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Concerns over the consequences of global climate change for biodiversity
have spurred a renewed interest in organismal thermal physiology. How-
ever, temperature is only one of many environmental axes poised to
change in the future. In particular, hydrologic regimes are also expected to
shift concurrently with temperature in many regions, yet our understanding
of how thermal and hydration physiology jointly affect performance and
fitness is still limited for most taxonomic groups. Here, we investigated
the relationship between functional performance, hydration state and
temperature in three ecologically distinct amphibians, and compare how
temperature and water loss can concurrently limit activity under current
climate conditions. We found that performance was maintained across a
broad range of hydration states in all three species, but then declines
abruptly after a threshold of 20–30% mass loss. This rapid performance
decline was accelerated when individuals were exposed to warmer tempera-
tures. Combining our empirical hydrothermal performance curves with
species-specific biophysical models, we estimated that dehydration can
increase restrictions on species’ activity by up to 60% compared to restriction
by temperature alone. These results illustrate the importance of integrating
species’ hydration physiology into forecasts of climate vulnerability, as omit-
ting this axis may significantly underestimate the effects of future climate
change on Earth’s biological diversity.
1. Introduction
As climates continue to shift across the world, a preeminent goal in conserva-
tion science is to anticipate how Earth’s biodiversity will respond in kind [1].
It is expected that species’ extinction risk under future climate change will be
shaped in part by ecological, demographic and physiological traits [2]. For
ectotherms, thermal performance curves (TPCs) that link organisms’ functional
performance to body temperature have emerged as a major tool for estimating
fitness under changing thermal regimes [3,4]. Estimates of ectotherm species’
vulnerability to future climate change based on thermal physiology have
been widely adopted [4–6], but one limitation of this approach is that it
excludes other environmental axes that can also influence fitness [7].

Concurrent with global changes in temperature, both precipitation and water
availability (surface water, water vapour, soil moisture) are also expected to shift
considerably in the near future [8]. Many regions on Earth are predicted to
experience both considerable warming and reducedwater availability [8,9] a com-
bination expected to exert considerable physiological challenges for many species
[10]. Precipitation and water availability constitute major factors affecting species’
distributions [11,12], population dynamics [13], local extinctions [14] and range
shifts [12,15,16], but our understanding of howdehydration physiology ultimately
affects ectotherm fitness is still limited compared to temperature.

Species’ environmental physiology can vary considerably, with important
consequences for performance and fitness under different environments [4,17].
In terms of thermal physiology, temperatures that exceed an ectotherm’s critical
thermal maximum (CTmax) or thermal optimum (Topt) can impair fitness, limit
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activity or induce mortality [5,6,18]. Temperatures exceeding
thermal limits restrict activity by forcing organisms to seek
microclimatic refugia [5,6], and estimates of hours of thermal
restriction have reliably predicted climate-induced population
loss in some ectotherms [5]. Dehydration can also have
considerable performance consequences that can potentially
restrict ectotherm activity and distributions [19–21]. Many
studies have demonstrated that dehydration affects per-
formance [22–25], but there is no generalized model of
hydro-performance akin to the thermal performance curve
[26]. The shape of this hydro-performance curve is an impor-
tant foundation to understand whether performance declines
gradually or abruptly as dehydration proceeds. The thermal
and hydration (hydrothermal) state of an organism has been
shown to synergistically shape performance [27–30]. It is poss-
ible that an organism’s thermal statemay also change the shape
of the hydro-performance curve [22,31], with consequences for
forecasting fitness across these physiological states. Evapora-
tive water loss is dictated in part by the difference in water
vapour density between an organism and the air, where
water loss rates rise in tandem with the saturation vapour
density, and vapour pressure deficit, at warmer temperatures
[32,33]. Temperature and hydration state are therefore expected
to be correlated physiological axes, with potential trade-offs to
concurrently shape performance, fitness and activity.

As themost water-reliant tetrapod lineage [34], amphibians
serve as an ideal model to understand how dehydration and
temperature concurrently shape organismal performance and
subsequently climate risk. Water availability strongly shapes
the biogeographic distributions and ecology of amphibians
[35,36] and is considered a more important driver for species’
distributions than temperature [37]. There is substantial evi-
dence suggesting that amphibians often exhibit a weak
behavioural drive to thermoregulate compared to heliothermic
reptiles [38,39]. Instead, amphibians often appear to select
moist microhabitats over optimal thermal conditions [28,40–
42]. In turn, studies have found that desiccation risk may be
the primary determinant of amphibian activity and environ-
mental restriction [19,43]. Collectively this suggests there are
high fitness costs to dehydration in amphibians, and under-
standing these costs is imperative to estimating climate
vulnerability for these species.

Here, we quantified how both thermal and hydration
physiology may jointly limit performance and activity in
three ecologically and evolutionarily diverse anuran species
from the Pacific Northwest region of North America (figure 1).
We combined empirical estimates of locomotory performance,
assessed across hydration states and at variable body tempera-
tures, with biophysical models to quantify how dehydration
can further limit activity fromwhat is imposed by temperature
alone. Collectively, these data and analytical approaches
advance our understanding of how multiple environmental
axes and physiological limits interact to dictate species’ current
and future climate vulnerability.
2. Methods
To understand how dehydration and temperature concurrently
shape both performance and activity in amphibians, we con-
ducted a series of experiments and integrated these empirical
results into biophysical models for three anuran species. We
assessed jump performance across a range of hydration states,
and at different environmental temperatures, to determine both
the generalized shape of the hydro-performance curve and
how temperature may mediate that relationship. We integrated
these empirical results with species-specific biophysical models
to determine how both thermal and hydration physiology
could restrict activity in these species. Ultimately, this allows us
to illustrate how incorporating hydration physiology, in addition
to thermal physiology, increases estimates of climate risk in
amphibians and provides a path towards integrating
dehydration into forecasts of future climate vulnerability.

(a) Study species
To assess variation in how dehydration affects performance
among diverse anuran species, we studied three ecologically
and evolutionarily divergent anurans that occur in the Pacific
Northwest: the wet-adapted coastal tailed frogs, Ascaphus truei;
the dry-adapted Great Basin spadefoot toads, Spea intermontana;
and the climate and habitat generalist Pacific chorus frogs,
Pseudacris regilla (figure 1). Details on animal collection and
care are included in the electronic supplementary material.

(b) Hydrothermal performance
In the study of ectotherm ecophysiology, it is common to quantify
functional performance over environmental gradients. Often, this
is measured through locomotory performance curves in response
to temperature [3,26], which in turn can be informative for estimat-
ing species’ physiological and distributional limits [5,16]. We
designed an equivalent experiment to estimate functional perform-
ance across a range of dehydration states and environmental
temperatures in our three study species. We measured the maxi-
mum jump distance, from a set of six bouts, a widely used
performance metric for amphibians that is relevant to fitness
given the anaerobic ecology of anurans [22,26,27].

Using a repeated measures design, we tested individual
jump performance at four levels of dehydration and at three or
four different temperatures depending on the species (A. truei:
15, 20, 24°C; S. intermontana: 24, 27, 30°C; P. regilla: 20, 24, 27,
30°C; electronic supplementary material, table S1). All individ-
uals (P. regilla, n = 14; S. intermontana, n = 8; A. truei, n = 10)
were tested together at a given environmental temperature,
with the order of temperatures randomized. Test temperatures
were selected to span (±) each species’s previously reported
thermal optima [44]. Trials began with individuals immersed
in a water bath set at the assigned test temperature for 3 h to
ensure individuals were fully hydrated, a time period consistent
with similar studies [24,28,29]. After this period, we immediately
placed each individual on a planar surface and compelled them
to repeatedly jump up to six times by probing their urostyle,
marking their launching and landing points with ordered tape.
We measured the Euclidian distance between bouts, at a pre-
cision of 0.1 cm, and used the maximum value as our measure
of performance. Immediately after this first jumping trial, we
patted down specimens with a dry paper towel and weighed
them on an analytical balance (Ohaus Explorer 10640, Ohaus
Corp.) with a precision of 0.0001 g. This initial weight and
performance trial were considered to be at each individual’s
fully hydrated state. Subsequently, we serially dehydrated indi-
viduals in an environmental chamber (details in the electronic
supplementary material), set at the same test temperature, by
exposing specimens to a 3000 revolutions per minute (47.3
cubic feet min−1) oscillating fan (Thermaltake Technology Co.,
Ltd) at a distance of 10 cm. We monitored changes in body
mass over time and retested individuals’ jump performance at
three subsequent levels of dehydration, measured as the pro-
portion of initial mass lost, ranging from fully hydrated to near
their sub-lethal dehydration limits (i.e. critical water loss maxi-
mum, CWLmax) based on righting response tests (see below).
We ensured that each individual had at least 30 min of rest
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between jump trials to minimize fatigue. To test for potential fati-
gue, we randomly assigned a subset of individuals (n = 2–3) as
controls (kept in sealed containers with full access to water) in
each temperature treatment, and these individuals were similarly
tested for jump performance. Upon completing their fourth jump
trial, individuals were immediately returned to their acclimation
water bath to recover for one hour. All individuals fully recov-
ered and were subsequently retested at the remaining test
temperatures after a minimum of 2 days of rest. We also tested
for systematic performance changes in individuals over the
course of the experiment, which is detailed in the electronic
supplementary material (p. 9).

After testing individual jump performance across all temp-
erature treatments, we estimated each individual’s maximum
tolerated water loss, CWLmax, after 3 days of rest. We measured
CWLmax in an analogous way to the critical thermal maximum
(CTmax [18]), using the sub-lethal righting response test. We ran-
domly assigned each individual to undergo serial dehydration at
one experimental temperature and tested their ability to right
themselves after inversion every 2 min as signs of lethargy
emerged. If an individual could not right itself in 10 s, they
were immediately weighed and transferred to a recovery water
bath (all subjects recovered from rehydration). We defined this
dehydration limit CWLmax to be an individual’s end weight, as
a proportion to their initial fully hydrated weight.

We assessed the general shape of the anuran hydro-perform-
ance curve by comparing the fit of several models representing
different hypotheses for how hydration state may influence per-
formance. We fitted four models of hydro-performance to the
jump data (electronic supplementary material, table S3, and
further details in the supplemental material): where performance
declines linearly with dehydration (e.g. linear model), where per-
formance is maintained with dehydration but declines past a
threshold (e.g. exponential model) or where performance rises
and falls with dehydration (e.g. quadratic and cubic models).
Given that our data were repeated measures on individuals,
all models included a random intercept for performance (αi)
for each individual i. For visualization, but not analysis, we
transformed the raw data to individual relative performance
(see electronic supplementary material, figure S2 for absolute
performance) by scaling jump distance by each individual’s
maximum performance among trials. In addition to our
measures of jump performance, we also included our estimates
of individual CWLmax as anchor points where performance
was set to zero. We assessed the relative fit of each of these
models by calculating Akaike Information Criterion (AICc) fit
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to all temperature treatments combined. After determining the
best-supported hydro-performance curve shape for each species,
we then included temperature as a covariate, as having either
an additive or interacting effect with dehydration (electronic sup-
plementary material, table S4). We used a similar model selection
approach to test whether temperature interacts with dehydration
to affect performance. Models were fitted using maximum likeli-
hood, with all covariates scaled by 1 standard deviation and
centred, using either the lme or nlme functions in the R package
nlme [45]. All analyses were conducted in R v. 3.4.4.

(c) Biophysical models and environmental restriction
To determine how dehydration in our test species restricts
activity beyond what is imposed by thermal limits alone [5],
we combined species-specific biophysical models with estimates
of microclimate conditions to simulate the body temperature and
evaporative water loss an exposed frog would experience over a
typical day during its active season.

We used a modified version of the dynamic biophysical
ectotherm model developed by Rubalcaba et al. [46], which
implements the energy balance model for a wet-skinned
ectotherm proposed by Tracy [32,47], to estimate the heat balance
(Qmet) and evaporative water loss (me) for a given model organ-
ism (equations S1–S3 in the electronic supplementary material).
The dynamics of energy exchange between an ectotherm and
its environment will be influenced by various physical character-
istics including mass, body shape and cutaneous resistance to
water loss [32,47]. We used species-specific estimates of skin
resistance, surface area and body mass drawn from the literature
(electronic supplementary material, table S2), with three body
size estimates for each species based on the minimum, midpoint
and maximum snout–vent length of adults. These parameters
dictate the heat flux, and corresponding changes to body temp-
erature, of an organism in response to its microclimate through
the absorption of solar radiation, emission of long-wave radi-
ation, and convective, conductive and evaporative heat loss
[32]. In turn, changes to body temperature alter the vapour
density of an organism’s skin surface relative to the tempera-
ture-dependent vapour saturation density of the surrounding
air, which ultimately drives evaporative water loss [33,47].

We explored how both body temperature and evaporative
water loss may unfold give typical microclimate exposures at
100 randomly sampled occurrence sites spanning each species’s
entire latitudinal distribution (see details on site selection in the
electronic supplementarymaterial, p. 10).Weused estimatedmicro-
climate data from NicheMapR [48], which uses long-term monthly
averages (covering theyears 1960–1991) fromaglobalweatherdata-
set [49] to infer microclimate conditions on an hourly basis for an
average day in each month at 1 cm from the surface for a given
location.At each location,we extractedhourlyestimates of air temp-
erature, soil temperature, solar radiation (assuming 50% shade), air
relative humidity and wind speed for an average day in July (see
example schematic electronic supplementary material, figure S3)
to parameterize the microclimate exposure in the ectotherm
energy balance biophysical model [32,46]. From this biophysical
model, we could then estimate time-series of an exposed individ-
ual’s body temperature and cumulative water loss over the course
of a 24 h period at different sites.

From our hydrothermal performance experiment, and pre-
vious studies on these species’ thermal performance [44], we
estimated physiological limits on activity based on either tempera-
ture or dehydration.We used estimated body temperatures at each
location to calculate the hours in a day that exceeded each species’s
upper 80% thermal performance breadth [44]. The remaining
hours in the day were assumed to be available for activity, but
this activity may still incur performance costs due to dehydration.
For each minute of the day that was not thermally restricted, we
determined the time-series of body temperature and cumulative
water loss if a frog emerged at each timepoint (e.g. minute). We
used each species’s best-fit hydrothermal performance models to
predict the time-series of performance for an active frog over this
remaining period based on its modelled body temperature and
water loss, and then scaled this performance to between 0 and 1
based on the maximum potential performance. We used the
same upper 80% performance limit for dehydration to quantify
the additional hours of the day where dehydration would then
exceed this boundary (see example in electronic supplementary
material, figure S3). We calculated the geometric mean of hydro-
thermal hours of restriction from the range of estimates
produced by different emergence times. Our analysis compared
total hours of restriction from thermal and hydrothermal physio-
logical limits, and across modelled body size classes, for each
species using ordinary least-squares regressions.
3. Results
(a) Shape of the hydro-performance curve
Performance across all three species of anurans was main-
tained at a broad range of dehydration, before declining
nonlinearly towards the maximum water loss limit (figure 2).
Critical water loss levels (CWLmax) varied significantly
between species (F2,30 = 37.3, p < 0.001), with the arid special-
ist, S. intermontana, having a significantly higher CWLmax

(42.9% of body mass, 95% CI = 44.9–41.0%) than the wet
specialist A. truei (32.9%, 95% CI = 31.2–34.7%) or generalist
P. regilla (34.2%, 95% CI = 32.8–35.6%). The threshold
at which water loss reduces performance to 80% of its maxi-
mum (WL80) also varied significantly across species (A. truei,
WL80 = 21.3%, 95% CI = 17.8–24.0%; P. regilla, WL80 = 21.2%,
95% CI = 19.2–22.9%; S. intermontana, WL80 = 28.0%, 95%
CI = 24.6–30.8%). This suggests that the overall shape of the
hydro-performance response appears to be highly conserved,
but that the critical levels where performance declines have
some degree of evolutionary lability.

(b) Hydrothermal performance
Building off the best-fit nonlinear relationship between jump
performance and dehydration, including an interaction
between environmental temperature and dehydration sub-
stantially improved the model fit for all species (LRA. truei =
63.8, LRP. regilla = 23.4, LRS. intermontana = 33.5, all p < 0.001; elec-
tronic supplementary material, table S4). The interaction
between temperature and dehydration, rather than an addi-
tive effect of temperature, was much better supported for
all species (LRA. truei = 63.7, LRP. regilla = 14.7, LRS. intermontana =
13.2, all p < 0.001). This suggests that dehydration and temp-
erature act synergistically to shape performance, whereby
warmer temperatures exacerbate the decline of performance
with dehydration and with the CWLmax subsequently
occurring at lower levels of dehydration (figure 2).
4. Thermal and dehydration limits on activity
By coupling our hydrothermal models of performance with
species-specific biophysical models, we found that estimated
hours of restriction varied considerably across species
identity and individual size, and when comparing thermal
and dehydration limits (figure 3). Water loss substantially
increased the hours of restriction over thermal limits for
both A. truei ( p < 0.001) and P. regilla ( p < 0.001), but was
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unlikely to further restrict the arid adapted S. intermontana
( p = 1). Body size was crucial for influencing dehydration
and subsequently activity restriction. Dehydration increased
the hours of restriction by +55.9% for the smallest adults of
A. truei ( p < 0.001), by +24.1% for the median body size
( p < 0.001), but only by +4.2% for the maximum adult size.
We found similar results for the generalist P. regilla: we esti-
mated that the smallest adults had +62.8% additional hours
of restriction ( p < 0.001), +28.4% for the median body size
( p < 0.001) and +7.3% for the maximum body size, when con-
sidering dehydration. For S. intermontana, however, there was
no additional restriction from dehydration at any body size.
5. Discussion
These results demonstrate that hydration state is an important
driver of anuran performance, behaviour and subsequently cli-
mate risk. Across three anuran species with widely divergent
evolutionary histories and climatic affiliations, we show that
there are both commonalities in the performance effects of
dehydration, but also considerable differences in how this
environmental pressure is likely to have shaped each species’s
ecology and distribution. Across all species the performance
consequences of dehydration were considerable past a given
threshold (WL80), underscoring the importance of maintaining
hydration state for fitness. Hydration state in amphibians is
often maintained at very high levels in nature [28,50], as
individuals must balance activity with the costs of ongoing
water loss [51]. Although our study suggests that burst jump
performance can be maintained across moderate levels of
dehydration in all species, the relatively sharp decline in per-
formance after the WL80 threshold suggests that there is a
potentially lethal risk in approaching this threshold if opportu-
nities for rehydration are scarce. Though temperature regimes
may not elicit a strong behavioural drive in many amphibians
[38,39], it clearly plays an important role in how these species
experience and respond to water loss.

Environmental temperature has two important effects on
dehydration in anurans: it both mediates rates of evaporative
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water loss by changing the water vapour pressure deficit
[32,33], and it also appears to affect the hydro-performance
relationship. Warmer temperatures resulted in a faster decay
in performance with dehydration and a lower critical water
loss threshold in all three species. This suggests a consistent
physiological mechanism across species, whereby the stress of
high temperatures and dehydration interact to reduce func-
tional performance and is consistent with studies from other
amphibian species [22,29,30]. When individuals are fully
hydrated, these warmer temperatures were generally beneficial
for performance—consistentwith our understanding of amphi-
bian thermobiology [38,39]. This warm and wet state will be
ephemeral, however, as evaporative water loss is accelerated
at warmer temperatures with higher vapour pressure deficits
and can potentially incur greater fitness costs on the dehy-
dration axis [32,51]. This illustrates the fundamental trade-off
between thermal and hydration physiology that shapes amphi-
bian behaviour and ecology. When we quantified water loss at
different temperatures in P. regilla (electronic supplementary
material, figure S4a), we found that individuals rapidly
adopted water-conserving postures when exposed to warmer
temperatures (electronic supplementary material, figure S4b).
This underscores both the behavioural drive towards water
conservation in amphibians [32,39], and that the fitness conse-
quences of dehydration are considerable and can outweigh the
performance benefits of being at a higher body temperature
[28,41,42]. The consequences of the coupling between tempera-
ture and dehydration are probably considerable for amphibian
autecology across environments.

In thermobiology, it has long been recognized that individ-
uals appear to select thermal environments that are well below
their theoretical thermal optimum [52]. Though the ‘optimum
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is suboptimal’ phenomenon seems paradoxical, it can be
explained by the fact that organisms are imperfect thermoregu-
lators and thermal environments in nature are variable [53]. In
turn, an individual that maintains a body temperature near its
optimum in nature risks experiencing temperatures above the
optimum that may impair fitness [53]. An additional element
to this pattern is that the optimal temperature for performance
comes at the cost of a faster rate of water loss compared to
cooler temperatures [32,54]. If individuals manage both temp-
erature and dehydration performance concurrently, then it is
likely that thermoregulatory behaviour will also be mediated
by desiccation rate [42,55]. This would predict that species
that are particularly sensitive to dehydration, as is the case
for most amphibians [34], are likely to maintain a body temp-
erature further away from their thermal optimum in order to
limit water loss. This hypothesis would then predict that indi-
viduals should prefer warmer temperatures when evaporative
water loss can be alleviated [55,56]. Supporting this prediction,
several thermal preference studies in amphibians have found
that individuals prefer higher temperatures when the substrate
is moist rather than dry [40,41]. This trade-off between per-
formance and water loss across temperatures may be crucial
to explain why some species appear to exhibit limited thermo-
regulatory behaviour [28,38,39,54]. Given the considerable
performance costs of dehydration that we demonstrate here,
water loss may drive the behaviour of many ectotherm species.

Body size influences evaporative water loss and therefore
has the potential to be a key trait dictating fitness for amphi-
bians under changing environmental landscapes. Both our
experiments and biophysical modelling approach indicate
that larger individuals should be much less restricted by dehy-
dration than smaller individuals, a result consistent with
previous theoretical and empirical works [21,32,46]. Other
traits, including body shape and skin resistance, can similarly
influence evaporative water loss and subsequently shape
how selectionmay act upon body size in a desiccating environ-
ment [36,46]. Reductions in body size due to climate warming
have been widely reported across a number of ectotherms [57],
which in turn sets up a compounding environmental challenge
for ectotherms under global change: smaller individuals in
warmer environments will be intrinsically more susceptible
to evaporativewater loss in addition to the heightened desicca-
tion risk fromwarming itself. Further, thewarming and drying
of aquatic larval habitats can result in smaller post-meta-
morphic juveniles in amphibians [58], and these individuals
will then have to navigate a drier terrestrial environment
with the added disadvantage of being smaller [59]. If con-
ditions are sufficiently harsh in the terrestrial landscape,
then this could result in a collapse of recruitment in addition
to the persistent challenges a warmer, drier climate will
pose for adult demographic fitness [13]. We may therefore
expect climate warming to exert dual pressures of develop-
mental shrinking and accelerated dehydration that could
magnify climate-induced population declines and losses into
the future.

Assessing extinction risk under future climate change
requires a thorough understanding of the interactions between
species’ physiology, behaviour and their environment [3,21].
Even if temperature changes are expected to remain well
within the thermal safety margins of ectotherms [6], there
may still be fitness consequences related to dehydration [43].
Warmer temperatures increase rates of body water loss [32],
and in turn we can expect this to reduce the activity time an
individual can sustain until it suffers dehydration-induced per-
formance loss [19]. Given thatwater economymust be carefully
managed for many amphibian species [28,50], even slight
changes to thermal landscapes could have substantial effects
on performance and fitness through their effects on dehy-
dration. Our biophysical models represent a simplified
scenario of the microclimates that an individual would experi-
ence in nature, as they omit both hydroregulatory behaviour
and the availability of hydrothermal refugia on the landscape.
Behaviour can substantially alter the sorts of environmental
conditions that an individual would experience [3,18,19], and
therefore the ability to find and exploit suitable microhabitats
is key to understanding the effects of climate change on species
[43]. However, our knowledge of how anurans, or any species,
shift their behaviour in response to dehydration and water
availability is still very limited [19,43]. Further complicating
the assessment of risk is that humans aremodifying ecosystems
through multiple pathways beyond just climate, as habitat
modification of natural landscapes is likely to exacerbate cli-
mate effects by removing the microhabitats that function as
moist, thermal refugia [60]. Incorporating water loss and its
concurrent effects on performance, physiology, behaviour
and activity into mechanistic models is therefore likely to pro-
vide more integrative and accurate estimates of extinction risk
for terrestrial ectotherms under future climate change.
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