INTRODUC TION

Anthropogenic climate change is causing increases in mean tem-
peratures and altering patterns of temperature variability glob-
ally (Coumou & Rahmstorf, 2012; Diffenbaugh et al., 2017; Duan 
et al., 2017; Geerts, 2003; Qian & Zhang, 2015; Thorne et al., 2016; 
Wallace & Osborn, 2002; Wang & Dillon, 2014; see Table S1 for a 
summary of changes in temporal variability). Ectotherms vary widely 
in their tolerance to temperature (Angilletta & Angilletta, 2009), and 

there has been extensive research on the response of these organ-
isms to changes in mean temperature (Marshall & Sinclair, 2012; 
Thompson et al., 2013). Increasingly, research has also considered 
how changes in temperature variability shape tolerance and vulner-
ability (Colinet et al., 2015; Deutsch et al., 2008; Dowd et al., 2015; 
Estay et al., 2014; Huey et al., 2012; Sinclair et al., 2016; Sunday 
et al., 2014; Thompson et al., 2013; Vasseur et al., 2014). Ectotherms 
respond to temperature variability on multiple time scales (Box 1). In 
the shortest time, acute changes in body temperature are assumed 
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Abstract
Global warming is increasing mean temperatures and altering temperature variability 
at multiple temporal scales. To better understand the consequences of changes in 
thermal variability for ectotherms it is necessary to consider thermal variation at dif-
ferent time scales (i.e., acute, diel, and annual) and the responses of organisms within 
and across generations. Thermodynamics constrain acute responses to temperature, 
but within these constraints and over longer time periods, organisms have the scope 
to adaptively acclimate or evolve. Yet, hypotheses and predictions about responses to 
future warming tend not to explicitly consider the temporal scale at which tempera-
ture varies. Here, focusing on multicellular ectothermic animals, we argue that con-
sideration of multiple processes and constraints associated with various timescales 
is necessary to better understand how altered thermal variability because of climate 
change will affect ectotherms.
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to determine biological rates and organismal performance via ther-
modynamic effects on biochemical and cellular processes (Dillon 
et al., 2010; Gillooly et al., 2006; Payne & Smith, 2017). At inter-
mediate time scales, thermal variation within the lifespan of organ-
isms occurs on diel, successive diel cycles, and within and between 
seasons. These are assumed to shape organismal performance 
through a combination of thermodynamics (Colinet et al., 2015; 
Dowd et al., 2015; Estay et al., 2014; Stoks et al., 2017; Vasseur 
et al., 2014), buffering (e.g., behavioral thermoregulation) and plastic 
responses of hardening and, as the time scale increases, acclimation 
(Bowler, 2005; Havird et al., 2020; Teets & Denlinger, 2013). Finally, 
at the longest time scale considered in this paper, across generations, 
seasonal changes in temperature over the annual cycle are thought 
to shape adaptive evolutionary changes in thermal breadth and traits 
associated with plastic change in thermal tolerance, like acclimation 
ability (Janzen, 1967; Shah, Funk, et al., 2017). Yet many studies do 
not explicitly distinguish between the effects of acute, diel, and sea-
sonal temperature variability in determining organisms' responses 

to temperature variability, and thus vulnerability to climate change 
(Deutsch et al., 2008; Huey et al., 2012; Sinclair et al., 2016; Sunday 
et al., 2014; Thompson et al., 2013). Indeed, to date, relatively little 
research has considered the consequences for climate change im-
pacts of temperature varying on multiple temporal scales (Box 1).

Why should we care about organismal responses to different 
temporal scales of temperature variation? Briefly, not only are 
global temperatures increasing, but temperature variability is also 
changing. Various studies have shown that since the year 1700 
the magnitude of temperature variability has changed to varying 
amounts depending on the data series examined, the temporal 
scale of variation (annual vs. diel) and study location (see Table S1). 
For example, Wang and Dillon (2014) estimate that between 1975 
and 2013, there was a 1.4°C increase in the amplitude of diel vari-
ability in polar regions, a 1.0°C increase in temperate regions, and 
a 0.3°C increase in tropical regions. By contrast, their analysis of 
the same data that show amplitude of annual temperature variabil-
ity has decreased by 0.6°C in polar regions, increased by 0.4°C in 

BOX 1 Scales of temporal thermal variability and extreme thermal events

Temporal variability in temperature occurs at various scales. (1) Acute thermal variability is typically considered to be (near) 
instantaneous changes in temperature. Outside of experiments, such variability occurs from such things as clouds passing across 
the sun and the arrival of a cold (or warm) front that abruptly changes temperature. Importantly, acute temperature changes are 
assumed to occur too quickly for compensatory plastic responses (e.g., hardening, acclimation) or adaptive evolution that would 
alter an organism's thermal sensitivity (Cossins & Bowler, 1987; Sinclair et al., 2016), although environments with predictable acute 
temperature change may lead to adaptive evolution of thermal tolerance and other associated traits (see main text). (2) Diel thermal 
variability refers to temperature change occurring over a 24- h cycle as a result of a single rotation of the Earth. There is generally 
predictable diel temperature variability in terrestrial and shallow aquatic habitats. Most multicellular organisms in terrestrial and 
shallow aquatic habitats experience successive cycles of diel variability and have consequently evolved various traits such as buffering, 
including behavioral thermoregulation, within- generation plasticity, periods of inactivity, and the ability to accumulate and recover 
from physiological damage (Ørsted et al., 2022). Due to the movements of weather systems (Marshall & Sinclair, 2012), there is 
variability between these successive diel temperature cycles. (3) Seasonal change in temperature is a result of an annual cycle in 
temperature and most multicellular organisms live long enough to experience at least some degree of seasonal change. This seasonal 
variability is greater in temperate and polar regions than in tropical latitudes due to the tilt of the Earth's axis (Janzen, 1967; Wang & 
Dillon, 2014). Seasonal change in temperature due to the annual cycle is the longest scale that we will consider in this paper. There 
are, however, longer cyclic patterns of variability that organisms with multi- year cycle experience, for example, El Niño- Southern 
Oscillation (McPhaden et al., 2006) and the Interdecadal Pacific Oscillation (Henley et al., 2015).

An important point is that variability within a given period contributes to thermal variability across longer periods. For example, 
the annual temperature range (i.e., difference between minimum and maximum temperature) in the tropics can be the result of suc-
cessive diel cycles and not seasonal change (Shah, Gill, et al., 2017). Although measures such as annual temperature range include 
variability in temperature at all sub- annual scales, different biological responses are likely to occur with different scales of tempera-
ture variability (see main text).

Another temporal scale of thermal variation occurs in reference to unusually high or low temperatures (Dole et al., 2014; Hoerling 
et al., 2013), which are often referred to as extreme thermal events. There is no consistent definition of extreme thermal events 
(Broska et al., 2020). They have been defined in terms of probability of occurrence (Milly et al., 2002) and based on biological impact, 
for example, causing substantial mortality (Gutschick & BassiriRad, 2003). The magnitude, duration, and frequency of extreme ther-
mal events are predicted to increase because of climate change (Coumou & Rahmstorf, 2012). Extreme thermal events have dispro-
portionate impacts on biological systems compared with their frequency. Here, we consider extreme events only in the context of 
how they are mediated by organisms' previous exposures to different scales of thermal variability.
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temperate regions, and has not changed in tropical regions. Thus, 
organisms across the globe are experiencing the differential ef-
fects of climate change on thermal variability across both diel and 
annual scales.

An appreciation of how organisms respond to different temporal 
scales of thermal variation is, thus, critical to understanding and pro-
jecting the biological responses to changing temperature. For exam-
ple, differences in annual thermal variability are predicted to affect 
the breadth of thermal tolerance and species' latitudinal and eleva-
tional range, which in turn shape the geographic scale at which pop-
ulations experience climatic conditions (Ghalambor et al., 2006; Gill 
et al., 2016; Janzen, 1967; Sheldon et al., 2018). Yet, annual thermal 
variability alone is not a good predictor of responses to temperature 
that occur on the scale of hours or minutes. Similarly, differences in 
the magnitude of diel variation can either expand or constrain crit-
ical functions to favorable periods of the diel cycle (Gilchrist, 1995) 
but may or may not inform variation in the thermal sensitivity of 
biological rates. Finally, acute thermal variation above some ther-
mal optimum is thought to be particularly detrimental to organism 
performance, such as growth because of the asymmetrical shape 
of thermal performance curves (TPCs; Colinet et al., 2015; Dowd 
et al., 2015; Vasseur et al., 2014) but do not explain the evolution-
ary divergence in thermal sensitivity across species. Yet, despite the 
general recognition that such biological responses vary at different 
temporal scales, most attempts to predict how climate change will 
impact ectotherms tend to consider only a single time scale or fail to 
explicitly recognize the consequences of responses to different time 
scales. Thus, whether differences in scale of temporal temperature 
variability generate different organismal responses remains an unre-
solved problem in global change biology.

Here, we briefly review current conceptual frameworks used to 
understand ectotherm responses to temperature variability at acute, 
diel, and annual temporal scales. We primarily focus on literature per-
taining to multicellular ectothermic animals but also briefly consider 
relevant literature from microbes (see Boyd et al., 2016; Cabrerizo & 
Marañón, 2021 for recent reviews of the effects of regarding fluc-
tuating temperature on phytoplankton) and plants. We review these 
perspectives because responses to temperature variability at these 
scales will, in part, determine how organisms respond to changes in 
thermal variability from climate changes and thus their vulnerability. 
We discuss the effects of acute and annual temperature variability 
first, as these have been relatively well described in the published 
literature. We then focus on the diel scale, which has received less 
attention. We finally attempt to synthesise existing hypotheses for 
considering the potential effects of changes in temperature variabil-
ity across temporal scales.

2  |  ACUTE TEMPER ATURE CHANGE

Acute temperature changes refer to the near- instantaneous varia-
tion that occurs in short time scales and are not usually cyclical in 
nature. These changes are generally assumed to occur too quickly 

for organisms to actively shift their thermal tolerances (Cossins & 
Bowler, 1987; Sinclair et al., 2016) certainly via whole organism accli-
mation (Havird et al., 2020). A key concept in describing organismal 
response to temperature is TPCs and their derived metrics.

2.1  |  Thermal performance curves

Thermal performance curves (Figure 1) describe the relationship 
between temperature and performance at the sub- organism or 
whole- organism scale (Colinet et al., 2015; Dowd et al., 2015; Huey 
& Kingsolver, 1989; Schulte, 2015; Schulte et al., 2011) but have 
also been extended to population level metrics (Estay et al., 2014). 
The TPC is heuristic in nature, intended to illustrate the expected 
relationship between temperature and performance, based in part 
on the thermal dependence of biological rates. This relationship de-
picts performance increasing exponentially from zero at the critical 
thermal minimum (CTmin), to a point of theoretical maximum per-
formance, the thermal optimum (Topt). Performance then rapidly 
decreases toward zero at a critical thermal maximum (CTmax). The 
difference between an organism's CTmax and CTmin is referred to as 
thermal breadth (Tbr). Jørgensen et al. (2021) have recently devel-
oped a framework to allow comparisons of CTmin and CTmax pro-
duced using different protocols.

2.2  |  Consequences of acute thermal changes

Acute changes in body temperature occur too quickly for acclima-
tion and other related active plastic responses. Thus, thermal toler-
ances and the shape of TPCs are assumed to be fixed for a given 
organism's life stage, nutritional status, etc. when exposed to acute 
temperature changes (Cossins & Bowler, 1987; Sinclair et al., 2016). 
The most obvious negative effect of acute changes in body tempera-
ture away from Topt is the cost of reduced performance (Figure 1). 
However, this effect will be dependent on the magnitude of the tem-
perature change relative to Topt (Figure 1).

F I G U R E  1  Generalised thermal performance curve showing 
change in individual performance (e.g., locomotion, development, 
growth) with varying temperature.
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A characteristic of TPCs is that they have both a concave (as-
cending limb of curve) and convex (descending limb) component 
(Figure 1). Due to this asymmetry, Jensen's inequality, which predicts 
thermal variability below an organism's Topt can either increase or 
decrease the performance relative to the performance at the mean 
temperature experienced (Colinet et al., 2015; Dowd et al., 2015; 
Vázquez et al., 2017). However, thermal variability above Topt will 
always result in a decrease in performance because of the steeper 
decline in performance. For more detailed reviews of the conse-
quences of varying temperatures in the context of Jensen's inequal-
ity see (Colinet et al., 2015; Dowd et al., 2015; Estay et al., 2014; 
Vázquez et al., 2017).

Where environments have had predictable levels of acute 
thermal change over multiple generations, then the level of acute 
thermal change has the potential to be an agent of selection, lead-
ing to adaptive evolution in thermal tolerance. Various artificial 
selection experiments have shown that selecting for individuals 
that are tolerant of high temperatures results in the evolution of 
increased tolerance or optimal temperatures in subsequent gener-
ations of bacteria (Bennett & Lenski, 1993), phytoplankton (Baker 
et al., 2018; Listmann et al., 2016; Schaum et al., 2022), and fruit fly 
(Gilchrist & Huey, 1999; Hoffmann et al., 1997; McColl et al., 1996). 
However, other selection experiments have failed to induce an 
evolutionary response. For example, in fish, when Heterandria for-
mosa were selected for acute heat or cold tolerance there was no 
cross- generational change in CTmin nor CTmax (Baer & Travis, 2000), 
whereas in Danio rerio moderate increases in CTmax were observed 
(Morgan et al., 2020). It would appear, that in some species there is 
sufficient genetic variation for adaptive evolution for tolerance to 
acute thermal change, whereas in others there is not. Rapid evolu-
tion in thermal tolerance and associated traits, over a relatively few 
generations, may be much more constrained than that occurring over 
millions of years (Bennett et al., 2021). Thus, how populations evolve 
in response to selection in nature appears to depend on various fac-
tors, including the predictability of acute thermal change, whether 
there are trade- offs associated with adaptation to acute thermal 
tolerance, (McColl et al., 1996) and constraints on the upper limits 
to thermal tolerance (Hoffmann et al., 2013; Morgan et al., 2020). 
Yet, acute thermal change resulting in strong selection will also likely 
result in circumstances where acute temperatures are so high that 
they exceed organisms' tolerances, leading to mortality (Bennett & 
Lenski, 1993).

2.3  |  Shortcomings of TPCs

Using TPCs to predict ectotherm responses to changes in temper-
ature involves a range of assumptions (Schulte et al., 2011; Sinclair 
et al., 2016). A key assumption is that performance affects evolu-
tionary fitness, defined as the individual's survival and reproduc-
tive success or the average contribution to the gene pool of the 
next generation (Orr, 2009). Because fitness is difficult to measure 
directly, fitness is most often assessed by traits that are assumed 

to be positively correlated with fitness. The choice of these traits 
is important. Life- history traits, such as survival, growth rate, fe-
cundity, and generation time, are likely to be more correlated with 
fitness. However, TPCs for commonly used traits such as locomo-
tion speed, feeding rates, and physiological or biochemical met-
rics may not have simple relationships with fitness (Ørsted et al., 
2022; Sinclair et al., 2016). Different traits for the same organisms 
frequently have different TPCs (Barton et al., 2020; Bozinovic 
et al., 2020; Clarke, 2004; Dell et al., 2011; Iverson et al., 2020; 
Schulte, 2015; Sinclair et al., 2016) and the shape of TPCs can be 
altered by acclimation (Schulte et al., 2011). The utility of TPCs 
to understand the responses of organisms to temperature change 
can be aptly characterised by the aphorism “all models are wrong, 
but some are useful” (Box, 1979). TPCs are simplifications, yet they 
are a useful heuristic for conceptualising organisms' responses to 
temperature changes. Thus, the challenge is to recognize the util-
ity and limitations of TPCs. For example, there is strong evidence 
that below Topt most biological rates increase exponentially with 
increasing temperature (Dillon et al., 2010; Gillooly et al., 2006; 
Payne & Smith, 2017)— the concept that “hotter is better” 
(Angilletta et al., 2010); however, the decrease in rates beyond 
Topt is less clear. Nevertheless, factors other than temperature im-
pact performance. Animals that exhibit increasing performance as 
a function of temperature must also be able to supply exponential 
increases in resources, that is, food, water, and oxygen, to drive 
the increased demand of biological rates. The limitation of oxy-
gen (Pörtner, 2010) or food/nutrients (Huey & Kingsolver, 2019; 
Thomas et al., 2017) can, therefore, interact with increasing tem-
peratures to negatively impact many organismal functions, includ-
ing locomotion, behavior, feeding, and predator avoidance. If such 
oxygen or food limitation is pronounced, death will occur not nec-
essarily because of a lack of direct thermal tolerance, but through 
these cumulative responses. Such complicating factors represent 
only some of the complications when considering a fixed TPC as 
the sole predictor of vulnerability to climate change.

3  |  ANNUAL TEMPER ATURE CHANGE

Annual cycles in temperature, as a result of seasonal changes, are 
an important component of thermal regimes, particularly in temper-
ate and polar regions that have high annual temperature variability 
relative to the tropics (Geerts, 2002; Wang & Dillon, 2014). Annual 
temperature cycles have been relatively constant over recent evo-
lutionary time (i.e., the last 10,000– 12,000 years of the Holocene, 
Viau et al., 2006). Here, we consider the consequences that these 
predictable changes in annual temperature variability have for adap-
tive evolution of organisms and evolutionary strategies in response 
to high annual temperature variability. We then consider how uni-
versal thermodynamic constraints may interact with these evolu-
tionary responses to limit an organisms' ability to cope with both 
high temperature and high- temperature variability. These different 
perspectives are the basis for competing hypotheses around what 
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are the primary constraints on organisms' responses to annual ther-
mal variability.

3.1  |  Adaptation of organisms to annual 
temperature variability

The predictability of annual temperature variability is generally 
thought to be one of the main selective pressures driving evolu-
tionary divergence in patterns of thermal sensitivity and thermal 
breadth. Janzen's (1967) The climate variability hypothesis (CVH) is a 
well- established and influential explanation for how annual temper-
ature variation shapes the evolution of thermal breadth, acclimation 
ability, and other traits, allowing organisms to tolerate a changing 
seasonal thermal regime and in turn impact patterns of disper-
sal, and species turnover across elevational gradients (Ghalambor 
et al., 2006; Perez et al., 2016; Sheldon et al., 2018). This hypoth-
esis is grounded in the assumption that organisms evolve a thermal 
breadth (Tbr = CTmax − CTmin, Figures 1 and 2) and acclimation abil-
ity reflecting the annual temperature range experienced over their 
evolutionary history. Janzen based the CVH on the observation 
that tropical latitudes display bands of largely non- overlapping tem-
peratures along elevation gradients, which he argued should favor 
narrower thermal breadths (Janzen, 1967). Consequently, tropical 
organisms restricted to the lowlands experience a narrow range of 
warm temperatures year- round, while their high- elevation counter-
parts experience a narrow range of cool temperatures year- round 
(Figure 2a). In contrast, at temperate and polar latitudes large annual 
shifts in temperature result in greater annual overlap in tempera-
tures across elevations, exposing all organisms to a broader range of 
temperatures (Figure 2a). If Tbr has evolved to be as narrow as possi-
ble to minimize maintenance costs of varying temperatures (Pörtner 
& Farrell, 2008), then selection is predicted to cause narrower Tbr 
in tropical versus temperate regions (Figure 2b,c). Differences in Tbr 
lead to four predictions: (1) that elevation creates a thermal dispersal 
barrier for tropical organisms, which in turn (2) results in narrower el-
evational ranges (Figure 2b) and (3) a higher degree of genetic struc-
turing between populations, which (4) should contribute to higher 
speciation rates in the tropics. There is support for many of these 
predictions at macrogeographic scales (e.g., Ghalambor et al., 2006; 
Gill et al., 2016; Markle & Kozak, 2018; Polato et al., 2018; Shah, Gill, 
et al., 2017; Sunday et al., 2011; but see Chen, 2015). Nevertheless, 
a shortcoming of simply looking at the relationship between annual 
variability and thermal breadth is the inability to incorporate the re-
sponses to temperature variation at other temporal scales.

3.2  |  Evolutionary strategies for dealing 
with thermal variation

Tests of the CVH have largely focused on quantifying Tbr because 
it is relatively straightforward to measure and compare, but how 
annual thermal variability influences the shape of the TPC (e.g., 

slopes or optimum temperatures) remains under- explored. Multiple 
alternative evolved strategies have been proposed to cope with 
temperature variability (Figure 3). For example, thermal generalists 
(eurytherms) should persist across a relatively wide range of tem-
peratures and thus require a wide but flat TPC. These organisms are 
hypothesized to trade off maximum performance to be able to live 
across a wider range of temperatures. In contrast, thermal special-
ists (stenotherms) should occupy a relatively narrow range of tem-
peratures and would thus be expected to have narrower TPCs. Such 
differences between eurytherms and stenotherms in tolerance are 
suspected to be predictive of their vulnerability to climate warm-
ing (Somero, 2010). However, such generalizations can be overly 
simplistic as some stenotherms can persist in environments with 
a wide range of temperatures by restricting critical functions (e.g., 

F I G U R E  2  Conceptual model showing the predictions of 
Janzen's (1967) climate variability hypothesis (CVH). (a) Generalised 
pattern in annual air temperature variability at tropical and 
temperate locations at low- elevation (solid lines) and high- elevation 
(dotted lines) sites proposed by the CVH. (b) Pattern in organisms' 
responses intraspecific genetic structuring (dashed darker line and 
y- axis on left), thermal breath (Tbr), elevational range and dispersal 
potential (grey solid line and y- axis on right) predicted by the CVH 
as a result of latitude, or annual temperature range. (c) A prediction 
by the CVH for organisms active year- round without significant 
seasonal acclimation or shift in thermal tolerance of organisms' 
thermal performance curves from low and high elevations at 
temperate and tropic locations.

(a)

(b)

(c)
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growth, feeding, reproduction) to a narrow temperature range (Huey 
et al., 2012). Organisms can also exhibit “seasonal escape” whereby 
they avoid periods of unfavorable temperatures by inactivity (e.g., 
diapause, hibernation) or migration (Huey & Kingsolver, 1993; Tüzün 
& Stoks, 2018). A third strategy can evolve whereby organisms have 
relatively narrow TPCs but track shifts in seasonal temperature 
change— referred to here as the “seasonal shift” strategy— either via 
life- stage specific thermal sensitivity (Uno & Stillman, 2020) or accli-
mation (Fangue & Bennett, 2003). This strategy has the advantage of 
a narrow TPC at any given time while not requiring seasonal escape. 
However, this strategy assumes low costs of shifting thermal toler-
ance (Shah, Funk, et al., 2017), and the rate of seasonal temperature 
change needs to be slower than the organism's ability to shift its 
thermal tolerance (Havird et al., 2020). It would be expected that 
species exhibiting a seasonal shift strategy would be particularly 
vulnerable to acute or sub- seasonal temperature extremes (Stoks 
et al., 2017; Thompson et al., 2013). The variety of strategies that 
organisms might adopt to cope with thermal variability (Figure 3) 
could be limited by fundamental thermodynamic constraints. So 
the range of values and interrelationships between their thermal 
traits such as CTmin, CTmax, Tbr, and Topt (Angilletta et al., 2010; 
Huey & Kingsolver, 1993) and acclimation ability (Somero, 2010; 
Stillman, 2003) are likely somewhat restricted.

3.3  |  High temperatures may constrain organisms' 
ability to tolerate thermal variability

Recently, Payne and Smith (2017) challenged the CVH to explain the 
narrower thermal (and thus elevational) ranges of tropical species. 
Following Angilletta et al. (2010), we refer to this alternative as the 
thermal constraint hypothesis (TCH). Thermodynamics results in 

most physiological rates (e.g., resting respiration) increasing expo-
nentially with increasing temperature up to some limit. Consequently, 
Payne and Smith (2017) argue that species occupying warmer envi-
ronments, such as the lowland tropics, will have narrower thermal 
tolerances because of the greater sensitivity of physiological rates at 
high temperatures. Thus, species living in warm environments may 
be physiologically incapable of tolerating both high temperatures 
and a wide thermal range due to their closer proximity to Topt and 
the descending part of the TPC (see also Dillon et al., 2010). In con-
trast, the biological rates of species occupying cooler environments 
are further from Topt meaning they are less sensitive to acute effects 
of increasing temperatures, resulting in a greater thermal tolerance 
range (Figure 1).

Debate over the validity of thermodynamic constraints versus 
adaptive evolution in thermal tolerance and acclimation ability, 
as proposed by the CVH, is part of a wider debate over the fac-
tors that shape responses to temperature (Angilletta et al., 2010; 
Bozinovic et al., 2020; Clarke, 2004; Clarke & Fraser, 2004; Gillooly 
et al., 2006; Havird et al., 2020; Seebacher et al., 2015). Unlike the 
CVH, the TCH assumes physiological rates and the shape of the 
TPC are largely fixed and not altered through acclimation (Havird 
et al., 2020; Seebacher et al., 2015) and/or adaptative evolution 
(Bennett et al., 2021; Gardiner et al., 2010; Nielsen et al., 1999). 
Some authors argue that adaptation and acclimation ability to dif-
ferent thermal regimes determine thermal sensitivity within limits 
(Clarke, 2004; Clarke & Fraser, 2004; Gilchrist, 1995; Seebacher 
et al., 2015), whereas others assume thermal sensitivity is con-
strained solely by universal thermodynamic laws (Dillon et al., 2010; 
Gillooly et al., 2006; Payne & Smith, 2017; see also Perez et al., 2016). 
Support for this latter view comes from some studies that find con-
sistent TPCs (e.g., Bronikowski et al., 2001; Tüzün & Stoks, 2018) 
or Tbr (Chen, 2015) among populations or species living in differ-
ent thermal environments. In contrast, there is ample evidence for 
differences in thermal tolerance or acclimation ability of popula-
tions or species across thermal regimes (e.g., Bennett et al., 2021; 
Ghalambor et al., 2006; Havird et al., 2020; Shah, Funk, et al., 2017; 
Shah et al., 2021; Sunday et al., 2011; Thomas et al., 2012). Such 
apparent contradictions may reflect the responses to temperature 
at different biological levels (e.g., biochemical, cellular, physiological, 
or whole organism responses; Bozinovic et al., 2020). Furthermore, 
the TPCs for different traits of organisms will be affected differ-
ently by evolutionary and acclimation history (Ørsted et al., 2022; 
Schulte, 2015; Sinclair et al., 2016), thereby contributing to this ap-
parent contradiction.

Regardless, the CVH and the TCH offer fundamentally differ-
ent views on what determines vulnerability to climate warming. 
Under the TCH, vulnerability increases simply as a function of en-
vironmental temperatures approaching Topt; thus, ectotherms in 
warmer environments are more vulnerable than those occupying 
colder environments. In contrast, if species have the capacity to 
evolve different Tbr or shapes of the TPC, then predictions about 
vulnerability cannot simply be made based on temperature. Instead, 
the CVH predicts vulnerability is a function of Tbr, such that even 

F I G U R E  3  Three generalised strategies to cope with annual 
temperature variability expressed as thermal performance curves 
(TPCs): (i) black line— eurytherm, (ii) blue line— stenotherm with 
seasonal escape, and (iii) grey lines— seasonal shift in TPC shown 
for winter (W), spring and autumn (S- A), and summer (S). Horizontal 
lines below the graph show the temperatures at which an organism 
is active under the three strategies, as well as the seasonal shift in 
TPC strategy for the different seasons.
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species occupying cold environments can be vulnerable to warming 
if they are adapted to a narrow range of temperatures, such as high- 
elevation tropical species (Shah, Gill, et al., 2017).

The TCH additionally suggests that increased mean temperature 
from climate change will decrease an organism's tolerance to annual 
thermal variability. Consequently, the TCH predicts that if climate 
change increases both mean temperature and annual thermal vari-
ability, organisms will be more thermally stressed than if only mean 
temperature were increased. By contrast, the CVH predicts that or-
ganisms' responses to changes in mean temperature and tempera-
ture variability are dependent on the temperature regimes where 
they evolved.

Payne and Smith (2017) couch their TCH in terms of annual scale 
variability; however, this hypothesis is arguably more applicable at 
shorter time scales, such as acute and diel change. Acute responses 
are considered to occur too fast for plastic responses like acclimation 
to occur (Cossins & Bowler, 1987; Sinclair et al., 2016), meaning ther-
mal tolerances from acute variability are likely to be relatively fixed. 
We propose that Payne and Smith's (2017) TCH, and its predictions 
of synergistic effects, will be most applicable at the acute scale and 
will reduce in importance as time scales increase. Whether this hy-
pothesis retains some importance at the annual scale is uncertain.

3.4  |  Disentangling the CVH and TCH

As the CVH and the TCH predict profoundly different consequences 
for climate change vulnerability, it is important to determine the con-
tributions each make to best describe the effects of annual scale 
thermal variability. Separating between these hypotheses is chal-
lenging; however, in principle, the relative importance of the CVH 
and TCH can be tested by measuring the Tbr (Figure 1) of organ-
isms from locations with contrasting mean temperature and annual 
temperature variability. The CVH predicts that Tbr of organisms will 
vary with annual temperature variation but not with mean tempera-
ture. In contrast, the TCH predicts that organisms' Tbr will change 
with mean temperature but not with annual temperature variation. 
Attempts to test these hypotheses to date have confounded an-
nual mean temperature and annual temperature variation, thereby 
precluding discrimination between the CVH and TCH (Payne & 
Smith, 2017). However, by studying thermal tolerance ranges along 
elevation gradients at different latitudes (Shah, Gill, et al., 2017), 
coastal versus continental sites, and/or in different hemispheres it 
is possible to contrast sites with similar mean annual temperatures 
that differ in annual variation. Consequently, it is possible to collect 
data that can determine if the CVH or the TCH better describes spe-
cies' thermal tolerances.

Various scenarios can complicate the testing of CVH and TCH. 
Behavioral thermoregulation will lead to organism body tempera-
tures not directly tracking the thermal environment (Domínguez- 
Guerrero et al., 2019; Muñoz & Bodensteiner, 2019; Muñoz 
et al., 2014). Snapshot measurements of Tbr would also be unable 
to capture an organisms' realized Tbr where they have adopted a 

seasonal shift strategy (Figure 3). Testing the CVH and TCH is, there-
fore, best achieved by studying organisms that do not have seasonal 
escape and have limited ability to thermoregulate behaviorally, such 
as small aquatic ectotherms that are active year- round and Tbr (and 
other metrics of thermal tolerance) are measured in multiple seasons.

4  |  EFFEC TS OF DIEL TEMPER ATURE 
VARIABILIT Y

Predictable changes in temperature also characterize the daily 
transition between day and night. Like the geographic variation in 
annual temperatures, the magnitude of diel variation also varies 
considerably (Geerts, 2003). High diel temperature variability (e.g., 
>20°C) is a feature of many ecosystems, including many temperate 
locations (Marshall & Sinclair, 2012). Diel temperature variability is 
especially pronounced in low- humidity environments (e.g., deserts) 
and locations remote from large water bodies (Geerts, 2003). In ex-
treme cases, temperature range can exceed 50°C within 24 h (e.g., 
https://www.nps.gov/glac/learn/ natur e/weath er.htm), and shallow 
aquatic habitats can exhibit larger diel shifts than their surrounding 
air temperature due to radiative warming of benthic sediments (e.g., 
Marchant et al., 2011; Podrabsky & Somero, 2004). While it is gen-
erally assumed that diel temperature cycling is less than the annual 
temperature variability, this is not universal (Wang & Dillon, 2014). 
For example, some tropical mountains can have nightly frosts and 
snowfalls, morning thaws and can reach midday “summer” tempera-
tures (Mani, 1968). Below, we discuss how diel thermal variability 
can influence ectotherm thermal physiology through (1) within 
generation plasticity, (2) changes in the TPC, (3) buffering of body 
temperatures against unfavorable temperatures, and (4) coping with 
consequences of stressful diel fluctuations. These aspects of ther-
mal physiology are likely the product of adaptive evolution to vari-
able diel thermal regimes, although less attention has been given to 
them in the context of climate change.

4.1  |  Within- generation plastic responses to diel 
variability

Unlike acute temperature changes (Cossins & Bowler, 1987; Sinclair 
et al., 2016), organisms may be able to adapt to diel thermal variabil-
ity using within- generation plastic responses, but not all, plastic re-
sponses are relevant for diel variability. Different plastic responses 
occur at different time scales. Many organisms can change ventila-
tion rates almost instantaneously (Schulte et al., 2011), so they can 
supply enough oxygen to meet metabolic demands at their new tem-
perature. Organisms can also differentially express genes regulating 
the production of heat shock proteins within minutes of exposure to 
stressful temperatures (Schulte et al., 2011). Cold or heat hardening, 
in response to near fatal temperature exposure, can occur within 
minutes to hours. However, acclimation of whole organisms takes 
much longer (Bowler, 2005; Teets & Denlinger, 2013). For example, 

https://www.nps.gov/glac/learn/nature/weather.htm
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acclimation of metabolic rates following temperature changes gen-
erally takes multiple days to months (Havird et al., 2020), and it is, 
thus, unlikely to be a useful response to diel variability. While it may 
be tempting to see such plastic changes to an organism's thermal bi-
ology as occurring along a continuum (i.e., ventilation rates to whole 
organism acclimation), different physiological mechanisms appear 
to be involved (Bowler, 2005; Teets & Denlinger, 2013). Moreover, 
cold/heat hardening requires temperatures approaching lethal lev-
els, whereas acclimation occurs at more moderate temperatures 
(Bowler, 2005), including those that permit growth and reproduc-
tion (Teets & Denlinger, 2013). Thus, some plastic responses (e.g., 
hardening and heat shock, Bowler, 2005) may be useful for organ-
isms to cope with diel variability approaching lethal limits (Moyen 
et al., 2020, 2022), whereas acclimation will generally not help or-
ganisms cope with diel variability.

Although not well studied, there is no evidence that exposure of 
individuals to increased diel variability evokes a plastic response that 
helps organisms tolerate a wider range of temperatures. While expo-
sure to increased diel temperature variability increased performance 
at higher temperatures in a terrestrial isopod, Porcellio laevis, perfor-
mance decreased at cool temperatures (Bozinovic et al., 2016). The 
eurythermal fish, Austrofundulus limnaeus, differently expressed var-
ious genes in individuals with long- term acclimation to constant or 
diel fluctuating temperature (Podrabsky & Somero, 2004), although 
whether these expressions improved whole organism traits (such as 
survival probability and fecundity) under fluctuating temperature 
is unknown. Thus, it is unlikely that most organisms will use accli-
mation as a strategy in response to the daily cycle of warming and 
cooling and they are more likely to respond through evolutionary 
changes in Tbr.

4.2  |  Adaptive evolution of organisms to diel 
temperature variability

If the magnitude of annual temperature variability is an evolution-
ary driver of Tbr (Janzen, 1967), then predictable differences in diel 
thermal variation (Wang & Dillon, 2014) should also act as a selec-
tion pressure. Yet, few studies have attempted to quantify how the 
thermal biology of species occupying habitats that predictably differ 
in seasonal and diel temperature variation responds (but see Chan 
et al., 2016; Gutiérrez- Pesquera et al., 2016; Shah, Gill, et al., 2017).

The predicted relationship between diel thermal variation and 
Tbr can result in different patterns. On the one hand, a simple ex-
pectation is that Tbr should evolve to match the range of diel vari-
ation (Shah, Gill, et al., 2017). However, evolutionary models of 
performance predict a strategy of conducting critical functions (e.g., 
feeding, reproduction, dispersal) over a narrow or wide range of tem-
peratures depending on whether temperature cycles are less than 
or greater than one generation (Gilchrist, 1995). Specifically, under 
conditions of high thermal variability within a generation, typical 
of diel variability, a specialized narrow thermal performance range 
is predicted to evolve (Gilchrist, 1995). Put simply, over multiple 

generations individuals cannot postpone critical functions to cope 
with persistent thermal change, but there can be selection to avoid 
unfavorable short- term temperatures and restrict vital functions to 
periods of favorable temperatures. We refer to this as the “diel nar-
rowing hypothesis” (DNH; Figure 4a), which is premised on organ-
isms confining critical functions to a narrower, favorable temperature 
range, provided that such favorable temperatures occur sufficiently 
frequently for an overall positive energy balance. So, a nocturnal (or 
diurnal) habit allows organisms to exploit favorable conditions and 
avoid conducting critical functions across the full diel thermal range. 
Consequently, the DNH predicts that organisms adapted to high 
diel thermal variability should have a narrow thermal performance 
range (Gilchrist, 1995). There is some evidence that organisms do 
adopt diel narrowing as predicted by the DNH. For example, Chan 
et al. (2016) invoked the DNH to explain the negative correlation be-
tween elevational range size of species and diel temperature varia-
tion. They argue that, with increasing diel variation, species become 
increasingly physiologically specialized to a narrower elevational 
range rather than evolving to be generalists with a broader eleva-
tional range (but see a critique by Qian et al., 2017). As a specific 
example, the tree, Eucalyptus parramattensis, reduced photosynthe-
sis by 95% during the hottest part of the day during an experimental 
heatwave, despite the high- temperature tolerances of their leaves 
(photosystem II integrity) not being exceeded (Drake et al., 2018). 
This tree appears to be confining a critical function, photosynthesis, 
to a narrow range of temperatures while its body temperature varied 

F I G U R E  4  Some mechanisms for how diel thermal variability 
affects organisms. (a) The diel narrowing hypothesis based 
on Gilchrist (1995). (b) Repeated diel cycles into stressful 
temperatures, conceptually showing the accumulation of 
physiological damage when temperature is beyond Tthreshold 
and recovery from this physiological damage when below this 
threshold.

(a)

(b)
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more widely (Gilchrist, 1995). Organisms adopting diel narrowing 
need to either have a sufficiently wide Tbr to survive the periods 
of inactivity or use buffering (e.g., behavioral thermoregulation) to 
keep within critical limits (Stillman, 2003).

4.3  |  Buffering of diel temperature variability

Many organisms use a range of strategies to buffer against unfa-
vorable meteorological diel temperature variation. These include 
the use of thermal microhabitats, for example, under vegetation, soil 
(Klinges & Scheffers, 2021; Woods et al., 2015) or snow (Marshall 
& Sinclair, 2012) and building burrows, nests, galls, etc. (Woods 
et al., 2021) to avoid the full range of diel temperature variability. 
Many mobile ectothermic animals move between thermal micro- 
habitats to behaviorally thermoregulate and reduce their experi-
enced diel temperature variability (Huey et al., 2012). The degree to 
which this is possible depends on the availability of thermal refugia 
and the thermoregulatory benefits relative to the costs (e.g., reduced 
foraging opportunities and predation risk, Besson & Cree, 2010; 
Muñoz & Bodensteiner, 2019). In aquatic habitats, particularly those 
with well- mixed waters, there is typically less spatial thermal heter-
ogeneity compared with terrestrial environments, and this reduces 
the opportunity for behavioral thermoregulation. Nevertheless, 
some freshwater fish use cool groundwater seeps as thermal refugia 
(Boulton & Hancock, 2006; Sauter et al., 2001) and mobile intertidal 
animals hide under rocks during low tide (Stillman, 2003). In the ab-
sence of buffering, ectotherms must cope with diel fluctuations in 
body temperature.

4.4  |  Coping with diel variability in body 
temperature

Despite experiencing variation in acute temperatures (see Section 2 
above), most ectotherms experience body temperatures that vary 
around Topt (Dowd et al., 2015). As with acute temperature changes, 
non- linear TPCs and Jensen's inequality cause increased diel thermal 
variability below Topt to be either negative or beneficial, but above Topt 
diel thermal variability will always be negative (Vasseur et al., 2014). 
Lowland tropical species typically experience temperatures close to 
or above their Topt (Dillon et al., 2010; Dowd et al., 2015; Payne & 
Smith, 2017) meaning that increased diel variability will always have 
some negative cost by exceeding Topt and increasing vulnerability 
(Estay et al., 2014; Martin & Huey, 2008; Vasseur et al., 2014). In 
contrast, species occupying environments cooler than Topt are likely 
to benefit from thermal variability and be less vulnerable to warming 
that does not exceed Topt (Deutsch et al., 2008).

In addition to the implications of Jensen's inequality for diel tem-
perature variability, an organism's body temperatures may have re-
peated incursions into stressful temperature ranges over successive 
diel cycles (Figure 4b). For example, a fish in a well- mixed stream 
might experience 6 h at stressfully hot temperatures during one 

especially hot day, then only 30 min on the next day and then 2 h the 
following day, with physiological damage accumulating over succes-
sive incursions into stressful temperatures (Jørgensen et al., 2019, 
2021; Ørsted et al., 2022; Pörtner, 2010; Rezende et al., 2014, 
2020). The effect of such repeated incursions should be dependent 
on many attributes of repeated diel temperature variation, including 
the frequency, magnitude, and duration of thermally stressful condi-
tions, intervals between stressful temperature exposures (Marshall 
& Sinclair, 2015), and capacity for recovery between incursions 
(Figure 4b). With many attributes being involved, it is a challenge 
to understand how climate change altered patterns in repeated diel 
cycles will affect organisms' vulnerability. Nevertheless, we will next 
consider a hypothesis of how individual organisms might plausibly 
respond to conditions where they dip in and out of stressful tem-
peratures on a diel basis. This hypothesis could be expanded to con-
sider survival probability functions (Jørgensen et al., 2019, 2021).

Prolonged exposure to sub- lethal temperatures results in a reduc-
tion in the lethal temperature for an organism (Santos et al., 2011). 
Pörtner (2010) proposed that organisms have thresholds for both 
cold and warm temperature exposure. He suggests that if their body 
temperature is above the warm temperature threshold or below the 
cold- temperature threshold, they begin to accumulate physiological 
damage. The absolute difference between the relevant threshold 
temperature and the exposure temperature (°C) multiplied by the 
exposure period (e.g., minutes or hours) determines the amount of 
physiological damage incurred. Damage continues to accumulate, 
until death occurs. For example, if an organism starts to accumu-
late damage at 35°C, and it can survive for 10 h at 37°C (i.e., at 2°C 
above this threshold), it would be able to survive 5 h at 39°C (i.e., 4°C 
above the threshold). These threshold temperatures are not neces-
sarily fixed and may vary due to acclimation, life stage and other 
factors (Pörtner, 2010). Cold temperature stress is generally less well 
understood than heat stress and ectotherms potentially have multi-
ple values for their cold tolerance depending on the physiological 
state (e.g., active vs. diapause; Rezende et al., 2014). Crossing freeze 
threshold temperatures can also change the temperatures at which 
organisms freeze (Marshall & Sinclair, 2015).

Rezende et al. (2014) suggest that the temperature– time rela-
tionship should place time on a log10 scale via the following relation-
ships for stressfully warm and cold temperatures, respectively:

where Tko is the temperature (°C), which results in death or knockdown, 
CTmax and CTmin are the 1 min exposure critical maximum and minimum 
temperatures (°C, Figure 1), respectively (Santos et al., 2011), and z and 
z′are constants of thermal sensitivity to exposure period (Rezende 
et al., 2014, 2020). Values of z and z’ can be obtained by measuring 
CTmax and CTmin, respectively, and Tkn following exposure to thermally 
stressful temperatures for multiple periods (Jørgensen et al., 2019, 
2021). High values of z and z′ imply that there are large differences in 

(1)Tko = CTmax−z log10 × Time,

(2)Tko = CTmin + z
� log10 × Time,
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the Tko with brief exposures compared with lengthy exposures, while 
for low values of z and z′ the effect of exposure period on Tko is rela-
tively smaller. Rezende et al. (2014) suggests that z is positively cor-
related with CTmax across species comparisons and influenced by body 
size (Peralta- Maraver & Rezende, 2021), but Jørgensen et al. (2019) 
suggest that this may be an analytical artifact.

When organisms are exposed to successive cycles of diel vari-
ability, which dip into and out of thermally stressful conditions, the 
simplest model would be to assume that accumulated physiological 
damage (Biederman et al., 2019; Chou et al., 2017; Kim et al., 2017; 
Pörtner, 2002, 2010; Pörtner & Farrell, 2008; Pörtner et al., 2007) 
is irreversible, such that mortality ensues when sufficient damage 
accumulates. For example, using Pörtner's (2010) model, if an organ-
ism perishes after 20 h at 2°C past the threshold, and it experiences 
2 h at this temperature each day, it will perish after 10 diel cycles. 
However, there is evidence that insects have greater survival rates 
during stressful cold periods if they experience regular “breaks” from 
damaging temperatures (Colinet et al., 2006; Lalouette et al., 2011; 
Leopold et al., 1998; Marshall & Sinclair, 2010, 2012; Nedvéd 
et al., 1998; Renault et al., 2004; Tollarová- Borovanská et al., 2009). 
During these intervals, the antioxidant system (Lalouette et al., 2011), 
ion homeostasis (Koštál et al., 2007), and potentially other mecha-
nisms (Tollarová- Borovanská et al., 2009) are activated to allow for 
tissue repair and enzymatic recovery. Marshall and Sinclair (2010) 
found that Drosophila melanogaster had greater survival when ex-
posed repeatedly to a stressfully cold diel temperature (−0.5°C) 
compared with a single exposure to this temperature for the same 
total period. However, the D. melanogaster individuals experiencing 
these repeated exposures had reduced fecundity, energy reserves, 
and their intrinsic rate of population increased, relative to those ex-
posed to a single period of the same total length. Suggesting that, 
although D. melanogaster was able to repair physiological damage 
during periods of non- stressful temperature, this repair resulted in a 
fitness cost (Marshall & Sinclair, 2010). Consequently, consideration 
of the build- up of cold damage, recovery from this damage, and the 
costs of this recovery is needed to understand how organisms might 
respond to shifting levels of successive cycles of diel thermal vari-
ability under climate change.

It is not known whether a parallel mechanism exists whereby 
cool “breaks” extend tolerance to stressful high temperatures. This 
is feasible, as enzymes exposed to heating initially undergo revers-
ible inactivation, before experiencing denaturation (Schulte, 2015). 
Organisms are also capable of synthesising new enzymes when heat 
stress is removed. Consequently, we suggest that organisms will 
generally have mechanisms to repair physiological damage caused 
by cold or heat stress (see also Ørsted et al., 2022).

We recognise that organisms accumulate physiological damage, 
either as described by Pörtner's (2010) or Rezende et al.'s (2014; 
Equations 1 or 2) models (purple line, when rising, in Figure 4b). 
However, we hypothesize that as they “dip” out of stressful body tem-
peratures they have some ability to recover from physiological stress 
(purple line, when falling, in Figure 4b). During successive diel cy-
cles when organisms are dipping in and out of physiological stressful 

temperatures, their accumulating damage is described by the sum 
of the damage received during each dial cycle minus the sum of re-
covery achieved during each diel cycle. Following Pörtner's (2010) 
model, the damage will be the integral of the temperature function 
above the warm temperature threshold during the ith cycle for 
stressful hot temperatures (Figure 4b), or below the cold threshold 
for stressful non- freezing cold temperatures. Alternatively, when 
following the Rezende et al. (2020) model (Equations 1 and 2), dam-
age needs exposure time on a log10 scale. Cumulative damage can 
continue to increase over repeated cycles up to the point that it ex-
ceeds some limit after which mortality occurs. However, there may 
be sub- lethal consequences of physiological recovery from repeated 
temperature extremes (Marshall & Sinclair, 2010).

Little is known about the rate at which recovery might occur 
(Ørsted et al., 2022). For cold injuries, 2 h per day at warm tempera-
tures (19– 25°C) were sufficient to reduce the effects of stressful 
cold temperatures in various insects (Colinet et al., 2006; Leopold 
et al., 1998; Nedvéd et al., 1998; Renault et al., 2004; Tollarová- 
Borovanská et al., 2009), with greater benefit from more fre-
quent (Colinet et al., 2006) or longer (Bale et al., 2001; Lalouette 
et al., 2011) intervals. A complicating factor is that recovery rate it-
self could be temperature dependent (Ørsted et al., 2022), presum-
ably being greatest at or near Topt (Figure 1).

The importance of such hypothesised models is that they demon-
strate multiple mechanisms (i.e., damage, recovery, and sub- lethal 
costs of recovery, Marshall & Sinclair, 2010) that are dependent 
on the frequency, magnitude, and duration of temperatures that 
exceed critical thresholds. Although such models have limitations 
(Box, 1979), they highlight that the capacity for damage and sub-
sequent recovery may be important traits related to vulnerability, 
yet these traits are poorly quantified (Ørsted et al., 2022; Peralta- 
Maraver & Rezende, 2021; Rezende et al., 2014).

5  |  IMPLIC ATIONS FOR CLIMATE 
CHANGE OF CONSIDERING TEMPER ATURE 
VARIATION AND ORGANISMAL RESPONSES 
AT MULTIPLE TEMPOR AL SC ALES

5.1  |  Organisms' responses to thermal variability is 
time scale dependent

We have reviewed how ectotherms respond to temporal variability 
in temperature on different times scales via a range of mechanisms 
(Figure 5). Reduced performance from not being at Topt, the nonlin-
ear effects of TPCs from Jensen's inequality (Colinet et al., 2015; 
Dowd et al., 2015; Vasseur et al., 2014), and the consequences of ex-
ponentially increasing biological rates up to Topt (Dillon et al., 2010; 
Gillooly et al., 2006) are most relevant at the acute scale and become 
progressively less important as the scale of thermal variability in-
creases because of a range of other strategies, such as acclimation, 
and adaptative evolution in thermal tolerance in response to pre-
dictable thermal variability. Such responses may nevertheless still 
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have some, admittedly reduced, importance at longer time scales 
(Payne & Smith, 2017). In contrast, we suggest that adaptive evolu-
tion of thermal tolerance is generally most important with thermal 
variability at longer time scales (e.g., annual) and becomes progres-
sively less important at shorter time scales of thermal variability, 
although likely playing some role in environments with predicable 
patterns in diel variability (Gilchrist, 1995). All traits, including the 
ability to seasonally escape, plastically change thermal tolerance, 
adopt diel narrowing, buffer organisms body temperature against 
larger environmental thermal change and accumulate and recover 
from physiological damage, have the potential to evolve in response 
to natural selection if there is sufficient genetic variation. Adaptive 
evolution of thermal tolerance may even have some importance for 
acute thermal changes if environments have had long- term and pre-
dictable history of acute thermal changes (Gilchrist & Huey, 1999; 
Hoffmann et al., 1997; McColl et al., 1996). Various other responses 
are most important at intermediate time scales of temporal variabil-
ity (Figure 5).

While these different degrees of temporal variation and organ-
ismal responses are known to thermal physiologists, the relative 
importance of acute versus acclimated versus evolved responses 
in the face of increasing mean and changing variability in envi-
ronmental temperatures remains a major unresolved problem 
for global change biologists. Consequently, we argue that more 
attention must be given to both the temporal scale of tempera-
ture variability and the organismal responses, if we seek to accu-
rately determine species vulnerability. For example, in response 

to increased diel temperature variability (Wang & Dillon, 2014), 
whole organism acclimation is unlikely to be important, as accli-
mation takes too long (Havas & Adovokaat, 1995), while buffer-
ing, such as behavioral thermoregulation, is more likely to be an 
important response (Figure 5). Thus, quantifying variation among 
species in the opportunity or capacity for behavioral thermoreg-
ulation is likely to be far more informative for predicting vulner-
ability to increased diel temperature variability than measuring 
acclimation.

Organisms' responses to changes in diel and annual scale under 
climate change may be fundamentally different. Chan et al. (2016) 
proposed that high annual thermal variability would increase or-
ganisms Tbr based on the CVH (Janzen, 1967), while high diel vari-
ability would decrease organisms' thermal performance ranges 
(Figure 1) based on the DNH (Gilchrist, 1995). With somewhat dif-
ferent responses from organisms to thermal variability at different 
time scales (Figure 5), there is the potential for interactive effects 
(Duncan & Kefford, 2021) between variation at different scales. The 
cumulative effect of both hardening and acclimation on organisms' 
thermal tolerances appears to be additive (Bowler, 2005; Teets & 
Denlinger, 2013), but synergistic or antagonistic effects are also 
possible. Indeed, Payne and Smith's (2017) TCH implies a synergistic 
effect for the cumulative effect of both increasing mean tempera-
tures and increasing temperature variability. If this synergistic effect 
exists, then increases in temperature variability from climate change 
will have greater effects in warm than cooler environments. Also, cli-
mate change will have much greater effects where it increases both 

F I G U R E  5  Hypothesised importance of responses to thermal variability along a continuous time scale from acute (near instantaneous) 
to annual (1 year). Vertical width of blue triangles or bars indicate indicates the approximate relative general importance of the indicated 
response across the time scale. We acknowledge that there will be some differences among taxa (Shah et al., 2021), evolutionary history 
(Bennett et al., 2021), habitats, etc. In some habitats, for example, well mixed shallow aquatic systems, there will be little capacity for 
buffering. Long- term and predictable temperature change at any time scale that is an agent of selection will result in adaptive evolution; 
however, there is more evidence that adaptive evolution is more relevant as a result of annual scale variability.



    |  6883KEFFORD et al.

mean and temperature variability than where it only affects one of 
these metrics.

5.2  |  Accumulating and recovering from damage of 
successive diel cycles

The extent of diel variability may be critical for determining organ-
isms' responses to increased maximum temperatures under climate 
change. In climates with high diel variability, for example, inland loca-
tions with low humidity (Geerts, 2003), organisms may have (some) 
ability for recovery from high temperature induced physiological 
damage during the hottest part of the day during relatively cooler 
parts of the diel cycle. In contrast, in environments with low diel 
temperature variability, there may be relatively less respite where 
physiological repairs can take place. While in environments with no 
diel variability, for example, many deep aquatic systems, organisms 
would continue to accumulate physiological damage from climate 
change induced high temperature throughout the diel cycle. Models 
of future climate warming that incorporate diel variability and the 
potential for recovering from temperature induced physiological 
damage will need to be developed to further explore these ideas.

The hypothesis we suggest for organisms accumulating and re-
covering physiological damage over successive diel cycles is also 
likely useful for considering the effects of extreme thermal events. 
In many extreme thermal events in terrestrial and shallow aquatic 
systems, temperatures will not exceed thermal thresholds for phys-
iological damage over the entire event. Rather, temperature will dip 
in and out of physiological damaging levels over successive diel cy-
cles with damage accumulating over repeated incursions into stress-
ful temperatures and the potential for some recovery during periods 
when temperature is not physiologically stressful.

5.3  |  Extreme thermal events

The relative extent of diel and annual variability differs rather pre-
dictably globally with latitude and elevation (Geerts, 2002, 2003; 
Wang & Dillon, 2014), as well as between aquatic and terres-
trial habitats, between microhabitats (Klinges & Scheffers, 2021; 
Sheldon et al., 2018) and depth below ground (Spötl et al., 2005). 
We would expect in such circumstances that organisms would be 
generally adapted to the acute, diel, and annual variability they have 
experienced over evolutionary time. How organisms might differen-
tially respond to changes in thermal variability at these locations and 
habitats is not clear and deserves research. We suggest how previ-
ous exposure to thermal temporal variability influences organisms' 
responses to extreme events will be highly dependent on matching 
the temporal scale(s) of this variability with the scale of the extreme 
events.

Evolution of organisms to live in environments with large sea-
sonal variation in temperature (Janzen, 1967) is unlikely to equip 
them well to cope with heatwaves or cold snaps over days to weeks 

if they occur during the hottest/coldest period of the year. Where 
temperatures do not exceed acute tolerances, organisms adapted to 
deal with high levels of diel thermal variability are more likely to have 
an evolutionary advantage in dealing with extreme thermal events 
than are organisms that have evolved in environments with limited 
diel thermal variability. Therefore, we would expect organisms living 
in tropical (nonseasonal) locales with high diel variation will gener-
ally fare better during extreme thermal events lasting days to weeks 
than those organisms in low diel variation sites, as the former organ-
isms are more likely to have evolved strategies to deal with a wider 
range of temperatures across succussive days.

6  |  CONCLUDING REMARKS AND FUTURE 
DIREC TIONS

We have highlighted that different thermodynamic and biological 
processes are important for organisms to deal with thermal varia-
tion occurring at different temporal scales, and we have examined 
a range of different responses associated with thermal variation at 
these various temporal scales. Future progress will depend on our 
ability to develop robust predictive models that explicitly incorpo-
rate the temporal scales at which temperature and organismal re-
sponses vary.

Although numerous challenges remain in predicting the outcomes 
of various changes in thermal variability (e.g., acute, diel, and annual 
scales), there are some general lessons that emerge. The first is that 
there are substantial geographic differences in the temporal scale at 
which organisms are experiencing thermal variation. This variation 
occurs across well- known gradients of latitude and elevation, but 
also less appreciated gradients such as, in terrestrial environments, 
distance to major water bodies, and trends in humidity that alter diel 
temperature variation. In aquatic environments, there are also varia-
tions across depth, size of the aquatic environment, and distance to 
large terrestrial environments. Thus, no single time scale or biological 
response can be expected to apply universally. The second lesson is 
that depending on the time scale of thermal variation, there is a need 
to look beyond Tbr as a singular metric of vulnerability and incorporate 
the diversity of responses that organisms use. For example, the use of 
behavioral thermoregulation, the potential for recovery following ex-
posure to thermal stress, and the ability to restrict activity to favorable 
times of the diel cycle. Many of these responses are (somewhat) rele-
vant across several time scales (Figure 5) and will likely vary between 
taxa (Shah et al., 2021), evolutionary history (Bennett et al., 2021), 
habitat spatial temperature variability, and other factors.

We suggest three broad areas that future research that should 
advance our understanding of how organisms will respond to chang-
ing thermal variability at multiple temporal scales. First compara-
tive studies from locations with contrasting mean temperature and 
acute, diel, and annual variability can aid in understanding organ-
isms' responses to temperature regimes. Such studies can take ad-
vantage of thermal variability with latitude and elevation but need to 
be carefully designed to avoid confounding effects of annual mean 
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temperatures and annual variability (Payne & Smith, 2017). This can 
be achieved by comparing coastal versus continental terrestrial sites, 
coastal versus open- ocean marine habitats, small versus large lakes 
and center versus fringe habitats. In both terrestrial and aquatic en-
vironments, having sites in both hemispheres will also be helpful. 
Information from such comparative studies will indicate organism 
responses to temperature variability at different temporal scales 
and how climate change induced changes in temperature variability 
might affect organism vulnerability.

Second, studies should incorporate measurements of micro-
climatic conditions to understand the role of refugia and thermal 
heterogeneity in promoting persistence (Klinges & Scheffers, 2021; 
Woods et al., 2015, 2021). Organisms in relatively spatially homo-
geneous thermal environments may respond to temporal tempera-
ture regimes differently from those in high spatially heterogeneous 
thermal environments where there may be greater opportunity for 
behavioral regulation and diel narrowing. Comparative studies of 
behavioral thermoregulation and acclimation for species sharing a 
similar macroclimate, but different microclimate refugia could be 
informative in determining how organisms from different habitats 
will respond to changing thermal variability at different time scales. 
Finally, the capacity to accumulate physiological damage during pe-
riods of stressful temperature (Pörtner, 2010; Rezende et al., 2014, 
2020) and then recover during periods of less stressful tempera-
ture (Marshall & Sinclair, 2015) are two potentially critical traits for 
predicting vulnerability to successive diel cycles of temperature 
variation and extreme thermal events and measurements of these 
traits are urgently needed to understand organisms' vulnerability to 
changing patterns in diel variability and extreme thermal events.
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