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Temporally variable climates are expected to drive the evolution of
thermal physiological traits that enable performance across a wider
range of temperatures (i.e. climate variability hypothesis, CVH). Spatial
thermal variability, however, may mediate this relationship by providing
ectotherms with the opportunity to behaviourally select preferred
temperatures (i.e. the Bogert effect). These antagonistic forces on thermal
physiological traits may explain the mixed support for the CVH within
species despite strong support among species at larger geographical scales.
Here, we test the CVH as it relates to plasticity in physiological upper
thermal limits (critical thermal maximum—CTmax) among populations
of coastal tailed frogs (Ascaphus truei). We targeted populations that
inhabit spatially homogeneous environments, reducing the potentially
confounding effects of behavioural thermoregulation. We found that
populations experiencing greater temporal thermal variability exhibited
greater plasticity in CTmax, supporting the CVH. Interestingly, we
identified only one site with spatial temperature variability and tadpoles
from this site demonstrated greater plasticity than expected, suggesting
the opportunity for behavioural thermoregulation can reduce support for
the CVH. Overall, our results demonstrate one role of climate variability
in shaping thermal plasticity among populations and provide a baseline
understanding of the impact of the CVH in spatially homogeneous thermal
landscapes.

1. Introduction
Climate change is increasing global temperatures as well as the frequency
and severity of extreme climatic events, altering both the mean temperatures
and temperature variability experienced by organisms [1]. The consequences
of these changes may be magnified for ectotherms because external tempera-
tures shape their physiology [2,3]. Organisms with the capacity for active,
reversible physiological changes as a response to thermal cues [4], hereafter
referred to as thermal plasticity, may be partly buffered from these conse-
quences [5–9] as thermal plasticity can facilitate dispersal through different
environments and/or allow organisms to persist in situ through thermal
changes [10]. Consequently, thermal plasticity, or the lack of it, is an important
component of species’ adaptive capacity and vulnerability to climate change
[10–12]. Understanding the evolution of thermal plasticity and how it varies
across landscapes thus provides important insight into the coping capacity of
organisms in the face of rapid climate change.
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The climate variability hypothesis (CVH) is a well-established hypothesis explaining patterns in thermal physiological traits
across landscapes [13,14]. The CVH postulates that ectothermic species inhabiting climatically variable environments evolve
thermal physiological traits that increase or permit performance along a wider range of temperatures [13–18]. Under the CVH,
exposure to greater seasonal temperature variability is predicted to favour the evolution of greater thermal plasticity as a
mechanism to cope with thermal fluctuations in the environment [13,14,19,20].

Despite garnering much support across broad geographical ranges and taxonomic groups (e.g. [7,21–26]), investigations of
the CVH within species are less common and provide mixed support (e.g. [24,27–31]). Of the intraspecific studies, few test the
CVH as a mechanism to explain variation in thermal plasticity among populations (e.g. [27–29,31]) and most lack the sampling
power required to identify spatial patterns in this trait. Uncovering trends in thermal plasticity among populations is important
for understanding relative coping capacity to warming temperatures across species ranges. This information could also be
used to infer broader patterns relevant to prediction in other, unsampled species, informing conservation efforts, especially
since quantifying plasticity is challenging in many species. If the CVH is well-supported among populations, then populations
experiencing climatic variability would be predicted to have greater thermal plasticity and thus higher coping capacity to
warming temperatures than populations experiencing stable climates.

A major challenge when testing the CVH—and a possible explanation for the mixed support of the CVH within ectothermic
species—is accounting for the effects of spatial temperature variation within sites [32]. Various components of microhabitats,
such as the level of canopy cover and the diversity of abiotic structures, can lead to spatial thermal variability [33,34]
and provide the potential for behavioural thermoregulation [34–36]. Thermoregulatory behaviour allows organisms to avoid
unfavourable temperatures, potentially lessening the strength of selection for increased thermal tolerance and thermal plasticity
(i.e. the Bogert effect; see [37–44]). For example, daytime behavioural thermoregulation by Anolis lizards has been found to
shield them from environmental maximum temperatures and explains reduced rates of evolution in upper thermal limits
among Anolis species [45,46]. Despite its potential in shaping thermal physiological traits, studies testing the CVH rarely
account for spatial temperature variability as a proxy for behavioural thermoregulation, and implicitly assume its effects are
negligible relative to the effects of temporal thermal variability across broad geographical scales (e.g. tropical versus temperate
habitats). However, at finer geographical scales, variation in temporal thermal variability may not be as pronounced among
populations [47]. Thus, the homogenizing effects of spatial thermal variability on experienced body temperatures at this scale
may have an outsized impact on the evolution of thermal physiological traits.

The potential for spatial thermal variability to mediate selection from temporal thermal variability via behavioural ther-
moregulation is not ubiquitous among organisms or habitats. Effective behavioural thermoregulation requires both vagile
organisms that can sample the thermal environment as well as a spatial configuration of temperatures that confers a benefit to
behaviourally thermoregulating relative to the associated costs [34–36,44]. In systems lacking one or both of these components,
the effects of temporal variability in temperature may be fully experienced and therefore provide unique opportunities to more
directly test the CVH [32].

Here, we considered the role of the CVH in shaping plasticity in a thermal tolerance trait among populations of coastal
tailed frogs (Ascaphus truei). This species inhabits cold, fast-flowing headwater streams along the mountainous regions of the
Pacific Northwest, USA and western Canada. The larval tadpole life-stage, which is the focus of this study, is often observed
attached to stream substrates via a modified sucker mouth and is limited in vagility, moving an average of 1.1 m day−1 [48].
Although variation in structural microhabitat within these streams can cause spatial variability in temperature [49–54], their
fast flows may alternatively homogenize temperatures across space at a scale relevant to coastal tailed frogs. Indeed, previous
research suggests the tadpoles of many populations of this species appear to experience spatially homogeneous temperatures,
limiting the potential for behavioural thermoregulation [55]. While coastal tailed frogs may experience relatively low diurnal
temperature variation [56], high seasonal/annual temperature variability may drive selection for increased thermal plasticity
and coping capacity.

We specifically investigated the CVH as it relates to thermal plasticity in critical thermal maximum (CTmax), a measure-
ment of heat tolerance, among coastal tailed frog populations. Although many studies have demonstrated relatively low
levels of variation in CTmax among populations/species compared with other metrics of thermal performance (e.g. critical
thermal minimum—CTmin, [57,58]) and low magnitudes of plasticity in CTmax among ectotherms [19,59,60], coastal tailed
frog populations vary in both CTmax and plasticity in this trait [55,61]. Furthermore, CTmax is strongly related to mortality
from thermal stress among populations of the closely related Rocky Mountain tailed frog (Ascaphus montanus), such that
small differences in CTmax can greatly impact the probability of mortality [62]. We used previously described estimates of
population-level plasticity in CTmax [61] and quantified population-level variability in temporal and spatial temperatures using
a combination of in-stream temperature loggers and fine-scale (<1 m) measurements. In the absence of spatial variability in
temperature, we expected to find a strong, positive relationship between annual stream temporal temperature variability and
the magnitude of thermal plasticity in CTmax among populations, such that populations from highly temporally variable
habitats exhibit greater plasticity in CTmax. This result would support the CVH and provide insight into its role in shaping
plasticity in CTmax among populations that do not have the capacity to behaviourally avoid stressful temperatures.
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2. Methods
(a) Plasticity in CTmax
To capture a wide range of variation in environmental temperatures, we sampled coastal tailed frog populations along elevation
gradients. We collected tadpoles (developmental stages 26.5–45 [63]) from 10 stream reaches in Oregon (electronic supplemen-
tary material, figure S1) using hand-nets (~48 tadpoles per population). Due to the distance between sampled stream reaches
and limited vagility of tadpoles, we hereafter referred to these stream reaches as populations. Tadpoles from each population
were evenly and randomly split into one of two holding temperature treatments: 8℃ and 15℃, representing a typically
experienced temperature (8℃) and a temperature near the warmest temperature experienced by these populations. After 3 days
[64] of holding tadpoles without food (i.e. ensuring similar nutritional states among tadpoles—empty guts), CTmax experiments
were performed via dynamic temperature ramping [65] at a rate of 0.3℃ min−1. As experimental ramping rate impacts estimates
of CTmax [66–69], we used the same ramping rate for all experiments and populations. CTmax experiments were either
performed from a starting temperature of 8℃ or 15℃ to account for acute temperature effects on CTmax (i.e. passive changes
in CTmax due to changes in biochemical rate reactions) [70–72]. Oxygen saturation was maintained throughout holding and
experiments using water pumps and aerators. CTmax was considered the point at which a tadpole no longer responded to
tactile stimuli. After CTmax was reached, tadpoles were moved to a tank with ~8℃ water to recover (i.e. defined as swimming
and responding to tactile stimuli) to ensure that lethal temperatures were not reached. Following recovery, all tadpoles were
euthanized using a 20% benzocaine solution, photographed for length measurements, fixed in 10% formalin and stored in 70%
ethanol. We measured tadpole length (tip of nose to tip of tail) using ImageJ software [73] .

(b) Characterizing stream temperatures
We deployed two stream temperature loggers (Hobo 64K Pendant Water Temperature Data Loggers, Onset Computer Corpo-
ration, Bourne, MA, USA) within the sampled stream area for each sampled population. Temperature loggers were housed
in PVC pipes with drilled holes to allow for water flow and secured to a nearby tree using plastic-coated metal cable.
Pipes were secured to in-stream metal poles to ensure loggers were held near the streambed, which is the microhabitat that
tadpoles occupy. We logged temperatures every 4 h for approximately 1 year. Temperature data were reviewed for quality
control [56], and used to calculate the following metrics (see electronic supplementary material, table S1 for more details):
annual temperature range (the absolute maximum temperature − the absolute minimum temperature), range of mean daily
temperatures (annual maximum of the average daily temperatures − the annual minimum of the average daily temperatures),
absolute maximum temperature (the highest temperature experienced) and mean of the ten warmest days (average of the
highest 10 daily maximum temperatures). As these metrics were highly correlated (Pearson’s correlation coefficient ≥ 0.87, p <
0.01; electronic supplementary material, table S2), we used annual temperature range for subsequent analyses.

We measured spatial variability in temperature for all populations but one (South Fork Steelhead Creek) due to logistical
constraints. The full protocol for these measurements can be found in a previous paper [55]. Briefly, we measured streambed
temperatures at ~100 points in space within the sampled stream area (~100 m, i.e. stream reach) in the late morning to
afternoon. We measured streambed temperatures because tadpoles are primarily found there and because the streams sampled
were relatively shallow (0.08–0.29m), reducing the potential for vertical temperature stratification given their flow. Streambed
temperatures were measured at fixed intervals with random offsets along horizontal transects of the stream (i.e. across stream
width) at pre-identified transects along the length of the stream, targeting areas of Ascaphus habitat. We also opportunistically
sampled stream seeps and confluences that may lead to thermal anomalies. Temperature measurements for each population
were taken in 1 day (i.e. not over many days) during the summer months when temperatures are known to be highest (see [55]).
We defined thermal refuges as temperatures with a 2℃ difference from surrounding temperatures [74]. Using this definition as
a guide, we identified spatially homogeneous populations as those having <2℃ in the range of spatial temperatures measured.

(c) Statistical analyses
All statistical analyses were performed using R v. 4.2.2 [75] and use α = 0.05 to denote significance. We used a mixed effects
model to test the relationship between annual temperature range and plasticity in CTmax. In this model, CTmax was the
response variable, the holding temperature and annual temperature range were both included as independent and interacting
predictors. A significant interaction term would signify that the relationship between CTmax and holding temperature (i.e.
plasticity) was dependent on annual temperature range. Based on previous results [61], we expected a significant positive effect
of holding temperature, demonstrating beneficial acclimation (i.e. higher CTmax after being held in a warmer temperature). As
such, a positive interaction term in our model would signify that plasticity increased with annual temperature range; a negative
interaction term would demonstrate that plasticity was lower in populations that experience greater annual temperature ranges.
We also included tadpole length and the experimental starting temperature as covariates to account for the effects of body
size and acute temperature effects on CTmax [61], respectively. We included population as a random intercept to account
for variation due to unaccounted population differences. We visually inspected the residuals and error variance of the model
for assumptions of linearity and heteroscedasticity, respectively. We also checked for a lack of correlations among predictor
variables before running the model and compared model performance against the null model (only a random population
effect).
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3. Results
We sampled 485 tadpoles from 10 coastal tailed frog populations. Six tadpoles were removed from our analyses: five did not
recover from CTmax experiments and one tadpole was missing a lateral photograph. Thus, the data presented represent 479
total tadpoles.

Stream temperature data revealed our sampled sites varied in annual temperature range (in-stream temperature loggers, min
temperature range = 8.6℃, max temperature range = 15.8℃, var in temperature range = 4.07) but not in spatial temperature
variability. All but one site (Augusta Creek) experienced less than a 2℃ range in temperatures across space (figure 1). As we
were interested in the effects of temporal variability on plasticity in CTmax in spatially homogeneous habitats, we excluded this
site from our initial analysis.

Results from our mixed effects model showed that holding temperature did affect CTmax (i.e. there was a plastic response),
as being held at 15℃ resulted in significantly higher CTmax compared with being held at 8℃ (table 1; figure 2). There
was a slightly negative relationship between CTmax and annual temperature range, such that populations experiencing
greater temperature variability had lower CTmax estimates. However, there was also a significant interaction between holding
temperature and annual temperature range, such that plasticity in CTmax (i.e. the difference in CTmax in tadpoles held at
different holding temperatures) increased with increasing stream annual temperature range (table 1; figure 2). The covariates
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Figure 1. Temperature variation across time and space for each population. Temporal temperature points (green triangles) show all logged temperatures for ~1 year
from our in-stream temperature loggers. Spatial temperature points (gold circles) show measured temperatures (~100 points) across space within the sampled stream
area (<100 m) of each population except South Fork Steelhead Creek. Thus, temporal measurements represent temperatures over time at one spatial point in the
stream, while spatial measurements represent temperatures over space at one point in time. Populations were considered spatially homogeneous in temperature if the
range of temperatures was <2℃ (grey dashed lines), thus Augusta Creek was the only population considered spatially thermally variable.

Table 1. Results from linear mixed effects model testing the effects of annual temperature range on plasticity in CTmax among populations with homogeneous
spatial temperatures. Tadpole length and experimental starting temperature were included as covariates and population as a random effect. The significant positive
interaction term between annual temperature range and holding temperature signifies that plasticity in CTmax increases with annual temperature range.

fixed effects estimate s.e. d.f. p‐value

(intercept) 29.66 0.07 8.84 <0.0001

holding temperature 0.36 0.04 420.08 <0.0001

annual temperature range −0.21 0.07 8.07 0.02

experimental starting temperature 0.07 0.04 420.12 0.05

tadpole length −0.10 0.02 426.97 <0.0001

annual temperature range × holding temperature 0.12 0.04 420.08 0.0008

random effects variance ± s.d.

population 0.04 ± 0.20

residual 0.14 ± 0.37
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in our model also affected CTmax. Starting temperature had a weak positive effect on CTmax and total tadpole length had
a significant negative relationship with CTmax, such that large tadpoles had lower CTmax estimates. When tadpoles close to
or undergoing metamorphosis (Gosner stage ≥42) were excluded from the analyses, the results from the model were similar
and the conclusions were not affected (electronic supplementary material, table S3). These model results were unaffected by
excluding the population that was missing spatial temperature data (South Fork Steelhead Creek; electronic supplementary
material, table S4).

To further explore how spatial variation might influence the relationship between the annual temperature range and the
plasticity of CTmax, we included the data from Augusta Creek, and re-ran the model. The inclusion of this spatially variable
population resulted in the loss of statistical significance for the interaction term and independent effect of annual temperature
range (electronic supplementary material, table S5). The positive effect of holding temperature (i.e. demonstrating plasticity in
CTmax), however, was still supported in this model.

4. Discussion
Moving towards a predictive understanding of how variation in organismal thermal tolerance could mediate responses to
globally warming temperatures requires a strong understanding of the environmental conditions that ultimately shape these
traits. The CVH has emerged as a leading hypothesis explaining variation in thermal physiological traits across variable
environments, yet lacks consistent support among studies within species [27–29]. Here, we found support for the CVH among
populations of coastal tailed frogs experiencing homogeneity in spatial temperatures. Specifically, we found that populations
experiencing greater ranges in annual temperatures exhibited greater plasticity in CTmax. This pattern ultimately demonstrates
the role of temporal temperature variability in shaping the evolution of plasticity in thermal physiological traits across
populations.

We found opposing relationships between the independent effect of temporal temperature variability on CTmax (negative
trend) and its interactive effect with holding temperature on CTmax (positive trend). This result shows that populations
experiencing a wider range in annual stream temperatures exhibited both low CTmax estimates and high plasticity in CTmax,
while those experiencing relatively stable stream temperatures exhibited high CTmax estimates and low plasticity in CTmax.
Whether this relationship is driven by increased sensitivity in CTmax at 8℃ or at 15℃ requires further testing. Despite
exhibiting greater plasticity in CTmax, populations inhabiting thermally variable streams did not achieve higher CTmax
estimates than those from more thermally stable streams in the warm temperature treatment. Many studies have suggested
a trade-off between these two traits such that populations/species with higher baseline CTmax have decreased plasticity in
CTmax (tolerance–plasticity trade-off hypothesis [8,19,76,77]). Although we did not have the appropriate experimental design
to directly test the tolerance–plasticity trade-off hypothesis [78], our results suggest support for it. Future studies investigating
this potential trade-off and its underlying mechanisms (e.g. physiological constraints, plasticity threshold differences, reviewed
in [78,79]) are necessary to fully understand the opposing trends between CTmax and plasticity in CTmax in this system.
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Figure 2. The effect of holding temperature (colours) on CTmax as a function of annual temperature range. Plasticity (i.e. the difference between holding
temperatures) increases with annual temperature range (p < 0.001). Shown are raw CTmax data points with prediction slopes and confidence intervals estimated by
the linear mixed effects model.
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Spatial variability is often considered a buffer against selection for increased thermal tolerance because it provides the
potential for behavioural thermoregulation [42,44,45]. Most A. truei populations inhabit streams that lack spatial temperature
variation, though we did find one site (Augusta Creek) which met the criteria for containing spatial thermal refuges. This site
was an outlier both in terms of its relatively high spatial thermal variability and relatively low temporal thermal variability
(figure 1). Following the CVH and the Bogert effect, we expected the Augusta Creek population to exhibit a low magnitude
of plasticity in CTmax. However, this population exhibited a high magnitude of plasticity in CTmax, which weakened overall
support for the CVH among populations of tailed frogs when included in our analyses (i.e. when not excluding spatially
thermally variable populations). This result suggests that spatial thermal variability may reduce support for the CVH within
species, though the evolutionary mechanisms underlying this prediction requires further investigation. Tailed frog tadpoles
have been found to behaviourally thermoregulate [80], however, they also passively experience the spatial thermal environment
when they lose suction on stream substrate and flow short distances downstream before reattaching [81]. Whether the role of
spatial temperature variability on shaping plasticity in thermal tolerance is dependent on the type of movement tadpoles make
in this system remains an open question.

Given the thermal landscape of these streams, our results make it challenging to predict the impact of increased plasticity
in CTmax on vulnerability to warming temperatures for these populations. We quantified temporal thermal variability of
temperatures experienced over the course of 1 year (i.e. annual scale), as this period of exposure reflects coastal tailed frog
life-history and provides sufficient time to mount a plastic response. The metrics we used to describe thermal variability were
strongly intercorrelated, suggesting that plasticity in CTmax may similarly be related to other aspects of the thermal landscape.
For example, annual temperature variability of the streams in this study is largely dictated by maximum temperatures,
as they all reach similar, near-freezing temperatures during the winter. As such, populations experiencing variable stream
temperatures are also experiencing warmer maximum temperatures. Given the opposing relationships between CTmax and
plasticity in CTmax described above, those populations have lower CTmax estimates (leading to a prediction of increased risk)
but higher plasticity in CTmax (decreased risk). Overall, the relative physiological vulnerability of populations experiencing
warm, variable stream temperatures will be dependent on whether their plastic response can be maintained over time and
chronic warming and whether the magnitude of the plastic response scales with acclimation temperature.

5. Conclusions
Trends in organismal thermal physiological traits may be particularly useful for understanding sensitivity to warming
temperatures [82–84], and broad geographical and taxonomic studies incorporating these traits have provided valuable insights
into global trends of vulnerability to climate change [7,20,22–26,82,84–87]. Nonetheless, population-level inferences are critical
for estimates of adaptive capacity—a major factor in assessing vulnerability to climate change [10–12]. By testing the CVH
among populations of coastal tailed frogs, we uncovered a pattern of plasticity in CTmax across the landscape such that
populations currently inhabiting temporally variable environments have greater plasticity in CTmax. Further intraspecific tests
of the CVH present a research opportunity to test the generality of this result and confidently make predictions regarding
relative vulnerability among populations within species for which physiological data are lacking. Our results contribute a
baseline understanding of the potential impact of temporal thermal environments on the evolution of thermal physiological
traits in the absence of spatial variability in temperatures.
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