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Global warming is increasing the overheating risk for many organisms,
though the potential for plasticity in thermal tolerance to mitigate this risk is
largely unknown. In part, this shortcoming stems from a lack of knowledge
about global and taxonomic patterns of variation in tolerance plasticity.
To address this critical issue, we test leading hypotheses for broad-scale vari-
ation in ectotherm tolerance plasticity using a dataset that includes vertebrate
and invertebrate taxa from terrestrial, freshwater and marine habitats. Con-
trary to expectation, plasticity in heat tolerance was unrelated to latitude
or thermal seasonality. However, plasticity in cold tolerance is associated
with thermal seasonality in some habitat types. In addition, aquatic taxa
have approximately twice the plasticity of terrestrial taxa. Based on the
observed patterns of variation in tolerance plasticity, we propose that limited
potential for behavioural plasticity (i.e. behavioural thermoregulation) favours
the evolution of greater plasticity in physiological traits, consistent with the
‘Bogert effect’. Finally, we find that all ectotherms have relatively low acclima-
tion in thermal tolerance and demonstrate that overheating risk will be
minimally reduced by acclimation in even the most plastic groups. Our analy-
sis indicates that behavioural and evolutionary mechanisms will be critical in
allowing ectotherms to buffer themselves from extreme temperatures.

1. Introduction

Climate change is increasing mean environmental temperatures and the
frequency of extreme thermal events [1]. As a result, organisms across the globe
will be more likely to experience temperatures beyond their physiological limits
unless they can in some way buffer themselves from environmental change
[2,3]. One mechanism that could greatly reduce the risk of overheating is physio-
logical plasticity in thermal tolerance, such as the reversible changes in thermal
tolerance known as acclimation (if measured in the laboratory) or acclimatization
(if measured in the field) [4-7]. For example, the upper thermal tolerance limits of
many organisms increase (within individuals) as mean body temperatures rise,
meaning that physiological adjustments can potentially compensate for the nega-
tive consequences of rising habitat temperatures [8]. Despite the potential
importance of plasticity in dictating population vulnerability to climate change,
calculations of overheating risk rarely take into account plasticity in thermal
tolerance (e.g. [2,9]). Ignoring plasticity can affect estimations of absolute over-
heating risk, and lead to errors in assessing patterns of risk that may exist
among taxa from different habitats or taxonomic groups [10].

Two primary hypotheses currently exist to explain broad patterns of vari-
ation in thermal plasticity among ectotherms. First, the latitudinal hypothesis
predicts a pattern of increasing thermal tolerance plasticity as one moves
from the equator to the poles based on the concomitant increase in thermal
seasonality [11-14]. This expected relationship is one of several reasons that tro-
pical organisms are proposed to be particularly vulnerable to warming [15].
Second, the trade-off hypothesis predicts that organisms with the highest overall
thermal tolerance, or inherent thermal tolerance [16], will have the lowest
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tolerance plasticity [4,17]. This hypothesis is based on obser-
vations of reduced plasticity in organisms from extreme
environments (e.g. [18,19]), and leads to the somewhat coun-
terintuitive prediction that in some cases organisms with the
highest thermal tolerance may be the most vulnerable to
warming owing to a lack of ability to physiologically adjust
to thermal change [20]. Comprehensive tests of the latitudinal
and trade-off hypotheses are currently lacking for thermal
tolerance plasticity, with tests coming from a few phylogen-
etically restricted analyses (i.e. within single genera) that
have yielded mixed results [16,20-27]. For example, multiple
studies have assessed geographical patterns of thermal toler-
ance plasticity in Drosophila, but have produced little
evidence that high-latitude species have greater plasticity
[16,25,26]. Support for the trade-off hypothesis has been
demonstrated in Petrolisthes porcelain crabs [20], but not
within Deronectes diving beetles [21].

The lack of consensus about broad-scale drivers of toler-
ance plasticity prevents robust global estimates of the
degree to which tolerance plasticity can mitigate the effects
of warming. To address this important gap in our knowledge,
we assessed the latitudinal and trade-off hypotheses using a
large dataset containing 394 estimates of thermal tolerance
plasticity from 232 ectotherm species, including vertebrate
and invertebrate groups living in terrestrial and aquatic
habitats. Taxa sampled included insects, crustaceans, fish,
amphibians and reptiles. We used data on critical thermal
limits (CTpax and CT i, for upper and lower thermal tolerance,
respectively), defined as the body temperatures at which an
organism loses muscle coordination such that it cannot
escape from a harmful situation [28,29]. CTs are a particularly
ecologically relevant estimate of thermal tolerance because
they are measured during gradual increases in body tempera-
ture, similar to the patterns of thermal change that organisms
experience in their natural environments [25,30]. Plasticity
was calculated as the acclimation response ratio (ARR), the
slope of the line describing the change in thermal tolerance
with a given change in acclimation temperature [31-34]. In
addition to determining support for the latitudinal and trade-
off hypotheses, we investigated patterns of plasticity in thermal
tolerance among major ectotherms groups and calculated the
degree to which observed plasticity in thermal tolerance can
buffer ectotherms from rising temperatures.

2. Material and methods

For each population, mean thermal tolerance at each acclimation
temperature was taken from text or tables of published studies
(see the electronic supplementary material, table S1). In some
cases, values were not reported so mean thermal tolerances
were estimated from figures (sensu [35]). Negative ARRs values
(i.e. thermal tolerance decreases as the thermal challenge increases)
are indicative of physiologically damaging acclimation conditions.
Thus, we excluded ARRs that were less than —0.15 (small negative
values are expected owing to experimental error). Adult animals
were targeted, so if acclimation capacity was reported for multiple
ages or developmental stages in a population, we always chose
data for the oldest or most developmentally advanced group. In
addition, if plasticity values were measured across categories
such as sex or season for a population, as a rule we always chose
data for the group that demonstrated the greatest plasticity.
Support for hypotheses was assessed within an information
theoretic framework [36]. For each hypothesis, an a priori set of
linear mixed models was constructed that included terms and

interactions that might explain variation in thermal tolerance
plasticity (see below). All models included a nested, hierarchical
random term representing taxonomic affinities of the taxa included
(phylum/class/order/family/genus/spp) to account for non-
independence of data since no phylogenetic tree is available for
all taxa included in this study [37,38]. Model validation was
conducted by examining diagnostic plots (e.g. histograms of stan-
dardized residuals, plots of standardized residuals versus fitted
values, and plots of standardized residuals versus explanatory
variables [39]). Models were run using the Ime function in the
nlme package in R [40]. Model comparisons were based on AIC,
scores given our small sample sizes relative to the number of par-
ameters estimated in our mixed models [41]. Model comparisons
were conducted with the MuMIn package in R.

Both the time that experimental animals are given to acclimate
and the heating/ cooling rates used during tolerance measurement
are methodological factors that could influence the amount of plas-
ticity measured [30,42]. However, data on acclimation times and
heating/ cooling rates were not given for all populations, so includ-
ing these factors in our full models would result in a loss of data to
test our hypotheses. Thus, we conducted preliminary analyses
to assess effects of these variables before including them in our
primary models. Acclimation time had a small but positive associ-
ation with both upper and lower plasticity (see the electronic
supplementary material, figure S1 and table S2), but cooling rate
and heating rate had very small effects on CTyin ARR and CTax
ARR, respectively (see the electronic supplementary material,
figure S1 and table S2). Thus, only acclimation time (in days)
was included as a covariate in our models.

For the latitudinal hypothesis, we included latitude as a term in
models including habitat type (marine, freshwater, terrestrial),
hemisphere (N/S) and acclimation time. The latitudinal hypothesis
is based on the general trend of increasing thermal seasonality with
latitude. However, latitude is not a perfect proxy for seasonality, as
factors such as ocean currents and proximity to oceans (in terrestrial
habitats) can alter climate dynamics [43]. To account for this, we
conducted a second set of analyses using direct estimates of thermal
seasonality with the subset of our data for which we had both lati-
tude and longitude. For the analysis of CT,;, ARR and seasonality,
we had small sample sizes for aquatic taxa (freshwater N =6,
marine N = 13) that precluded the estimation of interactions with
habitat [44]. Thus, in that case we conducted analyses with terres-
trial data only. Geospatial data for assessments of the latitudinal
hypothesis were compiled in several ways. Latitudes and longi-
tudes for collection localities were either given or could be
estimated from locality descriptions. In instances where collection
localities were not given, the latitude was taken to be the midpoint
of the latitudinal range of the species based on collection records
stored primarily in the Global Biodiversity Information Facility
database (gbif.org). For observations in which latitude and longi-
tude were available, we extracted bioclimatic data on seasonality
in thermal conditions (see the electronic supplementary material,
figure S2 for map of localities). Seasonality for terrestrial and fresh-
water taxa was the standard deviation of annual mean weekly air
temperatures extracted from 0.25 x 0.25 Bioclim climatic layers
(Bioclim variable Bio4; air temperature is often used as a proxy
for freshwater thermal conditions [45]). Seasonality for marine
taxa was the standard deviation of mean weekly Sea Surface Temp-
eratures from 1989 to 2014, taken from NOAAs 1° x 1° Optimum
Interpolated Sea Surface Temperature dataset.

The trade-off hypothesis predicts that organisms that can toler-
ate the most extreme conditions will have the lowest tolerance
plasticity. To assess this, we used linear mixed models as descri-
bed above, including maximum measured thermal tolerance
(maximum CT,ay or minimum CT,;,) as a term [16,22].

To explore the potential for plasticity in thermal tolerance to
buffer ectotherms from rising temperatures, we calculated how
thermal safety margins (the difference between mean body
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Figure 1. Acclimation in thermal tolerance in relation to absolute latitude, seasonality and habitat. Seasonality is the standard deviation of weekly mean environ-
mental temperatures (see §2). (a) CT,,ax ARR with respect to latitude. (b) CTyyin ARR with respect to latitude. (c) (T2, ARR with respect to seasonality and (d) CTiyin

ARR with respect to seasonality. (Online version in colour.)

temperature and upper thermal tolerance) will change as mean
body temperatures rise given the mean CTp.x ARR for each
major clade. This was calculated as

Change in safety margin = (Mean CT.cARR — 1)
x Change in mean body temp.
(2.1)

3. Results

We report only the top models (A; < 2), but summaries of
all models considered can be found in the electronic sup-
plementary material, tables S3—S7. Contrary to expectation,
there was little evidence that latitude was related to plasticity
in upper thermal tolerance (figure 1a; see clade-specific
data in the electronic supplementary material, figure S3). Lati-
tude was not included in the top model (table 1a), the model-
averaged effect size of latitude was small (slope = 0.0003),
and the highest ranked models that included latitude explained
no more variation than the top model (see the electronic sup-
plementary material, table S3). However, habitat type was
included in the top model (and the top five models overall),
with aquatic taxa having mean CT,,,« ARRs more than twice
that of terrestrial taxa (X + s.e.: terrestrial X =0.12 + 0.01;

freshwater X =0.25 + 0.02; marine X =0.32 + 0.02;

figure 1a and table 1a). Similar patterns were found with respect
to CTmin ARR. An interaction between habitat and latitude
was included in one of the top models but that model explained
only 4% more variation than the top model with only acclim-
ation time, habitat and hemisphere (table 1). Latitude also had
a very low model-averaged effect on CTn ARR (slope =
0.001; figure 1b). However, examination of taxon-specific plots
suggests a positive relationship between CTy; ARR and lati-
tude in reptiles (see the electronic supplementary material,
figure S4). Habitat type was again retained in the top models,
with aquatic taxa having higher plasticity than terrestrial taxa
(terrestrial X = 0.16 + 0.01; freshwater X = 0.34 + 0.04;
marine X = 0.32 + 0.02).

There was little evidence that thermal seasonality is related
to plasticity in upper thermal tolerance. Seasonality was not
included in the top model (table 1c), the model-averaged
effect size of seasonality was small (slope = 0.0007; figure 1c),
and models that included seasonality did not explain more
variation than those without it (see the electronic supplemen-
tary material, table S5). In contrast to the latitudinal analyses,
there is support for a substantial effect of seasonality on
plasticity in lower thermal tolerance in terrestrial taxa. Season-
ality was retained in the top model (table 1d) and had an effect
size over an order of magnitude higher than that for CTy,x
ARR (model-averaged slope = 0.019; figure 1d).
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Table 1. Summary of top models for acclimation in thermal tolerance including latitude or seasonality. k, number of parameters; log(L), model log likelihood; [}
AIC,, model Akaike Information Criterion score; A, difference in AIC, score from top model; w;, model weight; R, marginal R* (variance explained by fixed

factors within the models).

model k log(L)
(@) (Trax ARR and latitude
©acd. time + habitat o 255558
(b) CTmin ARR and latitude
acclt|me+hab|tat o
habitat 10
©acd. time + habitat + hemisphere 12 94,635
acdl. time + habitat x latitude 14
(C) C‘T,‘n‘ax‘A‘RbR o ‘séé‘sohali'ty“ S SO
acdl. time + habitat N 217.449
(@) (Too ARR and seasomalty |
seasonality 9 72.000

Table 2. Summary of top models for acclimation in thermal tolerance
including inherent thermal tolerance. See table 1 for symbol descriptions.

model k  log(l) AIC, AW R?

(@) CTinax ARR versus maximum (T,

acl. 9 251.266 —483.9 0.00 0713  0.019
time

() Ty AR versus minimum (T,

acdl. 10 90.870 —1595  0.00 0.693 0074
time

Contrary to prediction, there was little evidence that
inherent thermal tolerances were related to thermal tolerance
plasticity. Inherent thermal tolerance was not retained in the
top models (table 2a,b), had small effect sizes (model-
averaged slope = —0.0001 and 0.00009 for upper and lower
inherent tolerance, respectively; figure 2) and did not increase
the explanatory power of models (see the electronic sup-
plementary material, table S6). Although not linked to
inherent thermal tolerance, there does appear to be a substan-
tial positive association between plasticity in upper and lower
thermal tolerance (see the electronic supplementary material,
figure S5 and table S7).

To investigate the capacity for plasticity to reduce over-
heating risk under rising temperatures, we used data on
CTmax ARRs to calculate how much thermal safety margins
(CTmax — mean body temperature) will be reduced for a
given change in body temperature under warming while
taking tolerance plasticity for each major clade (figure 3) into
account. When the data are rescaled in this way, we find that
on average fish and crustaceans will have smaller decreases
in thermal safety margin than insects, reptiles and amphibians
for a given rise in body temperature (figure 4), in accord with
the finding that aquatic organisms have higher plasticity than
terrestrial organisms. Nonetheless, warming will substantially
reduce thermal safety margins for members of all of the
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Figure 2. Relationship between acclimation and inherent thermal tolerances.
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respect to minimum CT,;,. (Online version in colour.)

groups that we considered, as physiological compensation
will still be nowhere near complete even for aquatic taxa
(figure 4).

4. Discussion

We tested leading hypotheses to explain broad-scale pat-
terns of plasticity in ectotherm thermal tolerance. A primary
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Figure 4. Predicted changes in thermal safety margin given changes in mean
body temperature. Coloured lines are based on mean (T, ARR values
for each clade. Grey polygon bounds the central 95% of (T, ARR
measurements across all clades.

result from our analysis is that plasticity in lower thermal
tolerance is more likely to be associated with variation in
thermal environments than plasticity in upper thermal toler-
ance (figure 1; see the electronic supplementary material,
figure S4). We hypothesize that the greater response in lower
tolerance plasticity may be owing to differences in the effec-
tiveness of behavioural thermoregulation at influencing
maximum versus minimum body temperatures. The warmest
temperatures occur during the day during seasons when
there is the greatest spatial variability in operative thermal con-
ditions. For example, in terrestrial habitats, exposure to sun can
increase body temperature if temperatures are cold, while if air
temperatures are warm, seeking out shade can reduce body
temperature [46]. Similar processes can also occur in freshwater
systems (e.g. [47]). Behavioural thermoregulation thus has the
ability both to reduce variability in maximum body

temperature and to prevent organisms from experiencing
damaging extremes [48,49]. By contrast, the coldest tempera-
tures that organisms experience occur during seasons
when operative thermal conditions are less variable and
when many animals are dormant and cannot behaviourally
adjust to changing conditions. As a result, behavioural
thermoregulation is less effective at reducing variability in
the minimum temperatures experienced and in preventing
exposure to extreme cold. This mechanism may also contribute
to parallel geographical patterns seen in inherent thermal toler-
ances, where CTy;, changes more quickly with latitude and
elevation than CTp,., [37,50,51].

The higher thermal plasticity of organisms in aquatic
versus terrestrial habitats was unexpected (figures 1 and 3;
but see [38]). Aquatic habitats generally have less seasonal
variability in temperature than terrestrial habitats, so one
might expect less plasticity in aquatic taxa. However, this
pattern may again be driven by variation in the ability to
effectively thermoregulate. Aquatic habitats tend to have
less spatial variability in operative thermal conditions than
terrestrial habitats, and thus aquatic organisms may be less
able to behaviourally buffer themselves from changing ther-
mal conditions relative to terrestrial taxa. Indeed, ranges of
marine taxa are shifting more rapidly than those of terrestrial
taxa per degree of warming [52], perhaps owing to the
reduced potential for thermoregulation.

Based on the habitat-dependent patterns of variation in
thermal tolerance plasticity that we observed, we hypothesize
that the ‘Bogert effect’ may play a primary role in mediating
the evolution of thermal plasticity. The Bogert effect refers to
the ability of behavioural adjustments to buffer organisms
from experiencing environmental (including thermal) vari-
ation, potentially reducing selection pressure on other
phenotypic (including physiological) traits [48,49]. Our
hypothesis is based on two primary observations: (i) plas-
ticity in lower thermal tolerance has a greater response to
thermal variation than plasticity in upper thermal tolerance
in terrestrial habitats and (ii) aquatic organisms have higher
plasticity overall than terrestrial organisms. In both cases,
greater physiological plasticity is observed under environ-
mental conditions in which the potential for behavioural
thermoregulation is reduced (see above).
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We found little support for the trade-off hypothesis,
as lower and upper inherent thermal tolerances had mini-
mal effects on CTpn ARR and CTp.x ARR, respectively.
Thus, although trade-offs are observed within some taxa
(e.g. [20,53]), there is no overall expectation for reduced ther-
mal plasticity in taxa that can tolerate extreme thermal
environments [21,54]. However, we do find an association
between plasticity in upper thermal tolerance and plasticity
in lower thermal tolerance. This indicates that these traits
may evolve in a correlated manner, although clearly the link-
age is not perfect given the differential responses of CTpax
ARR and CTpy ARR to thermal seasonality in terrestrial
taxa (figure 1).

5. Implications for climate change

The ability to acclimatize to changing thermal conditions is
expected to be a primary factor that dictates the vulnerability
of taxa to rising temperatures [4-6,10,20]. Our broad-scale
analysis of thermal tolerance plasticity across ectotherms
has many implications for our understanding of the inter-
actions between plasticity and warming. First, it has been
suggested that tropical taxa may be more vulnerable to
warming than temperate taxa, in part, because tropical taxa
are expected to have lower plasticity in thermal physiology
[12,14,15]. However, we find little support for decreased plas-
ticity in upper thermal tolerances in taxa from low latitude/
low seasonality habitats. This result serves as a complement
to a recent macrophysiological analysis on plasticity in meta-
bolic rate processes that suggests low-latitude taxa have
greater plasticity in metabolic rates than high-latitude taxa
[38]. Thus, for lethal (this study) and sub-lethal [38] physio-
logical traits, low-latitude taxa are not at a disadvantage
with respect to plasticity. While there may be several reasons
why tropical taxa are more susceptible to warming than
high-latitude taxa [2,15,55,56], a lack of thermal plasticity is
unlikely to be one of them. Similarly, it has been hypoth-
esized that taxa adapted to the warmest habitats will be
highly vulnerable to warming owing to small thermal safety
margins and low plasticity in thermal tolerance caused by an
expected trade-off between plasticity and inherent thermal
tolerance [4,20,57]. However, on the broadest taxonomic and
environmental scale we find limited evidence for a trade-off
between inherent upper thermal tolerance and plasticity.
Therefore, there is no general expectation that a relative lack
of tolerance plasticity should cause warm habitat taxa to be
more vulnerable to warming than cool habitat taxa (see
also [21]).

Perhaps the most striking result from our analysis is the
low overall plasticity in thermal tolerance that ectotherms
possess. Very few species or populations had CT,.x ARRs
greater than 0.5, and mean CT,,x ARRs of all of the taxa
included are closer to 0 than they are to 1 (figure 3). Thus,
despite the fact that nearly all ectotherms possess some abil-
ity to adjust thermal tolerances in response to changing
thermal conditions, in most cases that plasticity will be
unable to prevent substantial decreases in thermal safety
margins when body temperatures rise. This is a troubling
result given that both mean environmental temperatures
and the frequency of thermal extremes are increasing with cli-
mate change [1,58]. The problem of low acclimation potential
is particularly acute for taxa that are primarily terrestrial

(insects, amphibians and reptiles), which on average have n

very low CTpn.x ARRs. Air temperatures are increasing
faster than ocean temperatures [59], meaning that terrestrial
taxa face faster warming but with less acclimation capacity
than their aquatic counterparts (although, as discussed
above, terrestrial taxa are likely to have more potential for be-
havioural thermoregulation). It should be noted that ARRs
do not account for nonlinearity in plastic responses and are
instead akin to an average of plastic responses across a
given thermal window. However, in many cases nonlinearity
will make plasticity even less effective at buffering organisms
from warming. This is because the degree of plasticity often
decreases at relatively high acclimation temperatures (i.e. the
line explaining changes in CTyy,x with changing acclimation
temperature reaches an asymptote; e.g. [60,61]).

Our results indicate that physiological plasticity may do
little to buffer ectotherms from rising temperatures. This
means that an ability to undergo behavioural and evolutionary
responses to climate change may be critical for population
persistence, particularly in taxa that lack mobility or do not
have suitable routes to shift their ranges [62,63]. The ability
to thermoregulate changes geographically [2,15,56,64,65], and
by habitat type (see discussion of aquatic versus terrestrial
taxa above), and thus many taxa may not have behavioural
mechanisms at their disposal. There is also much debate
about the degree to which populations can evolve to combat
changing conditions [66-71]. Plasticity is of course a trait
that can evolve, and the evolution of plasticity (or canalization
of plastic responses [72]) has been suggested as a means by
which organisms can evade negative effects of climate
change [73]. However, our analyses indicate that plasticity in
thermal tolerance may be evolutionarily constrained. Among
ectotherms, CT,,x ARR rarely increases above 0.5, or 50% com-
pensation, with most taxa considerably lower than that. Thus,
the phenotypic space over which plasticity in thermal tolerance
can evolve may be restricted to relatively low levels of
compensation.

6. Conclusion

A central challenge for biologists is to generate predictive
models of organismal responses to climate change. Because
the phenotypes of individuals are not fixed through time,
knowledge of capacities for physiological plasticity is an essen-
tial component of any forecast. Our analysis provides a
comprehensive synthesis of data on tolerance plasticity and
demonstrates broad patterns of geographical, habitat and
taxonomic variation in this trait. These data can serve as an
important foundation for the incorporation of tolerance plas-
ticity into robust assessments of global patterns of climate
change vulnerability among ectotherms.
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