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Abstract
1. Ectotherms given time to acclimate to warmer environments, habitats or ex-

perimental treatments tend to tolerate higher maximum temperatures, but only 
slightly higher. This means warmer acclimated organisms live closer to their 
physiological temperature limits (their ‘critical temperatures’). The reason for this 
modest—and often highly variable—plasticity of heat limits is debated but raises 
concerns for resilience to future climate warming.

2. Experiments have shown heat tolerance is dependent not just on the magnitude 
of thermal stress but also on time via exposure duration. This implicates rate pro-
cesses in the regulation of heat limits, yet few studies have explored this possibil-
ity. Invoking biological rates (such as metabolic rate) to explain the plasticity of 
critical temperatures is complicated by the need to account for temperature, time 
and the nonlinear dependence of rates on temperature.

3. We developed a new approach to explore whether incorporating estimated meta-
bolic rate and its thermal scaling could explain the apparently modest and highly 
variable capacities of ectotherms to adjust their heat limits. To do this, we re- 
evaluate a large thermal tolerance dataset for diverse ectothermic animals heated 
from different acclimation temperatures up to their critical temperature. By inte-
grating temperature, time and the exponential relationship between temperature 
and metabolic rate, we compute a cumulative ‘metabolic currency’ that ectotherms 
expend (or accumulate) before reaching their heat limits. We then explore how this 
quantity varies for ectotherms acclimated to different temperatures.

4. Our ‘metabolic rescaling’ has a dramatic impact on explaining variation in heat 
limits, revealing that heating tolerance is effectively fixed within a species such 
that heat limits from any acclimation temperature can be predicted with remark-
able accuracy by measuring heat limits at any other acclimation temperature. 
Heating rate also has a strong, consistent, influence.

5. Evidently, warmer- acclimated organisms only marginally elevate their critical tem-
peratures because they have a fixed amount of energy to spend during heating, 
and they spend it at a faster rate in warmer temperatures. This provides a very 
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1  |  INTRODUC TION

The thermal tolerance limits of organisms are of increasing focus for 
understanding how rising temperatures and extreme heat events shape 
ecology and evolution (Sinclair et al., 2016) and for predicting organis-
mal and community resilience to climate warming (Morley et al., 2019). 
Recent comparative analyses indicate that ectotherms have some capac-
ity to increase their upper thermal tolerance limits through short- term 
acclimation or adaptation, but that heat limits increase only marginally 
when an organism is acclimated to a higher temperature (acclima-
tion response ratios tend to be <<1.0; Gunderson & Stillman, 2015; 
Pottier et al., 2022) or adapted to a warmer climate (Araujo et al., 2013; 
Gunderson & Stillman, 2015; Sunday et al., 2011). Phylogeny, experi-
mental protocols and factors such as body size and ontogeny seem to ex-
plain some variation in thermal tolerance limits (Pottier et al., 2022; Rohr 
et al., 2018), but there remains considerable unexplained variation in 
the maximum temperature that an organism can tolerate (Gunderson & 
Stillman, 2015; Molina et al., 2024; Pottier et al., 2022; Rohr et al., 2018; 
Ruthsatz et al., 2024). The modest plasticity in heat limits, and uncer-
tainty on why they vary between species and contexts, raises concerns 
about the ability of ectotherms to physiologically mediate the impact of 
future climate warming (Gunderson et al., 2017; Hoffmann et al., 2013), 
and of our ability to predict their resilience.

Experiments with ectotherms held under static temperature regimes 
have shown a strong dependency of time (e.g. exposure duration) on 
thermal tolerance; organisms held at higher temperatures tend to with-
stand the heat for shorter durations and in a way that can be quantified 
by exponential models if sufficient measurements are taken at various 
temperatures (i.e. thermal death time curves; Jørgensen et al., 2019; 
Rezende et al., 2014). Such models can produce accurate predictions 
of thermal tolerance under different conditions (Jørgensen et al., 2019, 
2021; Rezende et al., 2020) and clearly show that time is an important 
factor for helping explain some variation in heat limits beyond that ex-
plained solely by temperature per se (Einum & Burton, 2023; Gunderson 
& Stillman, 2015; Pottier et al., 2022; Rohr et al., 2018). Nevertheless, 
thermal death time curves sometimes require making a large number of 
measurements of how temperature influences failure rates for a partic-
ular species, which means the approach can be experimentally onerous 
and difficult to generalise. In addition, the factors or mechanisms giving 
rise to the exponential influence of temperature on tolerance duration 
are unknown, although the time dependency implies biological rates 
must somehow be involved.

Biological rates tend to increase exponentially following a consis-
tent Arrhenius form ~e−0.6/kT, where k is Boltzmann's constant and T is 

temperature (Brown et al., 2004). The ubiquity of this pattern across 
biology has given rise to the Metabolic Theory of Ecology, whereby the 
repeatable scaling of metabolic rate with temperature can be used as a 
helpful proxy of temperature scaling in many other biological or ecologi-
cal rates (Dell et al., 2011). While the proximate mechanisms underlying 
failure of organism function at high temperature are debated, we might 
expect that heat failure rates scale in a similar fashion with temperature 
as does metabolic rate (and so many other biological processes; Dell 
et al., 2011). If they do, then rescaling thermal tolerances in line with 
metabolic rate could (a) explain a large amount of variation in heat lim-
its of ectotherms, and (b) present a useful predictive model of thermal 
tolerance that requires very little a priori parametrisation. To test this 
hypothesis, we analysed a large dataset of ectothermic animals (316 
species from 7 Phyla; Chordata, Arthropoda, Mollusca, Platyhelminthes, 
Echinodermata, Brachiopoda and Cnidaria) heated from different start-
ing temperatures up to the temperature coinciding with physiological 
collapse. Using an integration approach following Arrhenius scaling of 
metabolic rate with temperature, we computed the equivalent met-
abolic currency that would be accumulated (such as heat damage) or 
expended (such as energy or substrate stores) during the heating event 
until collapse; we call this the ‘rescaled heating tolerance’ (it is concep-
tualised graphically in Figure 1). Our general prediction is that the quan-
tity of this currency will be the same for a species whether heated from 
a low temperature or a high temperature up to its tolerance limit. We 
find remarkable accordance with our hypothesis, with data suggesting 
rescaled heating tolerance is effectively a fixed property of a species. 
Because of this consistency, heat limits under different thermal regimes 
can be predicted with surprising accuracy and precision by just mea-
suring thermal tolerance from one starting temperature and adopting 
our rescaling approach. The findings build on recent studies showing 
cumulative impacts of thermal stress (Cook et al., 2024; Rezende & 
Carter, 2024), and represent a different perspective on the nature of 
heat limits, and provide a new empirical tool for predicting how heat 
limits will vary under different thermal regimes.

2  |  MATERIAL S AND METHODS

2.1  |  Heating tolerance and heating duration

A common experimental procedure for determining ectotherm 
temperature limits is to heat an organism from a starting tempera-
ture (we call this the acclimation temperature, Ta in Celsius, given 
our underlying dataset, noting that some studies denote starting 

different perspective to leading explanations that organismal heat limits are con-
strained by hard physiological boundaries and instead encourages unification of 
thermal tolerance and metabolic scaling theory.

K E Y W O R D S
acclimation, heat tolerance, physiology, scaling, thermal limits, warming temperatures
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    |  3PAYNE et al.

temperatures differently to those of acclimation) up to the tempera-
ture coinciding with physiological collapse; the critical temperature 
Tc in Celsius (sometimes called the ‘upper thermal tolerance limit’). 
Under such experimental procedures, we define the temperature 
range spanning a heating event as the heating tolerance, H (units 
of°C; Figure 1),

Because such a heating event involves an increase in time as well as 
temperature, we can also denote an elapsed duration of the heating 
event that corresponds to the heating tolerance (Figure 1).

where Δt represents the duration of the heating event that starts at 
the commencement of the temperature increase (ta; e.g. at 0 min) and 
ends at the time onset of physiological collapse that signals the end 
of the ramping assay at Tc (tc). Thus, these times correspond to a tem-
perature in degrees Celsius (i.e. ta at acclimation temperature and tc at 
upper thermal tolerance).

To test our hypothesis, we reanalysed a published dataset of heat-
ing tolerances where each ectotherm species was heated from two 
different starting temperatures (Ta) up to the respective Tc, having 
first been given hours to weeks to acclimate to those Ta (see Morley 
et al., 2018, 2019 for details). The two different acclimation tem-
peratures per species were on average ~10°C apart (Supplementary 
Material). Plotting the raw data shows that an increase in Ta—both 
between and within species—tends to lead to an increase in Tc, but of 
a smaller magnitude than the increase in Ta (Figure 2). Since we used 
already published data, our study did not require ethical approval for 
the use of animals in research.

2.2  |  Estimating total energy turnover during a 
heating event

During a heating event from Ta to Tc (from time ta to time tc), we 
would expect the rate of biological processes (such as metabolic 
rate) to increase with temperature according to

where T is in Kelvin, β = 0.66/kTK is a dimensionless constant 
constructed from the organism- level activation energy that de-
scribes the temperature dependence of most biological rates 
(Dell et al., 2011), Boltzmann's constant k and the normalisation 
constant TK (=273.15) is a reference temperature (equivalent to 
approximately 0°C) that simplifies comparisons across species 
and minimises the influence of extreme observations in the wide 
range of acclimation temperatures, heating rates and thermal tol-
erances reported in our dataset (Figure 2). The normalisation step 
converts the Arrhenius form (left side) of Equation 3 into a stan-
dard exponential function (right side) which is analytically integra-
ble unlike inverse temperature. We used normalised temperature 
scales (τ = T°/TK = normalised temperature and has no units, with 
T° in Celsius) for our subsequent comparisons, noting that nor-
malised temperatures can be rescaled back into degrees Celsius by 
T° = τ × TK. A full explanation of our derivation of the exponential 
approximation of the Arrhenius form (i.e. Equation 3) can be found 
in Supplementary File S2.

We selected the value of activation energy a priori to define β, 
and changing this value (E = 0.66 eV) within realistic bounds does not 
meaningfully change our subsequent results (Figure S1).

Because biological rates proceed faster at higher temperatures 
(Equation 3), we can rescale the time elapsed between the start of 
the ramping assay (ta) and the end of the ramping assay (tc) as an inte-
gral of the (dimensionless) biological rate–temperature relationship 
e��(t) over time:

This metric is the biological rate- corrected elapsed duration of 
the ramping assay (we call this ‘rescaled heating tolerance’); it 

(1)H = Tc − Ta

(2)�t = tc − ta

(3)e−0.66∕kT ≈ e��

(4)Δtr =

tc

∫
ta

e��(t)dt

F I G U R E  1  When an organism is heated, the temperature 
difference between the starting temperature Ta (at the time the 
heating experiment commences, ta) and temperature at the onset of 
collapse (Tc, occurring at time tc) is denoted as the heating tolerance 
H. H is usually smaller for animals heated from a warmer starting 
temperate Ta, so the time duration of heating tolerated also tends 
to be shorter than for cooler Ta. Since most biological rates (such as 
metabolic rate) generally increase exponentially with temperature, 
we might expect the smaller H of warmer starting temperatures 
to arise because the total cumulative energy turnover (or damage 
accrued as a result; red shaded areas) is similar for an organism 
heated from cooler or warmer starting temperatures (i.e. in this 
figure, the red shaded polygons have the same area). Accordingly, 
we propose that rescaling to account for both the duration of 
heating (time) and the nonlinear influence of temperature on 
biological rates (e.g. thermodynamics) may be necessary to 
understand how H and Tc vary within and across organisms.
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4  |    PAYNE et al.

could reasonably be considered the effective duration of a heating 
event experienced by an organism, given that an organism's pro-
cesses proceed faster at higher temperatures. We introduce sub-
script r at this point to denote variables that have been corrected 
for the exponential increase in biological rates with temperature 
(Table 1).

Since heating experiments heat organisms at a variety of rates, 
we can also incorporate heating rate to estimate the total cumula-
tive quantity of a biological rate (e.g. total metabolism) transformed 
during heating. If heating rate (expressed on the normalised tem-
perature scale; λ = heating rate (°C time−1)/TK; units: time−1) is con-
stant during the heating experiment, time and temperature become 
equivalent variables (since dτ = λdt) and the integral in Equation 4 can 

be simplified, with τ(t) becoming a constant τ in the exponent, and 
1/λ moving outside the integral as a factor:

Equation 5 rescales temperatures, times and heating rates to es-
timate the total quantity of metabolism (or other biological rates 
that scale with temperature ~ e−0.66∕kT) expended during a heating 
event from the starting temperature to the point of physiological 
collapse.

Our paired experimental data (a low and high Ta and Tc for each spe-
cies) were heated at constant rates within species, so we rescaled our 

(5)Δtr =
1

�

�c

∫
�a

e��d�

F I G U R E  2  Thermal tolerance data used in this study. Panel (a) shows critical temperatures (Tc) for ectotherms heated from two different 
acclimation temperatures (Ta), with grey lines delineating the increase in Ta and Tc for a particular species. Panel (b) shows that an increase in 
Ta generally leads to a much smaller increase in corresponding Tc (most data fall well below the 1:1 unity line, which is dashed in both panels).
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    |  5PAYNE et al.

heating tolerance data (i.e. the Δtr metric) using Equation 4. We then 
compared rescaled heating tolerances for a species at its low Ta to its 
rescaled heating tolerance at its high Ta. Our prediction is that unscaled 
heating tolerances will be poorly correlated between low and high Ta 
treatments (as they seem to be; Figure 2a), but that our rescaling pro-
cedure produces strong concordance in a species' heating tolerance 
across different Ta (a useful conceptualisation of this prediction could 
be that the red polygons in Figure 1 have the same area).

If it is indeed the case that our rescaling procedure effectively 
corrects unscaled heating tolerances such that the Δtr metric is ~ 
the same for a species heated from various Tas, then quantifying Δtr 
for just one Ta treatment will enable accurate prediction of a species' 
unscaled heating tolerance (and its Tc) when heating starts from any 
other Ta. To estimate heating tolerance at any Ta based on measured 
heating tolerance at any other Ta, we use the form

where Δτ(τa2) is the unknown heating tolerance starting from the 
unmeasured acclimation temperature, τa2, estimated from a known 
heating tolerance, Δτ, starting from an acclimation temperature which 
was measured in an experiment, τa1. Equation 6 includes new simpli-
fying expressions f� and g�, which are defined and explained in the 
Supplementary Material. To test the utility of our Δtr metric to predict 
heating tolerance of a species at a new temperature based on mea-
sured heating tolerance at another temperature (i.e. a different starting 
Ta), we computed Δtr for one Ta of all our data, then used equation 6 to 
predict what heating tolerance should be for the other Ta treatment 
for each species. We then compared predicted to observed heating 
tolerances.

It has long been recognised that heating rate influences thermal 
tolerance limits of organisms (Terblanche et al., 2007), so we also 
considered a second dataset of Tc from 5 phyla (Morley et al., 2016) 
where 37 species had heating tolerance (H) measured under multiple 
different constant heating rates but starting from the same acclima-
tion temperature (Supplementary Material). As a secondary objec-
tive of our study, we undertook a series of analyses of how heating 
rate influences rescaled heating tolerance in this second dataset, as 
described in the Supplementary Material.

3  |  RESULTS

The data used in our study are displayed in Figure 2. At a course 
scale, Tc appears to weakly increase as Ta increases both between 
and within species (Figure 2a), but a particular increase in Ta cor-
responds to a far smaller increase in corresponding Tc (i.e. almost all 
data sit well below the unity line in Figure 2b). Viewing those data in 
another way, the heating tolerance H (Tc − Ta) of a species at low Ta is 
correlated with its H at the high Ta, but that correlation is weak and 
variable, and H is almost always a lot lower for the warmer Ta than 
H at the cooler Ta (Figure 3a). Taken together, the data show that 
ectotherms acclimated to higher temperatures only increase their 
maximum temperature limit marginally, and that heating tolerance 
of a species at one acclimation temperature is a poor predictor of its 
heating tolerance at other temperatures.

However, when we adopt our rescaling approach to account for 
the nonlinear temperature dependence of biological rates, the in-
terpretations change dramatically. Rescaled heating tolerance, Δtr, 
was strikingly conserved within a species acclimated to very dif-
ferent temperatures, with all data clustering along the identity line 
when comparing rescaled heating tolerance for heating assays start-
ing from lower versus higher acclimation temperature (Figure 3b). 
This means that rescaled heating tolerance at one temperature is a 
very good predictor of rescaled heating tolerance at another tem-
perature. Indeed, our use of Equation 6 to predict heating toler-
ance at one acclimation temperature by computing Δtr at another 
acclimation temperature (and assuming it is a fixed quantity for a 
species) provides excellent predictions of heating tolerances (re-
gression slope for estimating higher acclimation temperature from 
low acclimation temperature = 0.88, R2 = 94%; regression slope for 
estimating lower acclimation temperature from higher acclimation 
temperature = 1.01, R2 = 92%, Figure 4). It is worth emphasising here 
that the predictions in Figure 4 are not formulated by incorporating 
any phenomenological expression of how upper thermal tolerance 
varies with any other factor; they are made purely by measuring 
upper thermal tolerance Tc for just one acclimation temperature and 
by assuming a priori and then incorporating the scaling of the nonlin-
ear temperature dependence of biological rates (~e−0.66/kT).

The supplementary exploration of heating rate showed that res-
caled heating tolerance Δtr exhibited a strong dependency on heat-
ing rate within and between species, with faster heating reducing 
the rescaled heating tolerance estimated during heating up to the 

(6)Δ�
(

�a2
)

= f�

(

e�(�a1−�a2)g�
(

��
(

�a1
))

)

TA B L E  1  Main mathematical notation and description used in 
this analysis.

Symbol Description

H Heating tolerance; range of temperatures 
between acclimation temperature (Ta) and upper 
thermal tolerance (Tc)

Δt Elapsed duration of a heating assay between the 
start (ta) and end (tc) time points

r Variables rescaled by the temperature 
dependence of biological rates

a Variables referring to acclimation or starting 
temperature of a heating assay

c Variables referring to the upper thermal 
tolerance limit of a heating assay

T Temperature in degrees Kelvin

T° Temperature in degrees Celsius

TK Reference temperature taking the value 273.15 K

τ Normalised temperature scale centred around TK

λ Normalised heating rate centred around TK

γ Scaling exponent for the effect of heating rate 
Δtr on rescaled heating duration
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6  |    PAYNE et al.

upper thermal tolerance limit (Figure S4A; data fall further below 
the 1:1 line towards larger x- values). This influence of heating rate 
is well described by a power function of the form Δtr(λ) ~ cλ−γ with 
an interspecific scaling exponent of γ ~ 0.76, albeit with interspecific 
variation (Figure S4B; individually coloured lines). Fitting of random 
slopes for the different species lowered the exponent slightly to 
γ ~ 0.71. Species- specific scaling exponents range between −0.06 
and −1.05. Using species- specific values of γ in this phenomenolog-
ical scaling expression to estimate heating tolerance from a known 
heating tolerance at another acclimation temperature produced 

good approximations between estimated heating tolerance and ob-
served values of heating tolerance for all pairwise combinations of 
heating rate (Figure S4C; data for estimated vs. measured heating 
tolerance clustered along the identity line; R2 = 87.9%). Using the 
interspecific scaling exponent of 0.76 for γ produced less accurate 
estimations of heating tolerance than using species- specific values 
(Figure S4D; R2 = 54.51%).

Because rescaled heating tolerance appears so well conserved 
within a species (i.e. no data fall very far from the identity lines in 
Figure 3b), and heating rate has a reasonably repeatable influence 

F I G U R E  4  Observed versus estimated heating tolerance (H) at (a) the higher acclimation temperature estimated from heating tolerance 
at the lower acclimation temperature, and (b) the lower acclimation temperature estimated from heating tolerance at the higher acclimation 
temperature. Estimations were made by rescaling heating tolerance at one acclimation temperature, and assuming the rescaled tolerance is 
the same for the other acclimation temperature. Points should fall along the identity line (dashed line) if rescaled heating tolerances are the 
same at both acclimation temperatures (and compared with the solid line of an ordinary least- squares regression). Heating rates (colours) are 
constant and identical for paired observations.

F I G U R E  3  Large variation and poor concordance in heating tolerance (H) is seen for species acclimated to low and high temperatures on 
linear temperature scales (a), but accounting for the exponential relationship between temperature and biological rates (rescaled heating 
tolerance Δtr) removes a lot of this variation and closely aligns heating tolerance between low and high acclimation temperatures (b). Points 
should fall along the identity line (dashed line) if rescaled heating tolerances are the same at both acclimation temperatures and compared 
with the solid line of an ordinary least- squares regression of the observations. Heating rates (colours) are constant and identical for paired 
observations. Axes are Log10 transformed.
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    |  7PAYNE et al.

on that metric (Figure S4B), we can create generalised predictions 
of how an organism's thermal tolerance limit (Tc) will vary when it 
is acclimated to any temperature and then heated at any rate; an 
example of such a prediction is shown for a hypothetical organism in 
Figure 5, where we used the median values of Ta, Tc and heating rate 
across our full dataset (see Supplementary Material for the compu-
tational steps).

4  |  DISCUSSION

It is well known that survival probability is determined by the magni-
tude and duration of thermal stress. Nonlinear relationships between 
temperature and survival time were described more than a century ago 
(Bigelow, 1921) and are now incorporated into concepts of thermal tol-
erance ‘landscapes’ (Rezende et al., 2014). So strong is the tempera-
ture–time interaction that quantifying it for a species can subsequently 
allow accurate predictions of survival times at other static high tem-
peratures, or critical temperatures under different dynamic heating 
rates (Jørgensen et al., 2019, 2021; Kingsolver & Umbanhowar, 2018; 
Rezende et al., 2014; Santos et al., 2011). Implicit in this earlier work 
(and sometimes explicit; Santos et al., 2011) is that thermal limits of 
an organism have a dependency with the scaling of biological rates 
with temperature; in part because there exists a temperature–time 
interaction at all, and in part because of the exponential shape of 
temperature- survival curves. We take this work further by directly in-
voking the temperature dependence of metabolism and find that doing 
so very precisely explains the magnitude by which thermal limits shift 
when ectothermic animals are acclimated to different temperatures. In 
doing so, our study helps reconcile the fields of physiological thermal 
tolerance and the Metabolic Theory of Ecology (MTE).

Empirically speaking, the potential usefulness of our approach 
can be appreciated when we note the improvement that rescaling 

provides for predicting a species' heating tolerance based on mea-
sured heating tolerance at one other temperature (e.g. Figure 3a vs. 3b 
and Figure 4). The R2 for predicted versus observed heating tolerance 
goes from ~52% to 94% (the stepwise improvement in accuracy and 
precision can be seen in the Supplementary Material for less to more 
derived versions of our model). These fits are comparable to those fur-
nished under thermal death time models, but a key difference is that 
our approach requires no measurements of how thermal limits scale 
with temperature—we assume the scaling a priori based mathemati-
cally only on MTE. This represents an important advance, because it 
is not necessary to measure Tc at a variety of different Ta in order to 
understand how failure scales with temperature (the kind of multiple 
measurements required with the commonly used ‘z score’ approach); 
measuring Tc from just one starting temperature allows prediction of 
Tc from any other starting temperature with remarkable accuracy sim-
ply by accounting for the single curve that describes the average uni-
versal scaling of metabolic rate with temperature (Brown et al., 2004; 
Figure 4). Because the rescaled heating tolerance of a species appears 
so fixed and the effect of heating rate so repeatable, it is possible to 
predict what a species' Tc will be when heated from any starting tem-
perature at any heating rate, as long as Tc is measured from just one 
start temperature Ta; an example is shown in Figure 5. Such an ap-
proach could be a powerful new means of predicting the relative resil-
ience of species to new thermal regimes such as heat waves of various 
magnitudes and heating rates and requires very few prior measure-
ments. Figure 5 also illustrates visually how the exponential scaling 
of metabolism with temperature (coupled with our discovery that Δtr 
is ~ constant within a species) creates a tendency for Tc to increase only 
marginally with increasing Ta; a pattern observed for decades (Araujo 
et al., 2013; Gunderson & Stillman, 2015; Rohr et al., 2018; Sunday 
et al., 2011) and seen clearly in our raw data (Figure 2).

Conceptually speaking, perhaps the most consequential finding 
of our study is that organisms heated at a given rate have practically 

F I G U R E  5  Upper critical temperature 
(Tc) can be estimated for a range of 
acclimation temperatures (Ta) and heating 
rates (colours) by measuring one Tc for one 
Ta and heating rate, and holding rescaled 
thermal tolerance as fixed (as the data 
suggest is the case). Median values of 
heating rate and Tc at a lower or higher 
acclimation temperature, as well as a value 
of 0.76 for γ from the data were used to 
calculate upper critical temperature (see 
Supplementary Section 6).
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the same heating tolerance regardless of the temperature they are 
acclimated to, once heating tolerance is rescaled to account for the 
temperature dependence of biological rates. On the one hand, we 
might interpret this result as ectotherms completely re- adjusting 
their heating tolerance when they are acclimated to a higher tem-
perature. However, another perspective could be that organisms do 
not adjust their heating tolerance at all; instead it is a rigidly fixed 
property of a species that is unchanged regardless of the tempera-
ture they are acclimated to. Either way, our results build on other 
studies and provide a strong quantitative explanation for why ecto-
therm thermal tolerance limits vary in the observed manner across 
macroecological scales, including why they appear to increase only 
marginally with latitude (Araujo et al., 2013; Sunday et al., 2011) and 
in acclimation experiments (Gunderson & Stillman, 2015; Morley 
et al., 2019). We contend that those observed patterns do not re-
flect hard physiological boundaries restricting the evolution of heat 
limits (Araujo et al., 2013); they simply reflect a link between ther-
mal tolerance and biological rates, which increase exponentially 
with temperature (as proposed earlier; Payne & Smith, 2017). This 
represents a conceptual shift in how we think about thermal toler-
ance limits, so we encourage other studies to adopt this perspective 
and invoke metabolic scaling to explore other aspects of thermal 
tolerance in ectotherms, especially future resilience to climate 
warming in nature.

The ecological relevance of laboratory- derived tolerance data 
is regularly questioned, especially for rapid, acute heating experi-
ments (Barnes et al., 2010; Clark et al., 2013; Norin et al., 2014; 
Payne et al., 2016), because the influence of temperature on organ-
ism performance operates via different processes across biological 
scales (Iverson et al., 2020; Rezende & Bozinovic, 2019; Sinclair 
et al., 2016). The striking consistencies in the maintenance of res-
caled heating tolerances across diverse species, broad acclimation 
periods, temperatures and heating rates suggest the mechanisms 
underpinning our data are likely relevant to ectotherms undergoing 
heating events in nature. Indeed, there are an increasing number of 
studies showing correlations between acute organismal responses 
in the laboratory and biogeographical patterns (Deutsch et al., 2020; 
Payne et al., 2016, 2018, 2021; von Schmalensee et al., 2021). 
Accordingly, our study could complement other recent work that 
explores the influence of different types of heating events, includ-
ing fluctuating temperatures (Jørgensen et al., 2021), with a view to 
understand the resilience of organisms exposed to natural heating 
events in the wild (Bertolini & Pastres, 2021).

It is interesting that a single Arrhenius curve does such a good 
job of rescaling heat limits given organism ‘performance’ is gener-
ally described by thermal performance curves that include an opti-
mum and then a rapid decline towards higher temperatures. Thermal 
tolerance limits are often considered disconnected from the scal-
ing of biological rates with temperature, with the former reflecting 
structural phenomena (e.g. membrane fluidity; Bowler, 2018), and 
the latter reaction kinetics (Brown et al., 2004). However, structural 
and reaction rate processes being different mechanisms do not nec-
essarily mean the two are not linked. For example, Bowler (2018) 

proposed that increases in membrane fluidity are likely to be the 
ultimate cause of organism death at high temperatures, with ther-
mal perturbation of the plasma membrane precipitating a failure 
of ion pumps and nutrient transport, impairment of mitochondrial 
function, a breakdown of homeostasis and, eventual, cell death. But 
between the ultimate cause of membrane fluidity and proximate 
causes of cell death, a cascade of processes occurs that are mani-
fested as rates (e.g. rate of nutrient transport or leakage of ions), so it 
could be expected that the onset of whole- organism failure is indeed 
regulated by the rate at which biological processes proceed, which 
are themselves temperature- dependent.

We do not know what combination of specific rate processes 
regulates an ectotherm's tolerance limit, but they seem to be general 
mechanisms because our dataset consisted of a wide diversity of spe-
cies from seven Phyla, and all of them conformed to having a relatively 
fixed rescaled heating tolerance Δtr at different acclimation tem-
peratures (Figure 2b). That said, while Δtr appears to be an approxi-
mately fixed property of a species (at a given heating rate), it remains 
highly variable among species even after heating rate is accounted 
for (Figure 3). Some of this variation may come from the different 
experimental protocols and thermal limit metrics used for different 
taxa in different experiments. But even more variation could arise 
from species differences in the total cumulative departure from ho-
meostasis tolerated by various species before particular cells, tissues 
and organisms no longer function (if that departure is indeed what 
rescaled heating tolerance represents), and adaptation undoubtedly 
plays a role too. While rescaled heating tolerance appears remarkably 
fixed within a species, it also varies considerably with heating rate (fol-
lowing a negative ¾ power dependency, with faster heating reducing 
Δtr but increasing Tc: the average effect of heating rate on Tc can be 
seen in Figure 5), and the effect of heating rate varied somewhat be-
tween species adding another source of unexplained variation. The 
negative influence of heating rate on rescaled heating tolerance was 
unexpected, but could reflect some mismatch between supply and 
demand that becomes increasingly severe as the biological system 
changes at a faster rate. Few studies have explored how heating rate 
influences energy turnover, but a recent study showed the aerobic 
metabolic rate of shrimp increases as they are heated at faster rates 
(Harding et al., 2023), possibly suggesting faster heating provides less 
time to downregulate metabolism at higher temperatures (as occurs 
via acclimation over longer time scales; Schulte et al., 2011; Seebacher 
et al., 2015). Taken together, while our results show remarkably con-
sistent rescaled heating tolerance for a particular species and heating 
rate, there is significant unexplained variation in Δtr across species, 
including in how heat tolerance responds to heating rate in different 
species. Further work could explore what underlies these interspe-
cific differences and also identify the precise mechanistic links be-
tween metabolic scaling and thermal limits, because our data suggest 
those links are strong.

We do not contend to have identified any mechanistic (physi-
ological) insight beyond the fact that the scaling of biological rates 
with temperature almost perfectly explains how an organism var-
ies its physiological temperature limit when acclimated to different 
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temperatures (as long as heating rate is the same). With the role of 
metabolic scaling in setting thermal tolerance now identified, a fruit-
ful body of future work could seek to explain which species traits 
(body size, aquatic vs. terrestrial, etc.) cause variation in heating tol-
erance, including how they respond differently to variable heating 
rates. While many studies explore how temperature influences met-
abolic rates and many others study the thermal tolerance of ecto-
therms, few studies invoke both themes simultaneously. Our study 
provides compelling evidence that metabolic rates govern variation 
in thermal tolerance limits, so we encourage future research on this 
metabolism–tolerance intersection to better predict potential win-
ners and losers under future climate change.
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