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Summary

1. How thermal tolerance estimated in the laboratory can be extrapolated to natural settings

remains a contentious subject. Here, we argue that the general premise that a single tempera-

ture can accurately describe upper or lower tolerance limits is incorrect.

2. Survival probability is determined by both the intensity and the duration of a thermal stress,

and the association between these variables can be adequately conveyed by a thermal tolerance

landscape. Employing this framework, we demonstrate that the temperature range that an

organism can tolerate is expected to narrow down with the duration of the thermal challenge.

3. Analyses suggest that a trade-off exists between tolerances to acute and chronic exposition

to thermal stress, and that changes in temperature means or extremes may result in drastically

different selective pressures and subsequent evolutionary responses.

4. After controlling for the duration of the thermal challenge, we also uncover latitudinal

effects on upper lethal temperatures in insects that remained unnoticed in previous broad-scale

comparative analyses.

5. Ultimately, critical thermal limits have been adopted in the ecological literature for logistic

reasons and are inadequate descriptors of thermal tolerance on conceptual grounds. We con-

sider that tolerance landscapes provide a more suitable framework to study temperature toler-

ance and its potential impact in ecological settings.

Key-words: climate change, cold tolerance, critical thermal limits, heat tolerance, thermal

adaptation

Introduction

Studies of thermal tolerance have recently gained consider-

able attention given their relevance to forecast the impact

of climate change on species persistence and distribution

(Deutsch et al. 2008; Angilletta 2009; Huey et al. 2009;

Terblanche et al. 2011; Ara�ujo et al. 2013; Hoffmann,

Chown & Clusella-Trullas 2013). The possibility to predict

from first principles when environmental temperatures

may become restrictive is tantalizing, as is the capability to

quantify how and how fast species may respond to poten-

tial thermal challenges (Mitchell & Hoffmann 2010; Hoff-

mann & Sgr�o 2011; Santos, Casta~neda & Rezende 2012).

However, empirical observations and theoretical analyses

show that critical thermal limits are highly dependent on

the methodological context, raising doubts regarding the

adequacy and validity of different estimates of thermal tol-

erance for comparative purposes and extrapolations to

natural settings (Lutterschmidt & Hutchison 1997; Terb-

lanche et al. 2007; Chown et al. 2009; Santos, Casta~neda

& Rezende 2011).

This issue reflects to a large degree differences in meth-

odology and in the end points employed to estimate ther-

mal tolerance (Lutterschmidt & Hutchison 1997; Cooper,

Williams & Angilletta 2008). Tolerance has been quantified

either as the time to collapse at a constant stressful temper-

ature (static method) or the end point temperature to col-

lapse as temperature is increased or decreased at a

controlled rate (dynamic method), and a wide variety of

temperatures, starting points and ramping rates have been

employed in different studies across multiple organisms.

Additionally, ‘collapse’ has been operationally defined in

many different ways, such as loss of motor coordination,
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the onset of muscle spasms, coma or death. This diversity

of measures has jeopardized efforts to compare results

across studies and lineages (Hoffmann, Sørensen & Loes-

chcke 2003; Cooper, Williams & Angilletta 2008; Rezende

& Santos 2012) and, consequently, the quest for a more

general understanding of temperature tolerance. Recently,

Cooper, Williams & Angilletta (2008) demonstrated that

static and dynamic methods provide comparable estimates

of temperature tolerance, opening the venue for a unified

framework to study thermal limits. Here, we go one step

further and address a more fundamental aspect: whether

the premise that there is such a thing as a critical thermal

limit (i.e. a temperature that establishes a frontier between

two physiological states, such as alive vs. dead) is adequate

or realistic.

From a theoretical perspective, this idea is intrinsically

flawed because the impact of any stress depends both on

its intensity and duration; hence, a single parameter is

insufficient to describe a response that is embedded in two

dimensions (this explains why thermal tolerance can be

quantified in either temperature or time units, see Lut-

terschmidt & Hutchison 1997; Cooper, Williams & Angill-

etta 2008; Mitchell & Hoffmann 2010; Santos, Casta~neda

& Rezende 2011). Different thermal tolerance estimates

likely represent snapshots of a single underlying relation-

ship between temperature, exposure time and mortality,

and here, we explore some of the implications of the for-

mal framework that emerges from this relationship.

Because this study is primarily conceptual, we deal with

thermal tolerance in a generic sense and are not concerned

with the multitude of confounding factors (age, sex, accli-

matory effects, desiccation or starvation, measurement

error, etc.) that have already been covered in previous

studies (e.g. Lutterschmidt & Hutchison 1997; Terblanche

et al. 2007; Chown et al. 2009; Rezende, Tejedo & Santos

2011; Santos, Casta~neda & Rezende 2011; Casta~neda

et al. 2012; Rezende & Santos 2012).

Background

The association between thermal tolerance and time is

straightforward and should follow a typical dose–response

relationship: the higher the thermal stress, the shorter the

time an organism can tolerate it. Accordingly, when organ-

isms are exposed to high constant stressful temperatures,

thermal tolerance decreases nearly linearly with the loga-

rithm of elapsed time (Fig. 1). This relation is known for

almost a century (Bigelow 1921) and has been repeatedly

obtained empirically (e.g. Maynard Smith 1957; Cerd�a,

Retana & Cros 1998; Cerd�a & Retana 2000; Tang et al.

2000; Armstrong, Tang & Wang 2009) and also on theo-

retical grounds (Santos, Casta~neda & Rezende 2011). This

so-called thermal death time (TDT) curve has been exten-

sively studied during the development of quarantine heat

treatments for food processing and rests on a solid basis

borrowed from thermobacteriology (see Tang et al. 2007).

Succinctly, TDT curves can be described as

log10 t ¼
ðCTmax � TÞ

z
; eqn 1

where T corresponds to the assay temperature (°C), CTmax

is the upper critical thermal limit (°C), t the knockdown

time (min), and z a constant that characterizes the sensitiv-

ity to temperature change.

Rearranging this equation, one obtains the more tracta-

ble linear model, which can be generalized for ramping

assays (in which T increases linearly with t):
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Fig. 1. Top. Average survival times of Drosophila subobscura in

dry air, males in triangles and females in circles (data from May-

nard Smith 1957). Middle. The same dataset represented as a ther-

mal death time (TDT) curve, showing how thermal tolerance

decreases with time. The general association between knockdown

temperatures and times simulated with our theoretical model is

also well described by a semilogarithmic association between tem-

perature tolerated and total time of exposure (see fig. 3b in San-

tos, Casta~neda & Rezende 2011). Low. The thermal tolerance

landscape results from the superimposition of TDT curves describ-

ing different survival probability isoclines.
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Tko ¼ CTmax � z log10 t; eqn 2

where Tko corresponds to the knockdown (or death) tem-

perature (°C). Consequently, the capacity to withstand heat

at any given temperature is characterized by two parameters:

CTmax (i.e. the temperature that would result in knockdown

or death at log10 t = 0 that corresponds, by definition, to

1 min) and the constant of thermal susceptibility z, which

describes how thermal tolerance decays with the duration of

the heat challenge (i.e. the net reduction in Tko resulting

from a tenfold increase in exposure time). These parameters

can be easily estimated with an ordinary linear regression of

log10 t on T or vice versa, depending on the experimental

design and which sums of squares must be minimized.

Because most studies reviewed here controlled for T and

measured the elapsed time to attain a given relative mortal-

ity, we included T as the independent variable and then

calculated parameters from back-transformation as

CTmax = – intercept/slope and z = 1/slope (eqn 1).

The impact of temperature on mortality rates can also

be expressed as a kinetic model describing mortality as a

function of time (Tang et al. 2000, 2007; Wang et al. 2002;

Armstrong, Tang & Wang 2009). Mathematically, loga-

rithmic TDT curves correspond to a first order of reaction,

in which mortality rate at any given temperature remains

constant through time (Tang et al. 2007). Given stressful

temperature, population size changes in time as:

dðN=N0Þ
dt

¼ �kðN=N0Þ; eqn 3

where k is the thermal death rate constant (min�1), and N0

and N are the initial and surviving numbers of individuals,

respectively. The death rate constant k can be calculated

regressing survival (N/N0) against exposure time t (min)

because the integration of eqn 3 corresponds to:

lnðN=N0Þ ¼ �ktþ c: eqn 4

Although in reality, death rate can often change in time,

which reflects other reaction orders and curvilinear mortality

rates with time, the fundamental kinetic model is simple to

obtain and employ with acceptable precision to estimate

lethal times and compare different organisms (see Tang et al.

2007). Note that relative survival (N/N0) corresponds to sur-

vival probability (given a large sample size); hence, these

models can also be expressed in probabilistic terms. This is

particularly important because thermal tolerance limits

under more complex scenarios, in which temperature varies

with time as in ramping assays or in the field, may eventually

be calculated from first principles if survival probability

curves as a function of exposure time at different tempera-

tures are known (see Santos, Casta~neda & Rezende 2012).

Thermal tolerance landscapes

Ultimately, TDT curves and kinetic models offer comple-

mentary approaches to describing the interacting effects of

temperature and exposure time in mortality. Whereas

eqns 1 and 2 describe how estimates of thermal tolerance

change in time, kinetic models address how mortality rates

are affected by temperature (the activation energy Ea

required for thermal death to occur indicates the sensitivity

to temperature change, and can be readily converted to

parameter z of TDT curves; see Tang et al. 2000, 2007).

This information can be succinctly conveyed as a thermal

tolerance landscape, which provides a detailed description

of how survival probabilities change as a function of

temperature and exposure time (Fig. 1).

Time of exposure will have an impact on thermal toler-

ance, and yet the magnitude of this effect has remained

unexplored in the ecological literature. How does CTmax

and z vary across organisms? For a preliminary assessment

of this question, we compiled lethal times measured at dif-

ferent temperatures from the literature (Appendix S1, Sup-

porting information). We selected studies that reported

lethal times (LT50 and LT100) from static assays employing

at least three different temperatures, and CTmax and z were

estimated by regressing log10-transformed lethal times on

assay temperature (eqn 1). This resulted in 56 TDT curves

for 49 species of insects, bivalves and fishes (Fig. 2).

Curves exhibited consistently high goodness-of-fit (median

r2 = 0�985, 95% CI between 0�876 and 0�999).
Parameters CTmax and z varied considerably across

curves, with CTmax ranging between 17�0 °C and 61�6 °C
and z exhibiting values between 0�82 °C and 9�3 °C.
Analyses show that parameters CTmax and z are highly

positively correlated (Fig. 2). In the pooled dataset, varia-

tion in z accounts for 85% of the variation in CTmax as

estimated by the coefficient of determination (slope = 3�20,
P < 0�0001, r2 = 0�851), after excluding three arctic fish

species and controlling for relative survival as a categorical

factor (LT50 vs. LT100, P < 0�001). There are no significant

differences between insects, bivalves and fishes in this

model (P = 0�426) and no interaction effects (P > 0�344),
suggesting that the association between CTmax and z is

general across groups. Within insects and bivalves, the var-

iance explained by the model corresponds to 70% and

76%, respectively (slopes = 3�35 and 2�59, P < 0�0001 in

both cases). Although such a tight correlation is expected

to hold with phylogenetic analyses (Carvalho, Diniz-Filho

& Bini 2006), this result is preliminary and should be stud-

ied more thoroughly in future analyses.

Under the constraints imposed by the dose–response

relationship, the general shape of the thermal tolerance

landscape including cold stress can be readily established

on theoretical grounds (Fig. 3). Then, it becomes clear that

the thermal tolerance landscape constitutes an expansion

of the standard thermal performance curve (Huey & Ben-

nett 1987; Huey & Kingsolver 1989; Angilletta 2009) to

accommodate different time exposures to a thermal stress.

However, freezing temperatures involve an additional level

of complexity that might apparently disrupt the associa-

tion between mortality, cold stress and exposure times

expected from a dose–response relation. For instance, a
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freezing tolerant organism that tolerates 5 °C for 120 min

might cope with temperatures below zero for longer peri-

ods because freezing results in a different physiological

state (see Lee 1989; Delinger & Lee 1998; Sinclair 1999;

Sinclair et al. 2003).

Nonetheless, a linear relationship between cold tolerance

and the logarithm of exposure time has been described

many instances in the literature (e.g. Fields 1992; Renault

et al. 2004; Imai & Harada 2006; Abdelghany et al. 2010;

Loganathan et al. 2011). As with upper thermal limits, we

compiled data on survival from static assays at different

temperatures to analyse TDT curves under cold stress

(Appendix S2, Supporting information). Analyses are fun-

damentally identical except that, for lower limits, the tem-

perature resulting in death following 1 min of exposure is

CTmin, and the association between lethal temperatures

and the logarithm of exposure times is positive with a

slope z’ (whereas for heat stress, it was negative with a

slope z, eqn 2). The range of variation of these parameters

observed across 22 TDT curves encompassing 13 species

of insects (Fig. 4) was substantially higher than for upper

thermal limits, with CTmin ranging between �107�2 °C and

�22�2 °C and z0 between 6�0 °C and 23�0 °C (median

r2 = 0�955, 95% CI between 0�876 and 0�993), which is in

agreement with recent variance analyses comparing upper

and lower thermal limits (Ara�ujo et al. 2013). Addition-

ally, parameters were highly correlated (Fig. 4), with varia-

tion in z0 explaining 96�5% of the variability in CTmin

(slope = �4�99, P < 0�0001, r2 = 0�965) after controlling

for relative survival (LT50 vs. LT100, P = 0�002).
To summarize, the available data suggest that, in spite

of the inherent complications associated with freezing tem-

peratures, the proposed framework is applicable for both

upper and lower tolerance limits. In practice, physiological

responses to cope with freezing conditions may give rise to

more than one TDT curve (see also David et al. 2003),

each one described by a single CTmin and z0 relevant to the

physiological state and temperature range in which toler-

ance was quantified (i.e. for descriptive and comparative

purposes, parameters are calculated under the assumption

that the relation between tolerance and time observed in

the experimental setup holds across a larger range of tem-

peratures). Nonetheless, for any given physiological state,

restrictions imposed by the dose–response relationship

imply that the range of temperatures tolerated by an

organism is expected to narrow down as exposure times

increase. In spite of the fragmented nature of the available

data, empirical measurements of lethal temperatures and

times across multiple studies support this proposition

(Fig. 5).

Acute vs. chronic stress

The tight association between CTmax and z (or CTmin and

z’) suggests that these variables cannot evolve indepen-

dently. For heat tolerance, for instance, species with a high

CTmax also exhibit a high z, which suggests that the ability

to withstand extreme temperatures, encapsulated in CTmax,

cannot be sustained during long periods of time as evi-

denced by higher values of z. A heat tolerant jack-of-all-

trades would combine the best of both worlds and exhibit

both a high CTmax and a low z, which seems to be pre-

vented by a general trade-off between these variables. Spe-

cies with high CTmax and low z are less sensitive to

temperature changes (i.e. large changes in temperature

have only a minor impact in survival times) at the expense

of tolerating high temperatures for a brief amount of time.

One might argue, for instance, that plastic responses to a

heat shock, in which molecular chaperones are recruited to

actively maintain proteins folded employing ATP (Ho-

chachka & Somero 2002), have evolved to partly circum-

vent this constraint. In our dataset, only arctic fishes
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Fig. 2. Thermal death time (TDT) curves obtained under heat stress from the literature for insects, bivalves and fishes (Appendix S1),
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respectively (eqn 2). The right panel depicts the association between these parameters after controlling for mortality differences in CTmax
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deviate from this general relation (Fig. 2), which, we spec-

ulate, might be indicative of relaxed selection for heat

tolerance.

Therefore, short-term measurements may not adequately

reflect thermal tolerance at longer temporal scales, which

is more of an issue in organisms with higher z (eqn 2).

Within the range of z of our dataset, 100-fold increase in

exposure time results in a drop in tolerated temperatures

from 1�64 °C (z = 0�82 °C) to 18�6 °C (z = 9�8 °C). The

immediate consequence is that, in some cases, the effects of

exposure time can override differences in CTmax (Fig. 6). It

can be readily shown (eqn 2) that a species a with high

CTmax and z collapses at the same temperature as a species

b with a low CTmax and z at:

log10 t
0 ¼ CTmaxa � CTmaxb

za � zb
: eqn 5

Consequently, species a will exhibit a higher heat toler-

ance than species b at exposure times below t’ and a lower

tolerance at times above t’, which can disrupt or invert the

correlation between tolerance estimates obtained from

assays with different durations (Fig. 6). Even in absence of

stochasticity and measurement error (Santos, Casta~neda &

Rezende 2011), the correlation between Tko and CTmax is

expected to decrease with assay duration. For example, in

the bivalve dataset, the initial correlation between Tko fol-

lowing 1 min of exposure and CTmax (r = 1 by definition,

eqn 2) decreases and eventually becomes non-significant

(r12 = 0�457, 1-tailed P > 0�05) in assays lasting more than

7�4 h (Fig. 2). In these species, assays lasted up to 96 h,

and the correlation between Tko at this time and CTmax is

expected to become negative (r12 = �0�162, P = 0�29). In
summary, the ability to withstand a thermal challenge

depends both on its intensity and duration; hence, adaptive

responses in thermal tolerance across different organisms

have likely been shaped by the interaction between these

two factors.

Several counterintuitive results in the literature, such as

a higher heat tolerance to an acute challenge in Drosophila

melanogaster from cold regions (Sgr�o et al. 2010), can be

understood having this framework in mind (Fig. 6). These

populations exhibit an increased tolerance to an acute

5 min challenge but collapsed sooner in longer static

assays at 39 °C (Sgr�o et al. 2010), supporting a higher sen-

sitivity to prolonged exposure than their warm regions

counterparts (see also Santos, Casta~neda & Rezende 2011,

2012). We obtained qualitatively similar results in D. su-

bobscura populations from Chile exposed to 35 °C, 36 °C,
37 °C and 38 °C (Casta~neda, unpublished results). Because

most heat tolerance measurements in reptiles involve

ramping assays that generally last a few minutes, the posi-

tive association reported with latitude in these organisms

(Huey et al. 2009), or negative with environmental temper-

ature (Ara�ujo et al. 2013), might have a similar basis.

Overall, the two parameters of TDT curves emphasize that

thermal tolerance estimates obtained in brief assays may

not be representative of tolerance to prolonged exposure

to less-extreme – albeit still stressful – temperatures.

A trade-off between tolerances to acute vs. chronic ther-

mal stress has enormous implications. Adaptive strategies

are expected to differ depending on the nature of the ther-

mal regime, and selective pressures due to changes in tem-

perature means or extremes may result in different

evolutionary responses. For upper thermal limits, for

instance, our results suggest that low values of z should

generally be favoured in relatively constant environments

at the expense of a high CTmax, whereas high CTmax

should be favoured in highly variable thermal
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environments at the expense of low z values. Although this

dichotomy represents extremes along a continuum and an

overly simplistic view of reality (a multitude of factors

such as the duration of exposure to thermal extremes,

behavioural thermoregulation or past history are also

expected to affect CTmax and z), it raises interesting predic-

tions that are worth testing. For example, tropical and

temperate environments are expected to exert very differ-

ent selective regimes on thermal tolerance, and the same is

true for marine vs. terrestrial environments. In this con-

text, it is noteworthy that aquatic fishes exhibit low CTmax

and z in comparison with bivalves inhabiting intertidal
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habitats and terrestrial insects, which provides circumstan-

tial support to this suggestion (Fig. 2).

Alternatively, taxonomic and developmental effects

aside, this pattern might partly reflect differences in body

size. Variation in thermal tolerance with size may result,

for example, from differences in organismal complexity

and aerobic metabolism (see P€ortner 2002, 2010), in cumu-

lative effects of thermal stress (larger organisms exhibit a

lower metabolic rate per gram of tissue and, consequently,

lower rates of resources depletion; see Rezende, Tejedo &

Santos 2011; Santos, Casta~neda & Rezende 2011) and in

thermal inertia. Small and large organisms may exhibit

very different strategies to cope with temperature stress,

and size-mediated effects in thermal tolerance might partly

account for the general trend of shrinking sizes with war-

mer temperatures observed in a variety of organisms (Sher-

idan & Bickford 2011). Ultimately, these alternative

explanations to account for the general association

between CTmax and z are not mutually exclusive and, as

with many other physiological traits, the shape of toler-

ance landscapes likely varies with body size and the ther-

mal environment.

Broad-scale comparative analyses

Analyses suggest that differences in exposure times may

account for an important fraction of the variation in ther-

mal tolerance. For instance, heat tolerance estimates quan-

tified in assays lasting 5 min vs. 2 h are expected to differ

5�5 °C for an organism with z = 4 °C and 8�3 °C for

z = 6 °C; hence, differences in assay duration might impact

broad-scale comparative studies (Sunday, Bates & Dulvy

2011; Diamond et al. 2012; Hoffmann, Chown & Clusel-

la-Trullas 2013; Ara�ujo et al. 2013). To address this poten-

tial problem, we reanalysed the dataset on upper and

lower lethal temperatures compiled by Hoffmann, Chown

& Clusella-Trullas (2013). Because this exercise is primarily

illustrative, we employed ordinary regressions to compare

the relative effects of assay duration vs. absolute latitude

and did not account for other variables (taxonomic affilia-

tion, acclimation temperature, etc.). We pooled estimates

reported for 50% and 100% mortality and assay duration

(their Table S3, Supporting information) to obtain upper

and lower lethal temperatures for 127 and 242 insect spe-

cies, respectively. These estimates overlap with the expecta-

tions of TDT curves (Fig. 5), supporting the general

association between stress intensity and duration proposed

here.

For upper lethal temperatures, latitude was not statisti-

cally significant when included as a single predictor in the

regression, whereas assay duration was highly significant

(Table 1). Importantly, latitudinal effects were significant

in the model including both variables; hence, controlling

for assay duration seems to have uncovered latitudinal dif-

ferences in heat tolerance. Consequently, from an initial

model in which latitude is not significantly different than

zero and only accounts for 2�1% of the variation in heat

tolerance, we end up with a model explaining roughly 68%

of the variation and significant latitudinal effects that are,

comparing slope estimates, five times larger than in previ-

ous analyses (�0�15 in Table 1 vs. �0�03 reported for ter-

restrial organisms by Sunday, Bates & Dulvy 2011). For

lower lethal temperatures, both latitude and assay duration

were statistically significant in the regression as single pre-

dictors (Table 1). Assay duration accounted only for a

small fraction of the variation in cold tolerance in this

dataset and its inclusion in the model did not affect latitu-

dinal trends. Nonetheless, for both heat and cold toler-

ance, the best model according to Akaike Information

Criterion (AIC) included both latitude and exposure times

(Table 1).

Several authors have raised concerns about comparing

thermal tolerance estimates obtained with different proto-

cols (Lutterschmidt & Hutchison 1997; Chown et al.

1 2 3 4 5 6 7

40

42

44

46

48

50

z (°C)

C
T m

ax
 (°

C
)

Te
m

pe
ra

tu
re

 (°
C

)
In

fe
rr

ed
 to

le
ra

nc
e 

(°
C

)
S.corr

S.nov

C.gla

slope b  = 2·02

35

40

45

50

Time (log-scale)
1 min 10 min 1 h 3 h 12 h

t ' = 10bx 1 min

105 min

S.corr

S.nov

C.gla

30

35

40

45

Environmental gradient

S.corr S.nov C.gla

10 min

105 min

12 h

Fig. 6. A negative association between CTmax and z across species

(or populations) implies that TDT curves intersect at a given time

t’, which can be calculated from the slope b of this relation

(eqn 5). Species ranking based on observed tolerated temperatures

is expected to change with exposure times and, if they are distrib-

uted along an environmental gradient, so is the sign of thermal

tolerance clines. TDT curves were plotted for bivalve species Sem-

ele corrugata, Sphaerium novaezelandiae and Cardium glaucum

(Appendix S1).
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2009; Santos, Casta~neda & Rezende 2011). Our analysis

constitutes the first quantitative assessment of the magni-

tude of methodological effect on comparative analyses,

and results show that assay duration can be a major con-

founding factor even in broad-scale geographic studies.

Previous analyses suggest that upper thermal limits are

highly conserved across species and generally uncorrelated

with environmental temperatures (Addo-Bediako, Chown

& Gaston 2000; Sunday, Bates & Dulvy 2011; Ara�ujo

et al. 2013; Hoffmann, Chown & Clusella-Trullas 2013),

and these results have been interpreted as evidence of lim-

ited evolutionary potential in heat tolerance (Ara�ujo et al.

2013; Hoffmann, Chown & Clusella-Trullas 2013). It is

possible, however, that existing geographical trends may

have been partly overshadowed by differences in exposure

times. This is particularly true for upper thermal limits,

which exhibit a lower variability than lower thermal limits

(see Ara�ujo et al. 2013), and therefore, assay duration

seems to have a disproportionally larger impact on this

trait (Table 1). Nonetheless, these alternatives are by no

means mutually exclusive and highlight the necessity to

account for methodological differences between studies

and for the adoption of standardized methods. Although

controlling statistically for assay duration and/or selecting

tolerance estimates obtained within a narrower temporal

range can partly circumvent this issue, these approaches

neglect differences in z across populations or species that

might be potentially relevant from a comparative and/or

ecological perspective (Fig. 6).

Conclusions

Here, we develop a framework to study thermal tolerance

based on the premise that thermal tolerance decreases with

exposure time to a thermal challenge, which has been long

recognized in the thermobacteriology and food processing

literature. This perspective departs from the general

approach view held in the ecological literature, that a sin-

gle estimate can adequately describe upper or lower ther-

mal tolerance, which was adopted primarily for logistic

convenience (to estimate thermal tolerance fast and with

fewer animals than in static methods; Lutterschmidt &

Hutchison 1997) without any support on theoretical

grounds. The absence of a formal theoretical framework

surrounds much of the debate on the genetic and physio-

logical basis of thermal tolerance, and its ecological and

evolutionary repercussions (see Santos, Casta~neda & Rez-

ende 2011). Given the high fit of TDT curves to the data

currently available, the proposed framework seems to pro-

vide a very good compromise between biological realism

and mathematical tractability, opening the venue for com-

bined theoretical and empirical work (see Angilletta 2009;

Rezende, Tejedo & Santos 2011; Santos, Casta~neda &

Rezende 2011).

Extrapolations must be carried out with caution, how-

ever, because the semilogarithmic association between the

intensity and duration of a thermal stress remains funda-

mentally empirical, and deviations from this relationship

will have an impact on the outcome of predictive models.

Stressful temperatures affect many levels of organization

simultaneously and, because their cumulative effects may

disrupt different biochemical and physiological processes,

break points are expected to occur along the TDT curve

(Fig. S2, Supporting information; see also Santos, Cas-

ta~neda & Rezende 2011; David et al. 2003). For instance,

whereas enzyme denaturation or oxygen limitation may

account for mortality during an acute heat stress, meta-

bolic imbalance and resource depletion may be more

important during chronic stress. Similarly, non-lethal ther-

mal end points in ramping experiments, such as the onset

muscle spasms and loss of motor coordination (see Lut-

terschmidt & Hutchison 1997; Sunday, Bates & Dulvy

2011; Hoffmann, Chown & Clusella-Trullas 2013 and ref-

erences therein), could be caused by neural dysfunction

during an acute heat shock and might not be suitable for

chronic assays. Because the dose–response relationship is

expected to hold at lower levels of organization and multi-

ple factors probably contribute to thermal limits to perfor-

mance, it is not surprising that different measures of

thermal tolerance are often uncorrelated (e.g. Hoffmann

et al. 1997; Berrigan 2000; for issues associated with mea-

surement error and statistical power, see Santos, Cas-

ta~neda & Rezende 2011; Casta~neda et al. 2012). However,

consistent patterns across species support a common

denominator underlying these different indices (e.g. Berri-

gan & Hoffmann 1998; Berrigan 2000; Mitchell & Hoff-

mann 2010; see also Cooper, Williams & Angilletta 2008)

that, nuances aside, seem to be adequately described by a

thermal tolerance landscape.

Two parameters (i.e. CTmax and z or CTmin and z’) are

necessary to fully describe the TDT curve for any given

relative mortality (around 50% when dealing with average

Table 1. Regressions of upper (UTL) and lower thermal limits (LLT) against absolute latitude and/or log10-transformed exposure time (t)

Model estimates (� SE) Significance r2 AIC AICw

UTL = 42�34 (� 2�41) – 0�11 (� 0�07) lat Plat = 0�102 0�021 865�4 0�000
UTL = 48�75 (� 0�79) – 4�83 (� 0�32) log10 t Plog t < 0�001 0�638 739�2 0�002
UTL = 54�16 (� 1�57) – 0�15 (� 0�04) lat – 4�91 (� 0�31) log10 t Plat < 0�001, Plog t < 0�001 0�677 726�4 0�998
LTL = 16�07 (� 2�81) – 0�63 (� 0�07) lat Plat < 0�001 0�278 1838�0 0�007
LTL = –17�15 (� 2�24) + 2�74 (� 0�82) log10 t Plog t < 0�001 0�044 1905�0 0�000
LTL = 9�52 (� 3�36) – 0�62 (� 0�06) lat + 2�38 (� 0�70) log10 t Plat < 0�001, Plog t < 0�001 0�311 1828�0 0�993
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estimates). Even though, in principle, both the intensity

and duration of a thermal stress must be taken into

account to have a complete description of what thermal

tolerance entails, the use of a single parameter could pro-

vide a reliable approximation as has been intrinsically

assumed in the ecological literature. Nonetheless, our

results suggest otherwise. First, estimated values of z (and

z’) conclusively show that temporal effects are important

and can have a major impact on thermal tolerance. This is

crucial for comparative purposes and if we ought to esti-

mate species thermal niche in the field based on laboratory

measurements (see Chown et al. 2009; Overgaard, Hoff-

mann & Kristensen 2011; Terblanche et al. 2011). Sec-

ondly, there is enough interspecific variation in z (and z’)

to cast doubts on the adequacy of estimates obtained in

short-term assays as relevant indicators of tolerance during

longer periods of time (Figs 2 and 4). Although in some

systems variation in z (or z’) may be less of an issue – for

example, among the fish species studied here, a trade-off

between CTmax and z is not immediately apparent and

TDT curves are nearly parallel (Fig. 2) –, susceptibility to

prolonged thermal stress remains a potential confounding

factor that ought to be appropriately quantified. Thirdly,

inclusion of a temporal component suggests that species

might respond differently to changes in temperature aver-

ages or extremes. Even though a potential trade-off

between tolerances to acute vs. chronic thermal stress

remains contentious, thermal biologists should start con-

sidering which temporal window may be selectively rele-

vant in the field.

During the development of this work, some colleagues

have argued that lethal assays are not feasible or desirable

for many organisms. We certainly agree. Inferring the

overall shape of the thermal tolerance landscape from a

limited number of measurements remains a challenge and

only a handful of model organisms may be employed for

experimentation with the proposed framework (but see

Fig. 2). Nonetheless, ignoring the potential limitations of

current approaches can be substantially more problematic

not only because many studies might be reporting spurious

patterns (see also Santos, Casta~neda & Rezende 2011), but

also because some lethal assays currently used may ulti-

mately be uninformative. For instance, fast ramping assays

may still provide useful estimates of tolerance to acute –

but not chronic – thermal stress, whereas it becomes even-

tually impossible to discern whether a given end point in a

slow heat tolerance assay reflects variation in CTmax or z

(see also Rezende, Tejedo & Santos 2011; Santos, Cas-

ta~neda & Rezende 2011). Consequently, static assays at

different temperatures should be preferred whenever possi-

ble because they are easier to control, replicate, compare

and analyse (see Supplementary Information), even in the

absence of less invasive methods to study physiological tol-

erance limits.

Since the seminal work by Cowles & Bogert (1944), criti-

cal thermal limits have provided a useful approach to

quantify thermal tolerance. Their prevalence in the

ecological literature can be explained solely on practical

grounds (Lutterschmidt & Hutchison 1997), whereas from

a conceptual perspective, the very notion of a unique criti-

cal thermal limit constitutes a gross oversimplification of

what thermal tolerance limits actually entail. In this con-

text, thermal tolerance landscapes provide a general, intui-

tive and mathematically tractable framework to

circumvent this limitation. In spite of the inherent logistic

complications, the incorporation of a temporal dimension

is mechanistically realistic and conceptually necessary.

Thermal stress comes in different flavours, and there seems

to be more than a way to cope with it. Only by studying

the combined effects of the intensity and duration of a

thermal stress on survival or other fitness components, we

might predict how temperature changes may impact bio-

logical systems across the globe.
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