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Temperature affects the rate of all biochemical processes in ectotherms'? and is
therefore critical for determining their current and future distribution under global
climate change® . Here we show that the rate of biological processes maintaining

growth, homeostasis and ageing in the permissive temperature range increases by 7%
per degree Celsius (median activation energy E, = 0.48 eV from 1,351 rates across 314
species). By contrast, the processes underlying heat failure rate within the stressful
temperature range are extremely temperature sensitive, such that heat failure
increases by more than100% per degree Celsius across a broad range of taxa (median
E,=6.13 eV from123rates across 112 species). The extreme thermal sensitivity of heat
failure rates implies that the projected increase in the frequency and intensity of
heatwaves can exacerbate heat mortality for many ectothermic species with severe
and disproportionate consequences. Combining the extreme thermal sensitivities
with projected increases in maximum temperatures globally®, we predict that
moderate warming scenarios canincrease heat failure rates by 774% (terrestrial) and
180% (aquatic) by 2100. This finding suggests that we are likely to underestimate the
potential impact of even a modest global warming scenario.

Temperature has aprofoundinfluence on processes atalllevels of biologi-
cal organization, ranging from the simple catalytic rates of enzymes to
the complex biological interactions that underlie metabolism, growth
and reproduction of ectothermic animals'2. The interactions between
multiple temperature-sensitive biological rates ultimately shape thermal
performance and determine the thermal limits for life and death in ecto-
therms"”8, Accordingly, thermal tolerance limits are robust predictors
of the geographical distribution of ectothermic animals®>**°, and climate

changebeyond tolerance limits can explaintheir current redistributions*".

Thermal sensitivity of life and death

Temperature effects on biological rates are often described using Q,,
(thefactorial change in biological rate resulting froma10 °Cincrease)
but are more appropriately expressed by the Arrhenius activation
energy E, (ref.?). When rates are measured within permissive tempera-
tures, defined as temperatures that allow for long-term survival, E, typi-
callyranges from 0.5to0 0.8 eV (equivalent to Q,, = 2-3) corresponding
to a 7-12% rate increase per degree Celcius™. The consequences of
global warming on the rate of energy metabolism in ectotherms are
already implemented in contemporary analyses of ecosystems and
agriculture™ ¢, However, temperature also affects biological rate func-
tions at stressful temperatures, defined here as the temperature range
causing acute heat injury and mortality. The temperature sensitivity
of these processes ismuch more potent in ectothermic animals”  but
has received little attention in the context of global warming.
Thedisparate temperature sensitivities in the permissive and stress-
fultemperature range can be exemplified through a combined analysis

of temperature effects on the population growth capacity® and lifes-
pan®®ofadult fruit flies (Drosophila subobscura; Fig. 1a). Within the per-
missive temperature range for this species (3-28 °C), warming increases
the rates of biological processes in a manner that initially enhances
fitness, that is, the product of egg laying rate, developmental viabil-
ity and developmental speed?. However, as temperature increases
further, the balance between catabolic and anabolic rates shifts and
net fitness decreases™”®* even if it remains positive. This declining
fitness occurs even though many biological rates—such as feeding
rate, heartrate, metabolic rate and ageing/mortality rate—continue to
increase with the same thermal sensitivity throughout the permissive
range®. Accordingly, when lifespan is analysed across the permissive
temperature range, the increased rates of biological activities coincide
with an acceleration of senescence and ageing®?**. In this example,
the thermal sensitivity, Q,, = 2.5 for ageing/mortality rate (1/lifespan)
(Fig.1a), corresponds to an Arrhenius activation energy E, of 0.66 eV
(Fig. 1b). Similar moderate thermal sensitivities of ageing/mortality
rate (1/lifespan) at permissive temperatures have been documented
inavariety of ectothermicspecies (£,= 0.56 + 1 eV (mean +s.d.) across
97 field and laboratory populations?).

Thereisasubstantial shiftin the influence of temperature onlifespan
above acritical temperature T, defined as the temperature or narrow
temperature zone that separates the permissive and stressful tempera-
ture range (Fig. 1). Although T is rarely parametrized experimentally
(seethediscussioninref.?), it represents a temperature at which bio-
logical processes dictating the ‘rate of death’ become dominant over
those determining the ‘rate of life’. Heat failure rate above T_is also
calculated as1/lifespan, and the Arrhenius breakpoint’*at T.indicates
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Fig.1|Disparate temperaturesensitivities for thelifespan ofan ectotherm
reveal permissive and stressful temperature domains. a, Lifespan of adult
fruit flies (D.subobscura) depicted onalog,,scaletoindicate the exponential
relationship between temperature and lifespan (right y axis; data are fromref.'%).
Thecriticaltemperature (T,) indicates the transition at which the temperature
effectonlifespan (slope) diverts from that of biological processesin the
permissive temperature range tobecome extremely highin the stressful
temperaturerange. A thermal performance curve for reproductive fitnessin

that the heat failure rate is dictated by different biological processes
that are extremely sensitive to temperature (Q,, = 8,726 (Fig. 1a) and
E,=7.49 eV (Fig.1b)). For D. subobscura, heat death occurs after 6 h at
33 °C, while 4 °C further warming reducesits lifespanto less than10 min
(Fig.1a). Similar extreme thermal sensitivities of heat failure have been
describedinthermal death time curves for many other ectotherms®>?%,

Analysis of activation energies

The fundamentally different thermal sensitivities for processes asso-
ciated with life (permissive range) and death (stressful range) are not
unique for D.subobscura (Fig.1). Datacompiled on 1,351 rates across dif-
ferenttemperatures from 314 species show that the £, of biological pro-
cesses within the permissive temperature range (median £, = 0.48 eV;
interquartilerange (IQR) = 0.28-0.71 eV; Fig.2a,b) areindeed consistent
with textbook values of E, = 0.5-0.8 eV (Q,, = 2-3) for most ectothermic
animals ™, As previously discussed™", these thermal sensitivities
mirror most biological processes, including enzyme catalytic rates
and integrated biological functions, such as feeding rate and meta-
bolicrate (Fig.2a,b and Extended Data Table 1). However, note that the
integrated effect of many underlying biological rates causes adecline
in‘fitness’inthe warmer part of the permissive temperature range. As
aconsequence, the population growth rate (fitness) is associated with
E, <0 or Q,y<1atthe warmest permissive temperatures (Box 1) even
though many underlying biological rates continue to increase after
fitness has peaked at the optimal temperature (T,,,.)*.

Incontrast to the modest temperature sensitivity of biological ratesin
the permissive temperature range, therate of heat failureis extraordinar-
ily temperature sensitive in the stressful temperature range (Fig. 2c,d).
We compiled data on the thermal sensitivity of heat failure for 112 spe-
cies (123 datasetsin total) with the criteria that time to heat failure was
measured at three or more constant test temperatures. Heat failure rates
(min™) were calculated as 1/time to heat failure (min) and the activation
energy was subsequently calculated using an Arrhenius analysis (Fig. 2c).
Heat failure rate has extreme thermal sensitivity across all of the ecto-
therms examined (Fig. 2d) withamedian £, = 6.13 eV (IQR = 4.42-8.82 eV)
corresponding toamedian Q,, > 1,500 and more than a doubling of heat
failure rate per1°C of warming (median increase = 110%, IQR = 71-190%).
The median duration of the heat failure experiments was 125 min
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1,000/temperature (K~7)

D.subobscurainthe permissive temperature rangeillustrates that thisis the
range of temperatures that permits completion of the life cycle (dashed green
curve onthe left y axis; dataare fromref. ?°). b, Temperature-specific death
rates calculated as 1/lifespan from awere analysed in an Arrhenius plot.
Activation energies £, are indicated for the permissive (E,=0.66 eV) and
stressful (E,=7.49 eV) temperature ranges separated at abreakpoint
temperature 7, (28.2 °C) found using Davies’ test for achangein slope
(P<0.001).

(IQR =31.5-422 min), with 122 out 0f 123 median durations less than
2.5 days, emphasizing that our estimates of heat failure rate are relevant
for theacute heatexposures experienced during daily fluctuations and
heatwaves?. All five ectothermic groups (fishes, crustaceans, molluscs,
amphibians andinsects) haveamedian £, > 4.63 eV, but vertebrates are
particularly sensitive to warming (median £,=10.06 eVand10.30 eV for
fishes and amphibians, respectively). This analysis also shows that £, is
high for both terrestrial (E,=5.53 eV; IQR = 4.13-6.42 eV) and aquatic
species (E, = 6.69 eV; IQR = 4.61-10.38 eV). Given the extraordinarily
high thermal sensitivities in all taxonomic groups, we suggest that the
extreme thermal sensitivity of heat failure rateis ageneral characteristic
of all ectothermic animals.

The physiological causes of heat deathin ectothermsare still poorly
understood, but have been associated with protein denaturation, oxy-
gen limitation, loss of cellular excitability and membrane dysfunc-
tion?”3122177 It is also unclear why the rates of these processes accelerate
so substantially at extreme temperatures above T.. Nevertheless, it is
likely the same physiological dysfunctions that underlie chronic (hours)
and acute (minutes) heat stress as exposure to different temperatures
above T isadditive inboth fish” and insects®. Furthermore, the absence
of Arrhenius breakpoints*above T,suggests that heat failure is caused
by acommon heat stress syndrome that accelerates inintensity with an
extreme thermal sensitivity. Importantly, many underlying biological
rates typically begin to decrease within the stressful temperature range.
Thus, metabolic rate, movement rate and heart rate, which typically
increase throughout the permissive range?, will eventually decline as
temperatures become acutely stressful. The thermal sensitivity of this
rate declinein the stressful temperature range is typically higher than
the thermal sensitivity of the rateincrease occurringin the permissive
temperature range>?>%?° However, it remains difficult to pinpoint
whether the extreme increase in death rate at stressful temperatures
substantially limits heart rate, metabolic rate and movement rate or
vice versa, as the causalities of the physiological heat stress syndrome
are currently poorly understood*%*?,

Implications of global warming

In their active season, ectothermic animals are mostly confined to
habitats with permissive temperatures that enable reproduction and
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Fig.2| Thermal sensitivity of biological processes sustaining lifeinthe
permissive temperaturerange or causing heat deathin the stressful
temperature range. Dataare organized in five ectotherm groups (fishes,
crustaceans, molluscs, amphibians and insects) for which the most published
dataexist.a, Sixrepresentative examples of temperature sensitivity of
biological processes measured within the permissive (non-stressful)
temperature range (colour refers to the animal group and symbols to the trait;
detailsare providedin Extended Data Table1). b, Datafrom 1,351 literature
estimates of E, measured in the permissive temperature range from 314 species
grouped by biological process. Coloured points represent averages in casesin
which n>8forthatanimal group. Datafromectotherms notbelongingto the
five groupsarealsoincludedinthebox plots. The dashed lineindicates the

population growth'*”. Even so, ectotherms may experience stressful
temperatures (exceeding T.) during heatwaves or diurnal/seasonal
temperature extremes. Tolerance to extremes is therefore animportant
determinant of species distributions®®, and thermal tolerance limits
(CT» and CT,,,,) often correlate stronger with distribution than the
thermal optimum for populationgrowth (7,,,.), aperformance measure
within the permissive temperature range**,

The severity of stressful temperatures depends onboth the inten-
sity (that is, the actual temperature) and the duration of the expo-
sure'”9222526 The considerable thermal sensitivity of ectothermic
heat failure rates more than doubles heat stress with every degree
Celsius of warming. Accordingly, even modest increases in maximal
exposure temperature—for example, as a result of moderate global
warming—can substantially exacerbate the severity of heat injury.
The potential magnitude of this problem was assessed by associat-
ing the median £, for terrestrial and aquatic ectotherms with pro-
jected increases in maximum temperature for three IPCC warming

global median (£,=0.48 eV, corresponding to Q,, =1.9). The box plots summarize
each categorized biological process; the centre line shows the median, the box
limits represent the firstand third quartiles, the whiskers extend to 1.5 x IQR
andthegrey points show outliers. ¢, Representative examples of heat failure
rates and their activation energy (E,) measured in the stressful temperature
range (the same or closely related species asina).d, Activation energies of
heat failurerate organized by ectothermic group with all 123 £, values shown
(squares, from 112 unique species). The full lineindicates the global median
(E,=6.13 eV, correspondingto Q,, >1,500).Forreferencetob, thegrey area
denotesthe E,range -1.3-4 eV, and the dashed lineindicates the median £, for
processesinthe permissive range.

scenarios (Fig. 3a and Extended Data Table 2). This analysis repre-
sents a worst-case scenario based on the assumption that species
under current climate conditions experience temperatures equal to
orabove T.onthe warmest days within their distribution range. Ter-
restrial environments are projected to warm considerably more than
aquatic environments® (Fig. 3 and Extended Data Fig. 1), but median
thermal sensitivity is higher for aquatic ectotherms implying that
both aquatic and terrestrial ecosystems will experience substantial
increasesin heat failure rate (median percentage increase, 180% and
774%, respectively, under the SSP2-4.5 scenario®; Fig. 3a). Further-
more, the more homogenous thermal conditions in aquatic habitats
leave considerably fewer options for behavioural mitigation to avoid
stressful temperature exposure®. These increases in heat failure rate
are much more substantial than the projected 6% and 32% increases
in permissive biological rates estimated for aquatic and terrestrial
ectotherms, respectively, in association with increases in mean tem-
perature (Fig. 3a and Extended Data Fig. 2).
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Box 1

The impact of global warming on
biological rates of life and death

Increases in environmental temperature represent a substantial
challenge for ectothermic animals in the Anthropocene®?® and
there is an urgent need to understand how elevated temperature
affects their fitness and survival®"?%3-%0_ A stylistic road map to
assess this problem is shown in the figure with an idealized thermal
performance curve for population growth in the permissive
temperature range (green curve in a) and a thermal death time curve
in the stressful temperature range (blue curve in a). When global
warming increases temperature in the lower permissive range,
below the optimal temperature (), it increases performance and
population growth as discussed for both agricultural and natural
ecosystems™®4° (ascending phase in the figure; Q,, for positive
fitness, ~2-4). However, population growth rate is progressively
reduced when temperature exceeds T, along the descending part
of the thermal performance curve (descending phase in the figure;
Qo for positive fitness <1). Although population growth persists

in this part of the permissive temperature range, the decline in
performance is typically more sensitive to temperature change than
on the ascending part of the thermal performance curve®?442 The
negative effects of increased exposure to permissive temperatures
beyond T, for population growth have been suggested to challenge
particularly tropical species***.
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Exposure to stressful temperatures beyond T, is associated with negative fitness (mortality) and inclusion of such extreme temperature
exposures instead suggests that mid-latitude species are at risk>3%4*, As shown in this study, exposure to increased temperature in the
stressful range is associated with a substantial acceleration of heat mortality as temperature effects on survival are characterized by an
extreme thermal sensitivity in the stressful range (red curve in a, note the logarithmic axis for heat failure rate; Q,, for heat failure rate,
>1,000). Accordingly, small increases in maximal temperature exposure can have severe consequences. Together, this schematic illustrates
how different temperature ranges have positive or negative effects on performance or survival, but it also shows that these effects have very

different temperature sensitivities (summarized in b).

To integrate the positive and negative temperature effects of global warming, we argue that models should consider how global warming
alters the duration and intensity of exposures within both the permissive and stressful temperature ranges®**>*. Such an approach is shown
in ¢, where warming across daily and seasonal temperature variations changes the dynamics of positive and negative temperature effects.
The pursuit of these integrative models is complicated by many factors—including acclimatization, behaviour, local adaptation and life
stage—but, even so, it will be pivotal to consider the proportional exposure duration in these different temperature ranges. It is therefore
critical to establish general methods to determine the T,, which is central for risk assessment?, but also to understand how the availability
of suitable microhabitats and use of behavioural thermoregulation affects operative temperature, which ultimately determines the effect of

temperature and climate warming on ectotherms®*3%4,

To demonstrate that the risk of exposure to temperatures above
T.in current and future climate varies within the species distribu-
tion, Fig. 3b presents an analysis of two species (Girella nigricans and
Pheidole megacephala). These species-level examples were generated
by contrasting current and future (SSP2-4.5 scenario) estimates of
maximal environmental temperature against a conservative approxi-
mation of T, (here calculated as the temperature that causes heat failure
in24 h). Although some populations already experience temperatures
above T in their current distribution, climate warming will result in
more populations experiencing temperatures exceeding 7. (Fig. 3b
and Extended Data Fig. 3). As evident from Fig. 3c, the consequences
of future warming will depend on the current climate and the pro-
jected warming but, for some populations, projected warming will
exacerbate the heat failure rate relative to current conditions by up
t02,100% and 690% for G. nigricans and P. megacephala, respectively
(Fig. 3¢). To put this into context, a1,000% (tenfold) increase in heat
failure rate entails that an ectotherm accumulating 15% of its lethal

96 | Nature | Vol 611 | 3 November 2022

thermal injury on a very hot day under current climate conditions,
willinstead experience 150% of its lethal dose over the same duration
under the future warming scenario. As a corollary,a1,000% increase
in failure rate implies that an ectotherm currently surviving for 5 h
during a hot day will instead succumb to heat death within 30 min
under the future warming scenario.

The generalrisk analysis for ectothermsin Fig. 3a suggests that both
terrestrial and aquatic species may experience substantial increasesin
theintensity of injurious heat stress. Although terrestrial ectotherms
can often escape short-term heat exposures by seeking permissive
microhabitats (<T,)**'35, warming may reduce the availability of such
microhabitats. In both terrestrial and aquatic environments, there is
considerable spatial variation in regional climate warming with pro-
jected increases in maximum temperature greater than 8 °Cin some
regions even in the SSP2-4.5 scenario® (Extended Data Fig.1). Asa con-
sequence, the potential increase in heat failure rate for species living
close to their T, can be even more extreme locally, particularly across
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Fig.3|Projectedincrease in heat failure rate with climate warming.

a, Percentageincreasesinbiological rates associated with future climate
changeinterrestrial and aquatic environments (in2081-2100 and 2090-2100,
respectively). The temperature change AT for three warming scenarios®
corresponds to changes in the mean and maximum temperature for the
permissive and stressful range, respectively. SSP1-2.6 is within the limits of the
Paris Agreement, whereas SSP2-4.5and SSP5-8.5representintermediate and
severe emission scenarios, respectively. Percentage increasesinrates (median
andIQR) are based onthe baseline temperature, AT and environment-specific
E,forthe permissive and stressful temperature range (Methods; see Extended
DataFigs.2and 4 for globalmaps). b, Analysis evaluating the risk of exposure to
temperatures above the critical temperature T, (estimated as the temperature
resulting in heat failure in 24 h) for two example species, G. nigricans and

temperate terrestrial environments in the Northern Hemisphere and in
aquatic environments across the Arctic (Extended Data Figs. 4 and 5).

Using air and sea surface maximum temperatures may further
underestimate the exposure to stressful temperature as it does not
account for temperatures experienced in particular warm microcli-
mates, nor does it consider that solar radiation and convective heat
transfer**"* canincrease the operative temperature considerably above
air temperature. By contrast, the risk estimate presented here does
not directly account for mitigation through behavioural selection of
permissive microhabitats® or for acclimation/adaptive responses
that could alter thermal tolerance?’. Species-specific implications of
future heatwaves should therefore consider the local risk of exposure

Increase in maximum temperature above T as a result of climate warming (°C)

P.megacephala,in current and future (SSP2-4.5) climates. Occurrence
locations are coloured according to the comparison between T,and maximal
environmental temperature (T, may)- Grey, T > T,y max in both current and
future climates; maroon, T, < T, maxin the current climate; red, T, < T,y max iN
future climates. The global distribution of P. megacephalais shownin Extended
DataFig.3. ¢, Increasesin heat failure rate resulting from SSP2-4.5-projected
increase in maximal temperature above T, using global occurrences and
thermal sensitivities for G. nigricans and P. megacephala (Methods). Colours
areasdescribedinb. For occurrencesinred, theincrease in maximal
temperatureis the difference between future maximum temperatureand T..
Foroccurrencesinmaroon (which already experiences temperatures of >T,),
the additionalincrease in temperature between current and future maximum
temperature was used.

to extreme events beyond T, (Fig. 3b). Nevertheless, most ecosystems
will probably include species that are at risk of exposure to tempera-
tures beyond T, (ref. ).

The risk analysis presented here is mainly relevant for species that
experience temperatures above T in their current or future environ-
ment (Fig. 3b), and the notable implications primarily pertain to the
periods during which environmental temperature is highest. The effect
of global warming on processes of life and death should therefore ide-
ally integrate positive and negative warming effects within both the
permissive and stressful temperatures (Box 1). Even so, our analysis
highlights that heat stress is likely to escalate substantially with even
amodest degree of global warming (Fig. 3). The effects of warming on

Nature | Vol 611 | 3 November 2022 | 97



Article

heat failure rates are several magnitudes greater than the temperature
effects previously considered when analysing warming of permissive
biological processes. As a consequence, both aquatic and terrestrial
ectothermsrisk considerable increases in heat stress with global warm-
ingand thisincrease willbe accentuated markedly on the regional scale
and with each degree of further global warming.
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Methods

Data collection for the meta-analysis

To estimate the thermal sensitivity of permissive biological rates, we
collected datafor ameta-analysis of processes covering enzyme activ-
ity, heartrate,locomotion, feeding and metabolic rate for awide range
of ectothermic animal species. The dataset includes 1,351 entries of
biological rates measured at two temperatures and represents 314 spe-
ciesexaminedin 304 original publications. Data were mostly sourced
from two large collections of published data compiled by Dell et al. (see
Supporting Informationinref.”) (here we used only E, of the ascending
rates derived from trait performance curves) and by Seebacher et al.
(see Supplementary Information in ref. '), and overlapping entries
were removed. A few (n=4) additional entries were included as they
were used as examplesin Fig. 2a.

To estimate the thermal sensitivity of heat failure rates in the highly
stressful temperature range, we compiled data on time to heat failure
with associated test temperatures. This dataset includes 123 thermal
sensitivities for112 species. Datawere compiled from 69 individual stud-
ies and an additional 54 studies sourced from references reported by
Rezendeetal. (see Supporting Information in ref. %), and were included
onlyifheatfailuretimeswere available for at least three temperatures.

Calculation of E,

The Arrhenius activation energy E, was calculated to quantify the
thermal sensitivity of rates related to either permissive or stressful
biological processes. The E, values of ascending rates (in the permis-
sive temperature range) originating from Supporting Information
in ref. ® were available from the publication, whereas E, values for all
other rates were calculated using a linear regression in an Arrhenius
analysis. The Arrhenius analysis was performed by regressing the
natural logarithm to the rate against the reciprocal temperature
(1/temperature (K™)). The regression slope was then used to calculate
the activation energy E,

_ —Rxslope

ST ®

Where R is the gas constant (8.31) K mol™), N, is the Avogadro con-
stant (6.022 x 10 mol™), and Cis a conversion factor to report £, in
eV (1.602x10]eVv?).

Toestimate activationenergy E, for heat failure rates in the stressful
temperature range, we calculated heat failure rates (min™) by convert-
ing the collected heat failure times (min) as

Heat failure rate =1/heat failure time 2)

Accordingly, heat failure rate represents the incremental heat stress
that accumulates per minute at a specific constant temperature and,
oncetheincrementssumto 1, heat failure occurs (that is, the number of
increments (time) tosumto1equals the heat failure time). Forexample,
if heat failure time is 100 min at 38 °C, then the corresponding heat
failure rateat 38 °Cis1/100 min = 0.01 minand, therefore, accumulat-
ing these increments of heat stress over a100 min exposure to 38 °C
results in summation to 1= heat failure.

The median heat failure times used to calculate £, vary between stud-
ies (median =125 min, IQR = 31.5-422 min) but a linear regression of
log,,[median duration] against £, did not reveal any significant cor-
relation (Fy1, = 0.36, P=0.55, R*< 0.01), and we therefore conclude
that high E, is not an artefact of test duration.

Converting E, to estimates of Q,,

In mainstream literature, thermal sensitivities are often presented
using the thermal sensitivity quotient Q,, (that is, the factorial change
inrate associated with a10 °C temperature change). To discuss thermal

sensitivities using the more commonplace Q,,, we converted activation
energy £, using

10KxE,

Q10= ekpxT? ©)

Where E, is the activation energy (eV), kg is the Boltzmann constant
(8.617 x107° eV K™) and T is the temperature (K). This conversion is
sensitive to temperature and here we used the temperature 7=18.3 °C
(291.5K) for conversion to permissive Q,,and 7=36.3 °C (309.5 K) for
stressful Q,,. These temperatures were chosen as they represent the
mean temperature used to measure the rates in the permissive and
stressful temperature range, respectively.

Modelling projected temperature change

Tomodel theimpactofincreased intensity of heatwaves, we associated
the predictedrise in future temperature with the thermal sensitivity £,
interrestrial and aquatic environments. To make this change spatially
and temporally explicit, we used projected global changes in mean
and maximum temperature for three different emission scenarios
(seebelow) towards the end of the twenty-first century compared with
present-day conditions (Extended Data Fig. 1).

For terrestrial areas, we used the WorldClim v.2.1 climate database
(https://worldclim.org)*’, based on monthly averages, using the bio-
climatic variables ‘mean annual temperature’ (BIO1) and ‘maximum
temperature of the warmest month’ (BIOS5). In WorldClim, present
conditions are produced with monthly averages for the latest climate
period1970-2000. Future layers of mean and maximum temperature
(BIO1andBIOS, respectively) were produced by averaging data from
eight general circulation models (GCMs) (Extended Data Table 2) for
the period 2081-2100. We used projected changes for three future
Shared Socioeconomic Pathways (SSP) scenarios®: (1) the optimistic
SSP1-2.6, a peak-and-decline scenario ending with low greenhouse
gas concentration levels by the end of the twenty-first century;
(2) the SSP2-4.5‘middle of the road’ scenario where trends do not shift
markedly from historical patterns; and (3) the pessimistic and perhaps
unrealistic SSP5-8.5, where fossil-fuelled development increases
emissions over time leading to high greenhouse gas concentrations
(for discussions on the use and misuse of emission scenarios, see
refs, 507%2),

For aquatic areas, we used the Bio-ORACLE v.2.0 database (https://
bio-oracle.org/)****, based on monthly averages, using the vari-
ables average and maximum sea surface water temperature (SST).
In Bio-ORACLE, present conditions are produced with monthly aver-
ages for the period 2000-2014. Future layers of mean and maximum
SST were produced by averaging data from three atmosphere-ocean
coupled GCMs (AO-GCMs) (Extended Data Table 2) for the period
2090-2100. The SSPs are not yet available for aquatic environments,
so we used the corresponding Representative Concentration Path-
way (RCP) scenarios (RCP2.6, RCP4.5, and RCP8.5, respectively) that
precede the SSP scenarios (hereafter, we refer to all scenarios by the
corresponding SSP). In terms of temperature change by the end of
the twenty-first century, the SSPs and RCPs yield practically identical
predictions®. All spatial data were used at a 5 arcmin resolutionina
Behrmann equal area cylindrical projection (approximately 9.2 km)
with the WGS84 datum.

Exposure to temperatures above T,

Intwo example species (G. nigricans and P. megacephala), we estimated
exposure to environmental temperatures above the critical tempera-
ture T, separating the permissive and stressful temperature range. In
this analysis we first established a proxy of T, representing the tem-
perature above which heat stress accumulates. Specifically, T; (K) is
estimated as the temperature causing heat failure after 24 h, using the
slopeandintercept fromthelinear regressioninthe Arrhenius analysis
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slope

Te= In(R’) - intercept )
Where R’isthe rate calculated to resultin heat failure after 24 h (thatis,
R’ =1/1,440 min, compare with equation (2)). Thisapproximation of 7_is
conservative as the linearity of heat failure rates often extends beyond
24 h (for example, Fig.1a), suggesting that we may underestimate the
risk of exposure to temperatures above T.. However, the potent nature
ofheat failure versus temperature discourages excessive extrapolation
of such data (see the discussions in refs. "),

Forthespecies-levelrisk assessment, we then obtained occurrence
records from the Global Biodiversity Information Facility (GBIF; https://
www.gbif.org/; downloaded 20 March 2022). After removal of faulty
records, we found 647 and 2,063 occurrences for G. nigricans and
P.megacephala, respectively, from which we extracted the maximum
temperature in the current climate and from the SSP2-4.5 future
warming scenario (BIOS (terrestrial) and maximum SST (aquatic)
for P. megacephala and G. nigricans, respectively). Temperature data
were aggregated within46 x46 kmand 92 x 92 km cells for G. nigricans
and P. megacephala, respectively, to avoid sampling bias, resulting
in 93 and 403 cells for G. nigricans and P. megacephala, respectively.
The maximum environmental temperatures at these locations were
evaluated against the species-specific estimates of 7. to determine
which of the occurrence locations experience temperatures >7, now
and under future warming. The increase in maximal environmental
temperature above T, was associated with the resulting increase in heat
failure rates using species-specific E, estimates (8.72 eV and 3.67 eV
for G. nigricans and P. megacephala, respectively), and T (31.5 °C and
34.4 °Cfor G. nigricans and P. megacephala, respectively). For the parts
of the species-distribution ranges in which populations experience
temperatures above T, only after future climate warming, theincrease
inmaximal temperature was calculated as the difference between the
future maximum temperature and 7. For the populations in which
maximal temperature already exceeds T, theincreasein temperature
was calculated fromtheincrease between current and projected future
maximum temperatures.

Associating temperature change with E,

The projections on future percentage increasesin biological ratesin the
permissive temperature range were based on the mean annual tempera-
ture, whereas projections for increases in heat failure rates were based
onthe maximum temperatures (Extended DataFig.1a,b, respectively).
The projected change in local temperature (AT) for the three future
scenarios (SSP1-2.6, SSP2-4.5and SSP5-8.5) was determined as follows:

AT= Tfuture_ Tpresent Q)

Where T is the mean annual or maximum temperature for the spe-
cific future climate scenario, and 7, . is the current mean annual or
maximum temperature, and both were calculated separately for the
terrestrial and aquatic environment. The current mean annual tem-
perature was described by BIO1 or SST,...,,, for terrestrial and aquatic
environments, respectively, and the current maximum temperature was
described by BIOS5 or SST,,, for terrestrial and aquatic environments,
respectively (see the ‘Modelling projected temperature change’ sec-
tion; Extended Data Fig. 1c-h).

Subsequently, the projected change in temperature AT (mean and
maximum for terrestrial and aquatic environments separately) was
associated with the activation energy E, (median and first-third quar-
tile) for the specific group to calculate theincreaseinrate, for example,
E, for heat failure rate in terrestrial ectotherms was associated with
ATbased onthe maximum temperatureintheterrestrial environment.
Theprojectedpercentageincreaseinrates (inthe permissiveandstressful
range) was calculated as follows:

Ea AT
ARate (%) =|eks T2xT1 —1|x100% (6)

Where E, is the activation energy (eV), kg is the Boltzmann constant
(8.617 x10° eV K™), AT is the projected change in temperature (K)
between the current and future climate scenario, and 7, and T; are
the future and current temperature [K], respectively. The following
values of £, were used for rates in the permissive temperature range:
E,=0.56839 eV (terrestrial) and E, = 0.44329 eV (aquatic); and for heat
failurerates: E,=5.52589 eV (terrestrial) and £, = 6.68649 eV (aquatic).
Thesevalues are also presentedin Fig. 3a, and the projected percentage
increasesinrates resulting fromall three future scenarios are shownin
Extended Data Fig. 2 (biological rates in the permissive temperature
range) and in Extended Data Fig. 4 (heat failure rates in the stressful
temperature range).

Equation (6) was also used to calculate the percentage increase in
ratesfromal°Ctemperatureincrease, using the median £, for the per-
missive biological rates (E, = 0.48 eV) or heat failurerates (£, = 6.13 eV)
disregarding the specific environment and using the temperatures
listed in the ‘Converting E, to estimates of Q,,’ section.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available online®.
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Extended DataFig.1|Currentand projected changeinmeanand maximum  in(e) meanannual temperature and (f) maximum temperature under the SSP2-

temperature under climate warming. a, Current mean annual temperature 4.5scenario.g-h, Projected change in (g) meanannual temperature and
described by BIO1or SST,,.... for terrestrial and aquatic environments, (h) maximum temperature under the SSP5-8.5 scenarios. (c-h) share thebottom
respectively. b, Current maximum temperature described by BIO5S or SST,,,,« legend and the future period is 2081-2100 for terrestrial environments and

for terrestrial and aquatic environments, respectively. (a, b) share the legend 2090-2100 for aquatic environments, as they appear in WorldClim 2.1* and

immediately below. c-d, Projected change in (c) mean annual temperature and Bio-ORACLE2.0%*%, respectively. White areas indicate that temperature data
(d) maximum temperature under the SSP1-2.6 scenario. e-f, Projected change were notavailable.
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Extended DataFig.2|Projectedincreaseinbiological rates of permissive
processes under climate warming. Increaseinbiological rates (in %) of
permissive processes for both terrestrial (£, = 0.57 eV) and aquatic species
(E,=0.44 eV) resulting from changes inannual mean temperature under the

(a) SSP1-2.6, (b) SSP2-4.5and (c) SSP5-8.5scenario. The future period is 2081-2100

for terrestrial environments and 2090-2100 for aquatic environments, as they
appear in WorldClim 2.1* and Bio-ORACLE 2.0%*%*, respectively. White areas
indicate that temperature datawere not available to calculate theincreasein
biologicalrate.
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Extended DataFig. 3 | Risk of exposure to environmental temperatures
above T for Pheidole megacephala. Global risk analysis evaluating exposure
to environmental (air) temperatures beyond the critical temperature T,
(separating the permissive and stressful temperature range, here calculated
asthe temperature causing heat failurein 24 h) in current and future climates
(2081-2100, SSP2-4.5). Occurrence locations in the global distribution of

P.megacephala are coloured according to the comparison of T,to maximal air
temperature (T, ,q0)- Grey, T.> T macin current and future climates; red, T, < Ty max
inthe future climate scenarios; maroon, 7, < T, ...in the current climate.
Occurrencerecords were aggregated to 184 km cells forincreased visibility,
and asection of the distribution foundin Southern Africais showninFig.3b,
withslight discrepancies due to different spatial resolutions of occupied cells.
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Extended DataFig.4 |Projectedincreaseinheatfailureratesunderclimate futureperiodis2081-2100 for terrestrial environments and 2090-2100 for
warming. Increasein heat failure rates (in %) for both terrestrial (£,=5.53 eV) aquatic environments, as they appear in WorldClim 2.1* and Bio-ORACLE 2.0°*%*,
and aquatic species (E, = 6.69 eV) resulting from changes in maximum respectively. White areas indicate that temperature data were not available to
temperature under the (a) SSP1-2.6, (b) SSP2-4.5and (c) SSP5-8.5 scenario. The calculate the heat failurerateincrease.
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Extended DataFig.5|Summary ofincreasesin heatfailure rate across
latitudes. Boxplots of terrestrial and aquatic heat failure rates under the
SSP2-4.5warmingscenario across five latitudinal clines summarizing the results
reportedin Extended Data Fig.4b. The boxplot midline represents the median,
thelower and upper line of the box represents the 1 and 3" quartile, respectively
(with whiskers extending up to 1.5 times this range), outliers not shown.



Extended Data Table 1| Overview of the species used for the representative rates in Fig. 2a,c

Group

Biological process [unit]

Speciesreference

Permissive biological rate

Heat failure rate

Fishes

Crustaceans

Molluscs

Amphibians

Insects

ATPase
Actin activated Mg-ATPase
[P, s myosin™]

Enzyme
Transglutaminase activity
[AOD,,, s]

Cardiac
Heart rate
[beats s]

Feeding
Ciliary movement
[cm min™"]

Metabolic rate
Muscle O, consumption rate
[L O, mg" h']

Locomotion
Running speed
[ms7]

Fundulus heteroclitus®®

Pacifastacus leniusculus®

Mytilus edulis®®

Mytilus edulis®?

Rana pipiens®

Messor pergandei®®

Fundulus parvipinnis®

Pacifastacus leniusculus®

Mytilus edulis®’

Rana pipiens®*

Messor collingwoodi®®

Overview of the species used to represent the biological processes and their [units] in the permissive temperature range and the heat failure rates in the stressful temperature range. Species
were chosen based on the availability of heat failure rates and matched with measurements of permissive biological rates preferably from the same species but at least within the genus®-,
For each ectothermic group it was aimed that the biological process should represent the most frequent category within this group.
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Extended Data Table 2 | Source of spatial data in the terrestrial and aquatic environment

Environment (source) GCMs/AO-GCMs  Period Future scenarios
Terrestrial BCC-CSM2-MR 2081-2100 SSP1-2.6
(WorldClim v2.1)* CNRM-CM6-1 SSP2-4.5
CNRM-ESM2-1 SSP5-8.5
CanESM5
IPSL-CMBA-LR
MIROC-ES2L
MIROC6
MRI-ESM2-0
Aquatic CCsM4 2090-2100 RCP2.6
(Bio-ORACLE v2.0)%  HadGEM2-ES RCP4.5
MIROC5 RCP8.5

Eight General Circulation Models (GCMs) were used for the terrestrial environment and three Atmosphere-Ocean coupled GCMs (AO-GCMs) were used for the aquatic environment to build
consensus models (as the average of mean and max temperature projections). Terrestrial GCMs are from the Coupled Model Intercomparison Project v6, CMIP6, while AO-GCMs are from
CMIPV5. The future Shared Socioeconomic Pathways (SSP) used for terrestrial environments® are not yet available for aquatic environments, so here we used the corresponding Representative

Concentration Pathways (RCPs) scenarios (RCP2.6, RCP4.5, and RCP8.5, respectively) as used in the Bio-ORACLE 2.0 database.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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A description of all covariates tested

N

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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All studies must disclose on

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility
Randomization
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these points even when the disclosure is negative.

Data were collected from the litterature of heat tolerance measurements (a minimum of 3 test temperatures with corresponding
heat failure times/rates per species within a single study to create a thermal death time curve) and from these data the activation
energy (Ea) was calculated for each entry (species in an individual study). Here n = 123 thermal death time curves representing 112
unique species. The rate of "normal" biological processes (e.g. metabolism, enzyme rates and locomotion) at two temperatures were
also collected and the activation energy was calculated, here n = 1,351 rates from 314 unique species. Activation energies of both
types were then combined with climate data projections of average and maximum temperature using three different future emission
scenarios, and the projected change in heat failure rates were calculated. Specific examples for two species were demonstrated by
combining distribution data with local temperature (sites n=647 and 2063) and use the calculated species-specific activation energy
for heat failure to indicate the percent increase in heat failure rate with climate warming.

Data on "normal" biological rates (e.g. metabolism, enzyme rates and locomotion) measured at two temperatures were compiled
from Dell et al (2011, PNAS) and Seebacher et al (2014, Nature Climate Change), and a few additional entries (n = 4, rates measured
at >4 temperatures) were added as they were used in a figure. Heat failure data were collected in a litterature search, and the
criterium for selection was that for a specific species heat failure time was measured at at least 3 temperatures, to allow for a linear
regression. Both the "normal rate" and heat failure data set includes a wide range of ectothermic species with major groups like
fishes, insects, crustaceans, amphibians and molluscs represented.

No sample size calculation was performed; we collected as many entries as we could find for the heat failure data and used the
available "normal" rates from Dell et al (2011, PNAS) and Seebacher et al (2014, Nature Climate Change). A few additional "normal
rate" entries (n = 4, rates measured at >4 temperatures) were added as they were used in a figure.

Heat failure data were collected in a literature search (Google Scholar) performed by LBJ, and the data found in Dell et al (2011,
PNAS) and Seebacher et al (2014, Nature Climate Change) was curated to the needs of this study by LBJ.

Current and projected future mean annual temperature and maximum monthly temperature was obtained for terrestrial and aquatic
environments from the WorldClim v2.1 and Bio-ORACLE v2.0 databases, respectively. In these databases, current conditions
represent 1970-2000 or 2000-2014 for terrestrial and aquatic environments, respectively. Future climate conditions were predicted
for three future emission scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5), from eight General Circulation Models (GCMs) for the period
2081-2100 for the terrestrial environments or three Atmosphere-Ocean coupled GCMs (AO-GCMs) for the period 2090-2100 for the
aquatic environments. All climate data was used in a 5 arc minute resolution with the WGS84 datum. All climate data was analyzed
and curated by M@.

The litterature search was performed in the fall of 2021. The spatial scale of the climate association analysis is global.

No data were excluded, except overlapping entries in the data sets from Dell et al (2011, PNAS) and Seebacher et al (2014, Nature
Climate Change).

Not applicable to this literature data analysis.
Data were not randomized as only litterature data were used.

Blinding was not used as only litterature data were used.
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