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A B S T R A C T

Biological and methodological factors influence the upper thermal limits (UTL) of ectothermic animals, but most
factors have been studied independently. Few studies have integrated variables, so our understanding about
sources of UTL variation remains fragmentary. Thereby, we investigated synergic effects of experimental pro-
tocols (heating rates, ΔTs) and biological factors (ontogeny and body mass) on the UTL on the larvae of two
anuran species (Physalaemus nattereri and Boana pardalis), specifically their Critical Thermal Maximum (CTmax).
The species displayed slightly different responses to ΔTs: In B. pardalis tadpoles both average and variance of
CTmax increased at a fastest ΔT, the same response happened in P. nattereri tadpoles at slow and moderate ΔTs.
Also, the CTmax of P. nattereri declined at the end of metamorphosis independently of ΔT, but tadpoles at all
developmental stages still displayed higher heat tolerance at the slow ΔT. Finally, we detected small, synergic
effects of body mass and ΔTs on the CTmax of both species. In small B. pardalis tadpoles and premetamorphic P.
nattereri tadpoles, body mass had a positive effect on CTmax, but only at slow and moderate ΔTs, probably
indicating physiological responses. A similar trend was observed in large B. pardalis tadpoles at the fast ΔT, but
this result is likely to be influenced by thermal inertia. Our findings contribute to integrate the understanding of
factors influencing UTL in small ectothermic animals. This understanding is critical to discuss the physiological
component of vulnerability to climate change that is related to acute temperatures.

1. Introduction

Thermal limits have been proposed as proxies for analyzing a type
of vulnerability to rising temperatures, particularly in some lineages of
ectothermic animals (Deutsch et al., 2008; Huey et al., 2009). In this
context, one view of warming tolerance (WT, Deutsch et al., 2008)
focuses on the difference between habitat temperature (Thab) and Cri-
tical Thermal Maximum (CTmax), an index of upper thermal limits for
activity (UTL hereafter). This interpretation of WT assesses vulner-
ability of individuals to acute warming to presumably draw inference at
the population/species levels. This index requires a conceptual expan-
sion from the individual to the population level, and gains value when
accurate WT values derive from Thab and CTmax data that are appro-
priate to the scale that is adequate for a given study organism. For
example, macroclimatic measurements of Thab (e.g., 1 km2) mask the
spatiotemporal heterogeneity experienced by individuals in their

microclimates (Camacho, 2012; Potter et al., 2013; Woods et al., 2015),
thus biasing WT (Katzenberger et al., 2018; Scheffers et al., 2014,
2013). However, how intraspecific variation in CTmax affect WT re-
mains elusive (Allen et al., 2016; Pincebourde and Casas, 2015). This is
a critical consideration because there is not really a “species CTmax”.
This variable is plastic from several points of view (e.g., Brattstrom,
1968; Hutchison, 1976; Simon et al., 2015; see also next paragraph),
and so it is WT; so this index cannot be seen as a fixed value for a given
population (e.g., derived from averaging individual data).

UTL (e.g., CTmax) are influenced by intrinsic biological factors such
as ontogeny (Delson and Whitford, 1973; Klok and Chown, 2001), so
the notion of WT challenges a simplistic notion of “individual”. In ad-
dition, this variable is influenced by sex (Lailvaux and Irschick, 2007;
Winne and Keck, 2005), body mass (Becker and Genoway, 1979;
Ribeiro et al., 2012) and physiological condition (Rezende et al., 2014,
2011). UTL may also depend on the interplay between internal
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(physiology) and external (environmental) factors, for example via
thermal history of individuals (Kellermann et al., 2017; Nyamukondiwa
and Terblanche, 2010), photoperiod (Hutchison, 1961; Hutchison and
Kosh, 1965) and daily/seasonal temperature cycles (Sanabria et al.,
2013; Willhite and Cupp, 1982). Methods matter also, including
thermal pre-treatments (Maness and Hutchison, 1980; Ribeiro et al.,
2012), experimental endpoints (Lutterschmidt and Hutchison, 1997a,
1997b) and overall protocols (e.g., ramping or static) (Overgaard et al.,
2012; Rezende et al., 2011), including the rate of temperature change
(Ribeiro et al., 2012; Terblanche et al., 2007). Most of these variables
have been studied independently and the synergic effects of biological
and experimental factors on UTL remain poorly understood. This paper
aims to advance in the integration of factors, and focuses on the in-
teractions among experimental heating rates, ontogeny and body mass
on CTmax. So, as a first step we shall discuss why we chose those vari-
ables among many options.

Researchers have used diverse experimental heating rates (ΔTs
hereafter) to estimate UTL. Fast ΔTs (e.g., 1 °C min−1) have been pre-
ferred presumably for filtering out physiological responses, and they
inform about a baseline level of tolerance (Ribeiro et al., 2012). Yet,
very fast ΔTs may fail to homogenize body temperature (Tb) and induce
heat-shock deleterious effects (Becker and Genoway, 1979;
Lutterschmidt and Hutchison, 1997b). In contrast, slow ΔTs may mimic
ecological thermal shifts and favor physiological adjustment (Ribeiro
et al., 2012; Terblanche et al., 2011), including thermal hardening
(Hutchison, 1961; Ju et al., 2011; Overgaard et al., 2014). Still, they
may also evoke confounding responses due to longer experimental time,
including energy expenditure, desiccation, starvation (Rezende et al.,
2011), or aerobic constraints (Pörtner, 2001, 2010). Under this fra-
mework, interspecific differences in ΔT-related effects on UTL are ra-
ther expected across ectothermic lineages (Allen et al., 2012; Chown
et al., 2009; Peck et al., 2009; Terblanche et al., 2007; Vinagre et al.,
2015). Since we are far from predicting effects of ΔTs on UTL across
taxa, this topic needs to be further investigated in other species.

Upper thermal limits shift with ontogeny, as proved in insects (Klok
and Chown, 2001; see review in Bowler and Terblanche, 2008), sala-
manders (Delson and Whitford, 1973; Hutchison, 1961), anurans
(Cupp, 1980; Floyd, 1983; see review in Ultsch et al., 1999) and
squamates (Liwanag et al., 2018; Winne and Keck, 2005). The me-
chanisms underlying ontogenetic effects are not easy to isolate, and
may range from intrinsic ontogenetic shifts in physiology to parallel
changes in natural history, including exposure to microclimate. For
instance, in some anuran lineages heat tolerance decreases close to the
climax of metamorphosis (Cupp, 1980; Floyd, 1983), presumably re-
flecting a peak of physiological stress (Sherman, 1980; Sherman and
Levitis, 2003). Given that some lineages experience notable ecological
shifts with ontogeny, more tolerant stages may be those experiencing
the most extreme Thab (Pincebourde and Casas, 2015; Terblanche et al.,
2017). Equally important, individuals in nature might be exposed to
diverse patterns of ΔTs along development. Then, if critical tempera-
tures are an issue, adaptation of UTL may be influenced by both ab-
solute Thab and natural rates of thermal change. It is difficult to pose any
generalization on this problem because most studies have used rapid
and unrealistic ΔTs ranging from 0.5 to 1 °C min−1, regardless of nat-
ural changes of ΔTs and UTL along ontogeny (but see for example
Terblanche et al., 2017). Thus, the interaction between ontogeny and
ΔTs deserves further attention.

Although body mass relates to most physiological variables (Calder,
1984; Peters, 1986; Schmidt-Nielsen, 1984) and must influence heat
tolerance as well (Klockmann et al., 2017), it has been largely ignored
(Chown et al., 2002; Peck et al., 2009; Ribeiro et al., 2012). Due to lack
to studies, the current scenario is inconclusive regarding size-related
effects on UTL: some studies with ectothermic animals report body mass
effects on UTL (Messmer et al., 2017; Ribeiro et al., 2012; Verble-
Pearson et al., 2015), others do not (Bury, 2008; Hutchison, 1961;
Ospina and Mora, 2004). At this point generalizations are not only

impossible, it is not even clear whether they should be looked for. An
additional confounding factor is that size-related differences in UTL can
reflect either physiological effects or methodological artifacts stemming
from thermal inertia (Becker and Genoway, 1979; Ribeiro et al., 2012).
These artifacts occur when larger individuals display higher than ex-
pected CTmax because their Tb does not match external temperature. The
ΔT perceived by critical thermal receptors (e.g., peripheral and/or
central) may lag behind the experimental ΔT, particularly fast ones
(Becker and Genoway, 1979; Lutterschmidt and Hutchison, 1997b).
Statistical interactions between ΔT and body mass may identify meth-
odological artifacts (Ribeiro et al., 2012). Conversely, size-related ef-
fects in absence of a ΔT×body mass interaction, likely signal true
physiological effects (Ribeiro et al., 2012). Integrating these factors is a
task in the making.

The main goal of this study is to test the hypothesis that variation in
experimental protocols (ΔTs) and biological factors (ontogeny, body
mass) influence synergistically the UTL (CTmax) of anuran larvae. We
used aquatic larval stages as models because of theoretical and practical
notions. First, the aquatic environment possesses a higher specific heat
and conductivity than air, granting a greater thermal homogeneity re-
quired in UTL tests (Navas et al., 2010; Tejedo et al., 2012). Second,
larval stages could be more prone to face overheating (i.e., stronger
selection on UTL) than adults, because behavioural thermoregulation in
natural conditions is likely more limited in aquatic larvae than in ter-
restrial forms (Gutiérrez-Pesquera et al., 2016; Oyamaguchi et al.,
2018; Simon et al., 2015). We emphasize intraspecific variation in a
study with two distantly related species that differ in life history, mi-
crohabitat, and typical exposure to thermal regimes. We expect ΔTs to
elicit species-specific responses in CTmax. Also, we anticipate a decrease
in CTmax at stages close to the climax of metamorphosis, a drop possibly
enhanced at slow ΔTs. Since confounding factors (discussed above) are
likely dependent on physiology (Rezende et al., 2011), we expect larger
interindividual variability in CTmax when measured at slow vs. fast ΔTs,
regardless of the species or developmental stage. Finally, we predict
that large tadpoles will display higher CTmax than small tadpoles across
all ΔTs, but if this effect is evident only at the fastest ΔT, methodological
artifacts may explain patterns.

2. Materials and methods

2.1. Study sites, study species and acclimation treatment

The study comprised two localities at São Paulo State, southeastern
Brazil. One is a pasture in the municipality of São José do Rio Preto
(SJRP) under the domain of the Cerrado biome (20°42–43′ S, 49°18′ O,
495–518m.a.s.l). The second site is an Atlantic Forest fragment in the
municipality of São Luiz do Paraitinga (SLP; 23°12′ S, 45°16’ O,
769–829m.a.s.l). Field work occurred during summer 2015
(January–March), at peak breeding season for most anuran species in
these environments (Bertoluci, 1998; Bertoluci and Rodrigues, 2002;
Vasconcelos and Rossa-Feres, 2005). We chose two common species as
follows. In SJRP we collected four clutches of Physalaemus nattereri
Steindachner (1983) in two different ephemeral ponds. This species is
typical from savannah and grassland habitats in the Cerrado biome in
central and southeastern Brazil, eastern lowlands of Bolivia and eastern
areas of Paraguay, and breeds near of standing and temporary water-
bodies that can reach 42 °C (Aquino et al., 2004; Freitas et al., 2016). In
SLP we collected tadpoles of Boana pardalis Spix (1824) in three dif-
ferent waterbodies (stream and artificial dam in interior forest, and an
open flooded area). This species is known from the Atlantic rainforest of
southeastern Brazil and occurs on vegetation or on the ground near
temporary or permanent waterbodies, where it breeds (Nascimento
et al., 2004).

We transferred field-collected egg masses and tadpoles to aerated
5 L plastic containers with chlorine-free water. Once in the laboratory,
we set photoperiod at 13L:11D (average of summer photoperiod of the
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last four years; Astronomical Applications Dept., USNO), and water
temperature at 23 ± 1 °C. This is the minimum natural temperature
experienced by tadpoles of P. nattereri (Freitas et al., 2016), and is
slightly higher than mean temperatures registered in some waterbodies
in the Atlantic Forest (Simon et al., 2015). We chose this temperature to
reduce differentiation rates of both species during experiments. We
mixed the clutches of P. nattereri to homogenize genetic variation
among treatments, and then transferred to a climatic room three sam-
ples of about 200 eggs in 5 L plastic containers. The same procedure
was followed for tadpoles of B. pardalis. Physalaemus nattereri embryos
reached the Gosner stage 25 in the laboratory around 20 days after
collection. For experiments, we chose tadpoles of both species at Gosner
stage 25 and maintained them in density of 20 individuals/L. Tadpoles
were fed ad libitum with fish food, and water was changed every other
day.

2.2. Experimental design

Experiment 1 assessed how three different experimental ΔTs (1 °C
min−1, 0.1 °C min−1 and 0.05 °C min−1) and body mass influenced the
CTmax of both anuran species. We used tadpoles at Gosner stage 25 that
were kept for two weeks under experimental conditions (see above).
Experiment 2 tested how the CTmax of P. nattereri responded to ΔTs (as
in Experiment 1) along ontogeny, and compared the dataset obtained in
Experiment 1 for this species with comparable datasets obtained from
tadpoles at intermediate (35–41) and advanced (42–44) Gosner stages.
In this case, intermediate and advanced tadpoles reached those stages
in captivity after 109–140 days. We also evaluated ΔT×body mass
interactions on the CTmax of intermediate and advanced P. nattereri
tadpoles. Finally, in Experiment 3 we further explored the influence of
body mass on CTmax, especially regarding potential methodological
artifacts (see Introduction). Here we compared the dataset for B. par-
dalis obtained from Experiment 1 with that obtained from a second
sample of tadpoles of the same species, same collection event, Gosner
stage 25, but comparatively larger (Table 1). This size difference, with
little differentiation in term of Gosner stages, was attained just by
maintaining in captivity for longer times a second sample of B. pardalis
tadpoles (110–160 days). Therefore, the size differences between the
two groups of B. pardalis tadpoles did not result from any pre-experi-
mental difference in growth or development.

2.3. Upper thermal limits

We based this study on the Hutchison's dynamic method

(Hutchison, 1961) to estimate the CTmax of individual tadpoles, with
some modifications of the experimental endpoint. All tests started be-
tween 0830 and 1000 h (UTC-2) and the initial temperature was always
23 ± 0.5 °C, following the previous thermal conditions experienced by
the tadpoles (see above). Briefly, we used two large hand-controlled
thermal baths for the slow (0.05 °C min−1) and moderate (0.1 °C
min−1) ΔTs, which basically involved aquarium heaters coupled to a
thermostat and a power regulator (Fig. S1). For the fast ΔT (1 °C
min−1), a smaller bath was heated by a hot plate with magnetic stirrer.
In all cases, water inside the baths was constantly mixed to homogenize
its temperature. We placed tadpoles individually inside plastic con-
tainers (300mL containers and 100mL water, large baths; 100mL
containers and 60mL water, small bath) and then we randomly dis-
tributed these containers into the baths. In each UTL test, we also
placed randomly one temperature datalogger (Onset HOBO®) into a
container (without tadpole, same water volume) to register the ΔT
potentially experienced by tadpoles (Table S1; Fig. S2). We con-
tinuously monitored water temperature as a proxy of tadpoles' Tb along
experiments (Claussen, 1973; Navas et al., 2010). Individuals of both
species mostly remained at the bottom of containers once tests began,
but they became more active in terms of swimming and mouth move-
ments as water temperature increased. In pilot tests, we failed to
identify unambiguously muscular spasms in tadpoles of the studied
species as the definitive end-point for their CTmax (Lutterschmidt and
Hutchison, 1997a). So, we ended experiments when tadpoles became
motionless and failed to respond after five consecutive taps applied
each 2-s with the probe of a fast-reading thermometer, and then we
recorded the water temperature beside the tadpole as its CTmax

(Gutiérrez-Pesquera et al., 2016; Katzenberger et al., 2018, 2014).
Afterwards, each tadpole was transferred individually into a plastic
container with cool water (∼23 °C) to test for recovery. We consider
only the CTmax data of individuals that survived and appeared to display
normal behavior 24 h after the tests (Table 1). After that time, we
measured the body mass of each individual in an analytical balance to
the nearest 0.001 g.

2.4. Data analyses

All analyses were performed in the R programming environment
(version 3.5.1) (R Core Team, 2018). Despite slightly skewed distribu-
tions and different variances, the overall raw CTmax data approached
normal distribution and homoscedasticity of errors. So we fitted general
linear models to our data in order to explain CTmax variation according
to our experimental design (Table S2). The categorical predictors were

Table 1
Summary statistics for the CTmax and body mass of tadpoles of Physalaemus nattereri and Boana pardalis, for each ontogenetic (Gosner) stage and heating rate (ΔT). N
is the sample size (not counting deaths). † indicates the number of dead tadpoles after 24 h of tests. Min and Max are the minimum and maximum values for each
variable, respectively. CV is the coefficient of variation.

Species Gosner stage ΔT (°C min−1) N † CTmax (°C) Body mass (mg)

Mean ± SD Min Max CV (%) Mean ± SD Min Max CV (%)

P. nattereri 25 0.05 52 2 42.1 ± 0.8 40.8 43.6 1.9 21.9 ± 6.8 6.7 37.4 31.1
P. nattereri 25 0.1 53 1 41.8 ± 0.7 40.3 43.4 1.6 21.7 ± 6.0 10.5 38.8 27.4
P. nattereri 25 1 51 2 41.8 ± 0.5 40.7 42.9 1.2 21.4 ± 6.5 9.2 41.7 30.4
P. nattereri 35–41 0.05 15 1 41.9 ± 0.8 40.3 43.3 1.9 262.6 ± 79.9 147.4 436.4 30.4
P. nattereri 35–41 0.1 15 1 41.7 ± 1.0 39.8 43.3 2.4 254.8 ± 59.7 172.0 347.0 23.4
P. nattereri 35–41 1 15 0 41.5 ± 0.5 40.7 42.4 1.2 250.5 ± 98.9 134.2 471.7 39.5
P. nattereri 42–44 0.05 11 4 41.0 ± 1.0 39.1 42.7 2.4 278.7 ± 48.5 219.8 388.1 17.4
P. nattereri 42–44 0.1 10 3 39.8 ± 2.0 36.3 42.5 5.1 262.4 ± 67.5 168.0 420.0 25.7
P. nattereri 42–44 1 10 7 40.1 ± 0.9 38.4 41.5 2.2 259.8 ± 84.3 176.4 462.6 32.5
B. pardalis 25 0.05 51 13 41.1 ± 0.2 40.4 41.5 0.6 49.0 ± 19.2 19.0 101.5 39.2
B. pardalis 25 0.1 53 20 41.3 ± 0.2 40.6 41.8 0.5 54.9 ± 19.3 21.5 97.6 35.1
B. pardalis 25 1 54 0 41.9 ± 0.4 40.8 42.4 0.9 45.2 ± 14.9 22.5 83.1 32.9
B. pardalisa 25 1 36 0 41.6 ± 0.4 40.8 42.4 0.8 688.1 ± 506.4 212.4 2350.1 73.6

a This category represents the large-size group of B. pardalis tadpoles that was compared only with the small-size group of tadpoles of the same species, also tested
at ΔT=1 °C min−1. See the text for more details.
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‘ΔT’ (0.05 °C min−1, 0.1 °C min−1, 1 °C min−1) and ‘Ontogeny’ (Gosner
stages 25, 35–41, 42–44), whereas the continuous predictor was ‘body
mass’ (mg). Three interactions were considered particularly informative
given current theory: 1) The interaction ‘ΔT×body mass’ tested whe-
ther the effect of body mass on CTmax depended on the ΔT applied
during the UTL experiments; 2) the interaction ‘ΔT×Ontogeny’ ana-
lyzed whether shifts in CTmax along the ontogeny of P. nattereri varied
with ΔTs [Experiment 2]; and 3) the interaction ‘Size class× body
mass’ assessed whether the effect of body mass on the CTmax of B.
pardalis differed between small and large individuals when submitted to
1 °C min−1 [Experiment 3]. Additionally, we analyzed the 24-h survival
of both species in response to our experimental ΔTs, comparing the
proportions of alive (N) and dead individuals (†; Table 1) 24 h after the
UTL tests. Thus, we fitted generalized linear models (binomial error
distributions, logit link function) to test whether the 24-h survival after
UTL tests 1) varied among ΔTs in B. pardalis tadpoles, and 2) whether
this variable differed along the ontogeny and according to ΔTs in P.
nattereri tadpoles (Table S2). To assess the extent to which CTmax var-
iances differed among ΔTs in B. pardalis (Experiment 1), within each
ontogenetic category of P. nattereri (Experiment 2), and between size
classes of B. pardalis tadpoles (Experiment 3), we ran Levene's tests
(α=0.05).

We adopted an information-theoretical approach (i.e., methods
based on the Akaike information criterion, AIC; Akaike, 1974) for
model selection and statistical inference. Specifically, we ranked com-
petitive models fitted to explain CTmax or 24-h survival according to
their second-order AIC value (AICc; Hurvich and Tsai, 1989; Sugiura,
1978) by using the ‘aictab’ function in the ‘AICcmodavg’ package
(Mazerolle, 2017). The AICc penalizes models according to their
number of estimated parameters (k) while correcting for small sample
sizes (when n/k < 40, as in all our cases); as sample size increase, AICc
values converges to AIC estimates (Burnham et al., 2011; Burnham and
Anderson, 2002). For every case of model comparison (Table S2), we
conducted model selection based on AICc differences (ΔAICc < 4.0)
and evidence ratios (ER, relative likelihood of model pairs, calculated
with the ‘evidence’ function) between the top-ranked model and al-
ternative candidate models, and on AICc weights of each candidate
model. AICc weights indicate the evidence in favor of a candidate to
best model describing the data (Burnham and Anderson, 2002). When
our model selection procedure indicated that two or more models were
equally fit to explain CTmax or 24-h survival, we computed the con-
fidence set on the best model given the data by building profile like-
lihood intervals for the ratios of model likelihoods (cutoff
value=0.135, ΔAICc=4.0; ‘confset’ function, method= ‘ratio’;
Burnham and Anderson, 2002). Then we calculated the relative im-
portance of variables (RI, the likelihood that a variable is part of the
best approximating model) within the confidence set of models by
summing the AICc weights over all models including the explanatory
variable (‘importance’ function, ‘MuMIn’ package; Barton, 2018). Fi-
nally, in a model selection framework, we conducted multiple com-
parisons among levels of ‘ΔT’ and ‘Ontogeny’ (‘multComp’ function,
‘AICcmodavg’ package; Mazerolle, 2017). This method pooled levels of
‘ΔT’ or ‘Ontogeny’ in a model, updated the model for each grouping
pattern possible and then ranked them according to their AICc weights.
This approach also conducted model-averaged predictions and 95%
unconditional confidence intervals (95% UCI) for each level of ‘ΔT’ and
‘Ontogeny’.

3. Results

3.1. Effects of ΔTs and body mass on CTmax within species (Gosner stage
25)

The heat tolerance of B. pardalis was explained by diverse effects, as
informed by three complementary models selected within the con-
fidence set (Table 2). Overall, ΔT was the most important variable to

explain CTmax variation in B. pardalis (RI=100%), since there was a
progressive decrease in heat tolerance with slower ΔTs (Multiple com-
parison among ΔTs, AICc weight= 99%; Table 1; Fig. 1A). Also, larger
tadpoles were more tolerant than small counterparts only when ex-
posed to the slow ΔT (0.05 °C min−1), but this size effect was barely
0.06 °C by each 10mg (Fig. 1B). Conversely, the CTmax of individuals
exposed to a moderate (0.1 °C min−1) or fast (1 °C min−1) ΔT was
unaffected by their body mass (Fig. 1B). Furthermore, B. pardalis tad-
poles displayed more variable CTmax when exposed to the fast ΔT (Le-
vene's test, F(2,155) = 9.55, P < 0.001; Table 1; Fig. 1A).

For P. nattereri (Fig. 1A, C), we found strong support in favor of
synergic effects between ΔT and body mass explaining most CTmax

variation (ER of the top-ranked model= 19.3 against the second-
ranked model; Table 2). Body mass had a positive effect on the heat
tolerance of P. nattereri tadpoles exposed to slow and moderate ΔTs, as
individuals increased their CTmax by 0.5 °C for every 10mg of body
mass (Fig. 1C). No size effect was evident in tadpoles submitted to fast
ΔT. Average CTmax was 0.3 °C higher in P. nattereri tadpoles submitted
to 0.05 °C min−1 than in individuals exposed to other ΔTs, and inter-
individual variability of heat tolerance increased at slow and moderate
ΔTs (Levene's test, F(2,153) = 9.52, P < 0.001; Table 1; Fig. 1A).

3.2. Effects of ΔTs and body mass on the CTmax of P. nattereri along
ontogeny

Regarding the heat tolerance of P. nattereri through larval devel-
opment (Table 1; Fig. 2A), both ontogeny and ΔT were predictors of
CTmax (RI=100% for both variables), though their influence seemed
independent (Table 2). According to model-averaged estimates, the
mean CTmax of P. nattereri decreased about 1.5 °C close to the climax of
metamorphosis (42–44; mean CTmax=40.6 °C; 95%
UCI=40.3–41.0 °C) with respect to early (25; mean CTmax=42.2 °C;
95% UCI=42.0–42.4 °C) or intermediate (35–41; mean
CTmax=42.1 °C; 95% UCI=41.8–42.3 °C) Gosner stages. Likewise,
tadpoles exposed to the slow ΔT (mean CTmax=42.2 °C; 95%
UCI=42.0–42.4 °C, AICc weight= 73%) increased their mean CTmax

about 0.4 °C in comparison with individuals submitted to a moderate or
fast thermal change (mean CTmax=41.8 °C; 95% UCI=41.6–41.9 °C),
regardless of their developmental stage (Fig. 2A).

Like in tadpoles at Gosner stage 25, the CTmax of P. nattereri tadpoles
at intermediate developmental stages increased according to their body
mass only when submitted to slow (0.04 °C/10mg) and moderate
(0.1 °C/10mg) ΔTs (Table 2; Fig. 2B). Individuals exposed to the fast ΔT
did not display any size effect (Fig. 2B). Tadpoles of P. nattereri ap-
proaching metamorphic climax displayed high interindividual variation
in CTmax (Table 1), so no model stood out as best (Table 2). Still, the
most important variable for explaining CTmax in this case was ΔT
(RI=39%). Tadpoles of P. nattereri, even those close to metamorphic
climax, increased their CTmax by almost 1 °C when exposed to slow ΔT,
compared to other ΔTs (Multiple comparison among ΔTs, AICc
weight= 49%; Table 1; Fig. 2A). Finally, P. nattereri tadpoles at in-
termediate (Levene's test, F(2,42) = 3.49, P=0.04) and advanced (Le-
vene's test, F(2,28) = 6.80, P=0.004) Gosner stages also displayed
higher CTmax variability at both slow and moderate ΔTs (Table 1;
Fig. 2A).

3.3. Effects of body mass on the CTmax of two size classes of B. pardalis
tadpoles exposed to ΔT=1 °C min−1

CTmax responses varied between the two size classes of B. pardalis
tadpoles exposed to the fast ΔT (Table 2; Fig. 3A and B). Average CTmax

was 0.3 °C higher in the small-size group of B. pardalis tadpoles com-
pared to individuals of the large-size group, though CTmax variability
was similar for tadpoles of both size groups (Levene's test,
F(1,88) = 0.38, P=0.539; Table 1, Fig. 3A). Body mass exerted a small
influence on the heat tolerance of B. pardalis tadpoles (Table 2) as
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follows: the CTmax of small B. pardalis tadpoles did not respond to body
mass (Figs. 1B and 3B), but the CTmax of large tadpoles increased
0.003 °C for every 10mg (or 0.3 °C g−1; Fig. 3B).

3.4. 24-h survival after the UTL tests

The two species differed in survival according to heating rates. For
B. pardalis, the 24-h survival decreased about 20% after slow (72.6% at
0.05 °C min−1) and moderate (79.69% at 0.1 °C min−1) ΔTs, compared
to 100% survival at fast thermal rates (Tables 1 and 2). For P. nattereri,
24-h survival differed more markedly regarding ontogenetic stages,
whereas ΔTs was not so influential (Table 2). Thus, average survival

decreased from 97% to 96% at Gosner stages 25 and 35–41 (respec-
tively), to 69% at Gosner stages 42–44 (Tables 1 and 2).

4. Discussion

As expected, the UTL B. pardalis and P. nattereri responded differ-
ently to experimental heating rates (ΔTs). Interspecific differences in
central tendency (Allen et al., 2012; Peck et al., 2009; Tejedo et al.,
2012; Terblanche et al., 2007) and variability (Chown et al., 2009;
Vinagre et al., 2015) of UTL in response to ΔTs are expected and related
to phylogenetic and ecological distances among the studied lineages.
Changes in average CTmax for both species reported in this paper were

Table 2
Confidence set of selected models (cutoff value of 0.135, ΔAICc=4.0) for explaining variation in CTmax and 24-h survival after the UTL tests according to our
experimental design.

Experiment Confidence set of models k AICc ΔAICc AICc weight ER

1) Effects of ΔT and body mass on CTmax within species (Gosner stage 25)
Boana pardalis CTmax∼ ΔT×body mass 7 66.91 0 0.59

CTmax∼ ΔT + body mass 5 68.94 2.03 0.21 2.76
CTmax∼ ΔT 4 69.13 2.23 0.19 3.04

Physalaemus nattereri CTmax∼ ΔT×body mass 7 294.15 0 0.94
2a) Effects of ΔT on the CTmax of P. nattereri along ontogeny CTmax∼ ΔT + Ontogeny 6 571.18 0 0.72

CTmax∼ ΔT×Ontogeny 10 573.21 2.03 0.26 2.76
2b) Effects of ΔT and body mass on the CTmax of P. nattereri
Gosner stages 35–41 CTmax∼ ΔT×body mass 7 102.51 0 0.82

CTmax∼ body mass 3 106.47 3.96 0.11 7.25
Gosner stages 42–44 CTmax∼ null 2 114.11 0 0.38

CTmax∼ ΔT 4 114.75 0.65 0.27 1.38
CTmax∼ body mass 3 115.14 1.03 0.22 1.68
CTmax∼ ΔT + body mass 5 116.58 2.48 0.11 3.45

3) Effects of body mass on the CTmax of two size classes of B. pardalis tadpoles exposed to
ΔT=1°C min−1

CTmax ∼ Size class + body mass 4 78.34 0 0.70
CTmax∼ Size class× body mass 5 80.34 2.00 0.26 2.71

24-h survival after the UTL tests in response to ΔTs
B. pardalis Survival∼ ΔT 4 158.51 0 1
P. nattereri (along ontogeny) Survival∼Ontogeny 3 123.00 0 0.84

Survival∼ ΔT + Ontogeny 5 126.40 3.40 0.15 5.47

k=the number of estimated parameters for each model; AICc=second-order Akaike information criterion; ΔAICc=AICc differences between the top-ranked model
and alternative candidate models; and ER=evidence ratio of the model weights between the top-ranked model and alternative candidate models.

Fig. 1. Effects of ΔTs and body mass on CTmax within
species (Gosner stage 25). (A) CTmax variation of both
species in response to three ΔTs. Horizontal bars in-
side boxes are the median values, black diamonds
indicate the mean values and whiskers are values
within 1.5× the inter-quartile range. Relationships
between the CTmax and the body mass of tadpoles of
B. pardalis (B) and P. nattereri (C), at three ΔTs. Color
codes for ΔTs are the same in all cases.
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lower than 2 °C. The magnitude of this value is small compared to
patterns in distant taxa such as insects (Allen et al., 2012; Terblanche
et al., 2007) and fishes (Mora and Maya, 2006), yet comparable with
the observed in other arthropods (Vinagre et al., 2015) and anurans
(Tejedo et al., 2012). Thus, the overall literature signals relevance of
ΔTs as a factor influencing the thermal limits of ectothermic animals,
but the state of art is premature for generalizations. The causes and
consequences of this variation remain obscure, but some well-supported
ad-hoc hypotheses can be brought about to illustrate the complexity of
a system. A single factor, ΔT, may be associated to multifactorial

impacts on reported thermal tolerances under experimental conditions,
and impacts on variability must not be undervalued.

The higher variability of CTmax observed for B. pardalis only at the
fast ΔT disagrees with our original prediction, although some ar-
thropods show comparable responses (Chown et al., 2009; Vinagre
et al., 2015). Although we are unable to pose underlying causes for this
pattern, the pattern itself contains theory in the sense it shows relevant
inter-individual variation in physiology under a given experimental
condition. In contrast, slow and moderate thermal rates (longer ex-
periments) apparently deteriorated the physiological condition of most
B. pardalis tadpoles, a more uniform response. Health-influencing fac-
tors may include, among other, oxygen limitation, reserves depletion
and metabolic imbalance (Pörtner, 2010; Rezende et al., 2011; Ribeiro
et al., 2012). Regarding P. nattereri, tadpoles are naturally exposed to
Thab close to the CTmax we reported (Freitas et al., 2016), so selection on
their UTL should be strong. Such conditions may induce differential
heat hardening among individuals, with futher adjustment at slow ex-
perimental ΔT (e.g., last quarter of the CTmax distribution in Fig. 1A).
The higher ecological heat tolerance (as in Ribeiro et al., 2012) of P.
nattereri may involve antioxidant defenses (Freitas et al., 2016), heat
shock proteins (Bozinovic et al., 2013; Williams et al., 2012), or me-
tabolic acclimation (Feder, 1982, 1978). Independently of mechanisms,
the bottom line is that, in terms of interindividual variability, CTmax was
heavily and complexly influenced by ΔT. Research on ecological climate
change must not ignore dispersion in critical temperatures caused by
inter-individual variation. This dispersion is critical for a conceptual
expansion from individual to population effects. Naturally, the expected
impact of warming would not be equal for populations with same
average CTmax but contrasting patterns of inter-individual variation.

P. nattereri tadpoles were more sensitive to warming at the end of
metamorphosis independently of ΔT, partially supporting our predic-
tion. A drop in UTL close to the metamorphic climax has been observed
in other anuran species (Cupp, 1980; Enriquez-Urzelai et al., 2019;
Floyd, 1983; Sherman, 1980; Sherman and Levitis, 2003), but the size
of this effect differs among species (∼1–5 °C). Some authors associate
this pattern to the stress of approaching metamorphic climax (Sherman,
1980; Sherman and Levitis, 2003) and its concomitant and drastic re-
modeling on anatomy and physiology (Shi, 2000). In fact, tadpoles at

Fig. 2. Effects of ΔTs and body mass on the CTmax of
P. nattereri along ontogeny. (A) CTmax variation along
the ontogeny of P. nattereri in response to three ΔTs.
Relationships between the CTmax and the body mass
of P. nattereri tadpoles at stages 35–41 (B) and stages
42–44 (C), at three ΔTs. Figure details are the same
than in Fig. 1.

Fig. 3. Effects of body mass on the CTmax of two size classes of B. pardalis
tadpoles exposed to ΔT=1 °C min−1. (A) CTmax variation between two size
classes of B. pardalis tadpoles. Boxplot elements are the same than in previous
figures. (B) Relationships between the CTmax and the body mass of B. pardalis
tadpoles classified into two size classes. Color codes are the same than in
Fig. 3A.
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their metamorphic climax have impaired physiological and ecological
performance (Arnold and Wassersug, 1978; Denver, 1997; Floyd, 1984;
Wilbur, 1980). But if tadpoles at these stages are unable to mobilize
mechanisms to cope with high temperatures (Sherman and Levitis,
2003), slow thermal exposures would be expected to further reduce
their heat tolerance, relative to fast exposures, and our results for P.
nattereri suggest otherwise. So, we hypothesize that P. nattereri can
display heat hardening throughout its larval development in response
to ecologically relevant ΔTs (e.g., 0.05 °C min−1).

We found small synergic effects of body mass and ΔTs on the UTL of
both anuran species along our experimental design. Still, our outcomes
diverge from previous studies that did not detect any size difference in
the UTL of other aquatic ectothermic animals (Anttila et al., 2013; Bury,
2008; Ospina and Mora, 2004). Besides, ΔT×body mass interactions
on UTL have been tested only in ants (Bentley et al., 2016; Ribeiro et al.,
2012), and interpretations remain challenging. When ΔT×body mass
interactions explain CTmax variation, size effects should be considered
separately in order to discriminate their nature. For example, the size
differences we observed in the CTmax of both species at slow and
moderate ΔTs are probably physiological, because thermal inertia
would not be an issue for individuals of such small size at such ΔTs
(Becker and Genoway, 1979). Conversely, the size effect detected in
large B. pardalis tadpoles at the fast ΔTmay be a methodological artifact
driven by their thermal inertia, because such effect was not observed
for small counterparts at the same ΔT. Zhang and Kieffer (2014) found
comparable results in the shortnose sturgeon, for large individuals were
less heat tolerant than small ones, though they did find a consistent
(therefore, physiological) positive influence of body mass on the UTL of
these fish. Although the size effect in large B. pardalis tadpoles was
small, it poses a caveat on the traditionally untested assumption that
thermal inertia is negligible for estimating the UTL of small aquatic
ectothermic animals of comparable sizes.

A final comment regards alternative factors that might account for
our results. Captivity time elicit short and long term stress responses,
some of which may reduce organismal performance (Assis et al., 2015;
Moore et al., 1991; Navas and Gomes, 2001). Yet, thermal tolerance can
even increase with captivity time, possibly because of acclimatory re-
sponses to laboratory conditions (Mora and Maya, 2006; Pintor et al.,
2016). Interindividual differences in captivity time in Experiments 2
and 3 are consequences of our experimental design; however, it is un-
likely that this is the main driver of our results. First, heat tolerance of
P. nattereri tadpoles decreased only at advanced Gosner stages and not
progressively, as would be expected by captivity time. Second, the two
size classes of B. pardalis differed only in heat tolerance but not in 24-h
survival, and we did not observe any mortality in individuals of the
large-size group during their time in captivity. Despite the possible
characterization of the two size classes of B. pardalis tadpoles as at the
same Gosner stage, the discrete classification of the anuran develop-
ment is arbitrary because this is a continuous process (Floyd, 1983;
Sherman and Levitis, 2003). Accordingly, mean differences in heat
tolerance between the two size classes of B. pardalis may reflect onto-
genetic constraints on physiology that would be unseen through ex-
ternal morphology.

5. Conclusions

We demonstrated complex interactions among ΔTs, ontogeny and
body mass that influenced the UTL of our studied species. Our findings
also suggest that the thermal sensitivity of larval anurans to warming
rate is species-specific, which may extend to other small ectothermic
animals according to the current literature. Moreover, our data supports
the view that heat tolerance of larval anurans decreases at the end of
metamorphosis. But we also proved that, even at this developmental
stage, UTL might be enhanced at the time course of slow, ecologically
relevant ΔTs. So, we encourage next studies on ontogenetic shifts in the
UTL of ectothermic animals to consider ΔTs. Finally, and unlike the

current theory, we demonstrated that body mass is an important factor
influencing the UTL of tadpoles. Thus, researchers should acknowledge
this variable when assessing UTL in anuran larvae and, possibly, aquatic
ectothermic species of comparable sizes, especially if multiple ΔTs are
applied. Our findings contribute to integrate the understanding on the
UTL of small ectothermic animals, which is critical to predict accurately
their vulnerability to acute warming. In this context, we highlight that
vulnerability assessments based on WT need to integrate factors influ-
encing both the Thab component (e.g., microclimate) and the CTmax

component (e.g., ΔTs, ontogeny and body mass) of the equation, con-
sidering both the physiology and natural history of species. Also, we
bring attention to the importance of inter-individual variation in critical
temperatures, despite mean values, and to the importance that such
source of variance may have in ecological climate change research.

Ethics statement

All samplings and captures were made under a SISBIO license
(14836-1) from the Chico Mendes Institute for Biodiversity
Conservation, Ministry of the Environment. All rearing and experi-
mental procedures were reviewed and approved by the Animal Ethics
Committee (license 269/2016) of the Institute of Biosciences,
University of São Paulo. Access to the genetic heritage was registered in
the Brazilian Genetic Heritage Management Council (CGEN) under a
SISGEN register (A66D1F4).

Conflicts of interest

The authors declare no competing or financial interests.

Author contributions

G.A.A.C and C.A.N conceived and designed the study. G.A.A.C
performed the experiments, collected the data, and led data analysis
and manuscript writing. Both authors revised and edited the manu-
script.

Acknowledgements

We would like to thank Ananda Brito de Assis, Renata Ibelli Vaz,
Laura Camila Cabanzo and, specially, Eleonora Aguiar de Domenico for
their help during field work and assistance in the laboratory. We also
thank Dr. Fernando R. Gomes, Dr. Pedro L. Ribeiro and two anonymous
reviewers for their helpful comments in improving the manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jtherbio.2019.03.010.

Funding

This research was funded by the National Counsel of Technological
and Scientific Development, Brazil (CNPq fellowship to G.A.A.C:
132990/2014-8) and the São Paulo Research Foundation, Brazil
(FAPESP support to C.A.N: 2012/50407-4 and 2014/16320-7).

References

Akaike, H., 1974. A new look at the statistical model identification. IEEE Trans. Autom.
Control 19, 716–723. https://doi.org/10.1109/TAC.1974.1100705.

Allen, J.L., Chown, S.L., Janion-Scheepers, C., Clusella-Trullas, S., 2016. Interactions
between rates of temperature change and acclimation affect latitudinal patterns of
warming tolerance. Conserv. Physiol. 4, cow053. https://doi.org/10.1093/conphys/
cow053.

Allen, J.L., Clusella-Trullas, S., Chown, S.L., 2012. The effects of acclimation and rates of
temperature change on critical thermal limits in Tenebrio molitor (Tenebrionidae) and

G.A. Agudelo-Cantero and C.A. Navas Journal of Thermal Biology 82 (2019) 43–51

49

https://doi.org/10.1016/j.jtherbio.2019.03.010
https://doi.org/10.1016/j.jtherbio.2019.03.010
https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1093/conphys/cow053
https://doi.org/10.1093/conphys/cow053


Cyrtobagous salviniae (Curculionidae). J. Insect Physiol. 58, 669–678. https://doi.org/
10.1016/j.jinsphys.2012.01.016.

Anttila, K., Dhillon, R.S., Boulding, E.G., Farrell, A.P., Glebe, B.D., Elliott, J.A.K., Wolters,
W.R., Schulte, P.M., 2013. Variation in temperature tolerance among families of
Atlantic salmon (Salmo salar) is associated with hypoxia tolerance, ventricle size and
myoglobin level. J. Exp. Biol. 216, 1183–1190. https://doi.org/10.1242/jeb.080556.

Aquino, L., Reichle, S., Silvano, D., Scott, N., 2004. Physalaemus nattereri. IUCN Red List
Threat. Species 2004 e.T57267A11597340. URL: https://doi.org/10.2305/IUCN.
UK.2004.RLTS.T57267A11597340.en 10.28.18.

Arnold, S.J., Wassersug, R.J., 1978. Differential predation on metamorphic Anurans by
garter snakes (Thamnophis): social behavior as a possible defense. Ecology 59, 1014.
https://doi.org/10.2307/1938553.

Assis, V.R., Monteirotiton, S.C., Barsotti, A.M.G., Titon, B., Gomes, F.R., 2015. Effects of
acute restraint stress, prolonged captivity stress and transdermal corticosterone ap-
plication on immunocompetence and plasma levels of corticosterone on the cururu
toad (Rhinella icterica). PLoS One 10, 1–21. https://doi.org/10.1371/journal.pone.
0121005.

Barton, K., 2018. MuMIn: Multi-Model Inference. R Package Version 1.42.1. https://
CRAN.R-project.org/package=MuMIn.

Becker, C.D., Genoway, R.G., 1979. Evaluation of the critical thermal maximum for de-
termining thermal tolerance of freshwater fish. Environ. Biol. Fish. 4, 245–256.
https://doi.org/10.1007/BF00005481.

Bentley, M.T., Hahn, D.A., Oi, F.M., 2016. The thermal breadth of Nylanderia fulva
(Hymenoptera: Formicidae) is narrower than that of Solenopsis invicta at three
thermal ramping rates: 1.0, 0.12, and 0.06°C min1. Environ. Entomol. 45,
1058–1062. https://doi.org/10.1093/ee/nvw050.

Bertoluci, J., 1998. Annual patterns of breeding activity in atlantic rainforest Anurans. J.
Herpetol. 32, 607. https://doi.org/10.2307/1565223.

Bertoluci, J., Rodrigues, M.T., 2002. Seasonal patterns of breeding activity of atlantic
rainforest anurans at boracéia, southeastern Brazil. Amphibia-Reptilia 23, 161–167.
https://doi.org/10.1163/156853802760061804.

Bowler, K., Terblanche, J.S., 2008. Insect thermal tolerance: what is the role of ontogeny,
ageing and senescence? Biol. Rev. 83, 339–355. https://doi.org/10.1111/j.1469-
185X.2008.00046.x.

Bozinovic, F., Catalan, T.P., Estay, S.A., Sabat, P., 2013. Acclimation to daily thermal
variability drives the metabolic performance curve. Evol. Ecol. Res. 15, 579–587.

Brattstrom, B.H., 1968. Thermal acclimation in Anuran amphibians as a function of la-
titude and altitude. Comp. Biochem. Physiol. 24, 93–111. https://doi.org/10.1016/
0010-406X(68)90961-4.

Burnham, K.P., Anderson, D.R., 2002. In: Model Selection and Multimodel Inference: A
Practical Information-Theoretic Approach, Second. Springer-Verlag, New York.

Burnham, K.P., Anderson, D.R., Huyvaert, K.P., 2011. AIC model selection and multi-
model inference in behavioral ecology: some background, observations, and com-
parisons. Behav. Ecol. Sociobiol. 65, 23–35. https://doi.org/10.1007/s00265-010-
1029-6.

Bury, R.B., 2008. Low thermal tolerances of stream amphibians in the Pacific Northwest:
implications for riparian and forest management. Appl. Herpetol. 5, 63–74. https://
doi.org/10.1163/157075408783489211.

Calder, W.A., 1984. Size, Function, and Life History. Dover Publications, Inc., Mineola,
New York.

Camacho, A., 2012. Respostas dos animais ectotermos terrestres à variação
microclimática. Rev. da Biol. 8, 5–14. https://doi.org/10.7594/revbio.

Chown, S.L., Addo-Bediako, a, Gaston, K.J., 2002. Physiological variation in insects:
large-scale patterns and their implications. Comp. Biochem. Physiol. B Biochem. Mol.
Biol. 131, 587–602. https://doi.org/https://doi.org/10.1016/S1096-4959(02)
00017-9.

Chown, S.L., Jumbam, K.R., Sørensen, J.G., Terblanche, J.S., 2009. Phenotypic variance,
plasticity and heritability estimates of critical thermal limits depend on methodolo-
gical context. Funct. Ecol. 23, 133–140. https://doi.org/10.1111/j.1365-2435.2008.
01481.x.

Claussen, D.L., 1973. The thermal relations of the tailed frog, Ascaphus truei, and the
pacific treefrog, Hyla regilla. Comp. Biochem. Physiol., Part A Physiol. 44, 137–153.
https://doi.org/10.1016/0300-9629(73)90377-0.

Cupp, P.V., 1980. Thermal tolerance of five salientian Amphibians during development
and metamorphosis. Herpetologica 36, 234–244.

Delson, J., Whitford, W.G., 1973. Critical thermal maxima in several life history stages in
desert and montane populations of Ambystoma tigrinum. Herpetologica 29, 352–355.

Denver, R.J., 1997. Environmental stress as a developmental cue: corticotropin-releasing
hormone is a proximate mediator of adaptive phenotypic plasticity in amphibian
metamorphosis. Horm. Behav. 31, 169–179. https://doi.org/10.1006/hbeh.1997.
1383.

Deutsch, C.A., Tewksbury, J.J., Huey, R.B., Sheldon, K.S., Ghalambor, C.K., Haak, D.C.,
Martin, P.R., 2008. Impacts of climate warming on terrestrial ectotherms across la-
titude. Proc. Natl. Acad. Sci. U. S. A 105, 6668–6672. https://doi.org/10.1073/pnas.
0709472105.

Enriquez-Urzelai, U., Sacco, M., Palacio, A.S., Pintanel, P., Tejedo, M., Nicieza, A.G.,
2019. Ontogenetic reduction in thermal tolerance is not alleviated by earlier devel-
opmental acclimation in Rana temporaria. Oecologia 189, 385–394.

Feder, M.E., 1982. Environmental variability and thermal acclimation of metabolism in
tropical anurans. J. Therm. Biol. 7, 23–28. https://doi.org/10.1016/0306-4565(82)
90015-8.

Feder, M.E., 1978. Environmental variability and thermal acclimation in neotropical and
temperate zone salamanders. Physiol. Zool. 51, 7–16. https://doi.org/10.1086/
physzool.51.1.30158660.

Floyd, R.B., 1984. Variation in temperature preference with stage of development of Bufo
marinus larvae. J. Herpetol. 18, 153. https://doi.org/10.2307/1563743.

Floyd, R.B., 1983. Ontogenetic change in the temperature tolerance of larval Bufo marinus
(Anura: bufonidae). Comp. Biochem. Physiol. Part A Physiol. 75, 267–271. https://
doi.org/10.1016/0300-9629(83)90081-6.

Freitas, J.S., Almeida, E.A., Freitas, J.S., Almeida, E.A., 2016. Antioxidant defense system
of tadpoles ( Eupemphix nattereri ) exposed to changes in temperature and pH. Zool.
Sci. 33, 186–194. https://doi.org/10.2108/zs150075.

Gutiérrez-Pesquera, L.M., Tejedo, M., Olalla-Tárraga, M.Á., Duarte, H., Nicieza, A., Solé,
M., 2016. Testing the climate variability hypothesis in thermal tolerance limits of
tropical and temperate tadpoles. J. Biogeogr. 43, 1166–1178. https://doi.org/10.
1111/jbi.12700.

Huey, R.B., Deutsch, C. a, Tewksbury, J.J., Vitt, L.J., Hertz, P.E., Alvarez Pérez, H.J.,
Garland, T., 2009. Why tropical forest lizards are vulnerable to climate warming.
Proc. Biol. Sci. 276, 1939–1948. https://doi.org/10.1098/rspb.2008.1957.

Hurvich, C.M., Tsai, C.-L., 1989. Regression and time series model selection in small
samples. Biometrika 76, 297. https://doi.org/10.2307/2336663.

Hutchison, V.H., 1976. Factors influencing thermal tolerances of individual organisms. In:
ERDA (Energy Res. Dev. Adm.) Symp. Ser. CONF750425, pp. 10–26.

Hutchison, V.H., 1961. Critical thermal maxima in salamanders. Physiol. Zool. 34,
92–125. https://doi.org/10.2307/30152688.

Hutchison, V.H., Kosh, R.J., 1965. The effect of photoperiod on the critical thermal
maxima of painted turtles (Chrysemys picta). Herpetologica 20, 233–238.

Ju, R.T., Xiao, Y.Y., Li, B., 2011. Rapid cold hardening increases cold and chilling tol-
erances more than acclimation in the adults of the sycamore lace bug, Corythucha
ciliata (Say) (Hemiptera: Tingidae). J. Insect Physiol. 57, 1577–1582. https://doi.org/
10.1016/j.jinsphys.2011.08.012.

Katzenberger, M., Hammond, J., Duarte, H., Tejedo, M., Calabuig, C., Relyea, R.A., 2014.
Swimming with predators and pesticides: how environmental stressors affect the
thermal physiology of tadpoles. PLoS One 9, e98265. https://doi.org/10.1371/
journal.pone.0098265.

Katzenberger, M., Hammond, J., Tejedo, M., Relyea, R., 2018. Source of environmental
data and warming tolerance estimation in six species of North American larval an-
urans. J. Therm. Biol. 76, 171–178. https://doi.org/10.1016/j.jtherbio.2018.07.005.

Kellermann, V., van Heerwaarden, B., Sgrò, C.M., 2017. How important is thermal his-
tory? Evidence for lasting effects of developmental temperature on upper thermal
limits in Drosophila melanogaster. Proc. R. Soc. B Biol. Sci. 284, 20170447. https://
doi.org/10.1098/rspb.2017.0447.

Klockmann, M., Günter, F., Fischer, K., 2017. Heat resistance throughout ontogeny: body
size constrains thermal tolerance. Glob. Chang. Biol. 23, 686–696. https://doi.org/
10.1111/gcb.13407.

Klok, C.J., Chown, S.L., 2001. Critical thermal limits, temperature tolerance and water
balance of a sub-Antarctic kelp fly, Paractora dreuxi (Diptera: Helcomyzidae). J.
Insect Physiol. 47, 95–109. https://doi.org/10.1016/S0022-1910(00)00087-1.

Lailvaux, S.P., Irschick, D.J., 2007. Effects of temperature and sex on jump performance
and biomechanics in the lizard Anolis carolinensis. Funct. Ecol. 21, 534–543. https://
doi.org/10.1111/j.1365-2435.2007.01263.x.

Liwanag, H.E.M., Haro, D., Callejas, B., Labib, G., Pauly, G.B., 2018. Thermal tolerance
varies with age and sex for the nonnative Italian Wall Lizard (Podarcis siculus) in
Southern California. J. Therm. Biol. 78, 263–269. https://doi.org/10.1016/J.
JTHERBIO.2018.10.010.

Lutterschmidt, W.I., Hutchison, V.H., 1997a. The critical thermal maximum: data to
support the onset of spasms as the definitive end point. Can. J. Zool. 75, 1553–1560.
https://doi.org/10.1139/z97-782.

Lutterschmidt, W.I., Hutchison, V.H., 1997b. The critical thermal maximum: history and
critique. Can. J. Zool. 75, 1561–1574. https://doi.org/10.1139/z97-783.

Maness, J.D., Hutchison, V.H., 1980. Acute adjustment of thermal tolerance in vertebrate
ectotherms following exposure to critical thermal maxima. J. Therm. Biol. 5,
225–233.

Mazerolle, M.J., 2017. AICcmodavg: Model Selection and Multimodel Inference Based on
(Q)AIC(c). R Package Version 2.1-1. https://cran.r-project.org/package=
AICcmodavg.

Messmer, V., Pratchett, M.S., Hoey, A.S., Tobin, A.J., Coker, D.J., Cooke, S.J., Clark, T.D.,
2017. Global warming may disproportionately affect larger adults in a predatory
coral reef fish. Glob. Chang. Biol. 23, 2230–2240. https://doi.org/10.1111/gcb.
13552.

Moore, M.C., Thompson, C.W., Marler, C.A., 1991. Reciprocal changes in corticosterone
and testosterone levels following acute and chronic handling stress in the tree lizard,
Urosaurus ornatus. Gen. Comp. Endocrinol. 81, 217–226. https://doi.org/10.1016/
0016-6480(91)90006-R.

Mora, C., Maya, M.F., 2006. Effect of the rate of temperature increase of the dynamic
method on the heat tolerance of fishes. J. Therm. Biol. 31, 337–341. https://doi.org/
10.1016/j.jtherbio.2006.01.005.

Nascimento, L.B., Caramaschi, U., Silvano, D., 2004. Hypsiboas Pardalis. IUCN Red List
Threat. Species 2004 e.T55588A11324211. URL: https://doi.org/10.2305/IUCN.
UK.2004.RLTS.T55588A11324211.en 10.28.18.

Navas, C.A., Gomes, F.R., 2001. Time in captivity as a confounding variable in herpeto-
logical research: an example from the metabolic physiology of treefrogs (Scinax).
Herpetol. Rev. 32, 228–230.

Navas, C.A., Úbeda, C.A., Logares, R., Jara, F.G., 2010. Thermal tolerances in tadpoles of
three species of patagonian Anurans. South Am. J. Herpetol. 5, 89–96. https://doi.
org/10.2994/057.005.0203.

Nyamukondiwa, C., Terblanche, J.S., 2010. Within-generation variation of critical
thermal limits in adult Mediterranean and Natal fruit flies Ceratitis capitata and
Ceratitis rosa: thermal history affects short-term responses to temperature. Physiol.
Entomol. 35, 255–264. https://doi.org/10.1111/j.1365-3032.2010.00736.x.

Ospina, A.F., Mora, C., 2004. Effect of body size on reef fish tolerance to extreme low and
high temperatures. Environ. Biol. Fish. 70, 339–343. https://doi.org/10.1023/

G.A. Agudelo-Cantero and C.A. Navas Journal of Thermal Biology 82 (2019) 43–51

50

https://doi.org/10.1016/j.jinsphys.2012.01.016
https://doi.org/10.1016/j.jinsphys.2012.01.016
https://doi.org/10.1242/jeb.080556
https://doi.org/10.2305/IUCN.UK.2004.RLTS.T57267A11597340.en
https://doi.org/10.2305/IUCN.UK.2004.RLTS.T57267A11597340.en
https://doi.org/10.2307/1938553
https://doi.org/10.1371/journal.pone.0121005
https://doi.org/10.1371/journal.pone.0121005
https://CRAN.R-project.org/package=MuMIn
https://CRAN.R-project.org/package=MuMIn
https://doi.org/10.1007/BF00005481
https://doi.org/10.1093/ee/nvw050
https://doi.org/10.2307/1565223
https://doi.org/10.1163/156853802760061804
https://doi.org/10.1111/j.1469-185X.2008.00046.x
https://doi.org/10.1111/j.1469-185X.2008.00046.x
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref14
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref14
https://doi.org/10.1016/0010-406X(68)90961-4
https://doi.org/10.1016/0010-406X(68)90961-4
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref16
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref16
https://doi.org/10.1007/s00265-010-1029-6
https://doi.org/10.1007/s00265-010-1029-6
https://doi.org/10.1163/157075408783489211
https://doi.org/10.1163/157075408783489211
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref19
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref19
https://doi.org/10.7594/revbio
https://doi.org/https://doi.org/10.1016/S1096-4959(02)00017-9
https://doi.org/https://doi.org/10.1016/S1096-4959(02)00017-9
https://doi.org/10.1111/j.1365-2435.2008.01481.x
https://doi.org/10.1111/j.1365-2435.2008.01481.x
https://doi.org/10.1016/0300-9629(73)90377-0
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref24
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref24
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref25
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref25
https://doi.org/10.1006/hbeh.1997.1383
https://doi.org/10.1006/hbeh.1997.1383
https://doi.org/10.1073/pnas.0709472105
https://doi.org/10.1073/pnas.0709472105
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref101
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref101
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref101
https://doi.org/10.1016/0306-4565(82)90015-8
https://doi.org/10.1016/0306-4565(82)90015-8
https://doi.org/10.1086/physzool.51.1.30158660
https://doi.org/10.1086/physzool.51.1.30158660
https://doi.org/10.2307/1563743
https://doi.org/10.1016/0300-9629(83)90081-6
https://doi.org/10.1016/0300-9629(83)90081-6
https://doi.org/10.2108/zs150075
https://doi.org/10.1111/jbi.12700
https://doi.org/10.1111/jbi.12700
https://doi.org/10.1098/rspb.2008.1957
https://doi.org/10.2307/2336663
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref36
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref36
https://doi.org/10.2307/30152688
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref38
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref38
https://doi.org/10.1016/j.jinsphys.2011.08.012
https://doi.org/10.1016/j.jinsphys.2011.08.012
https://doi.org/10.1371/journal.pone.0098265
https://doi.org/10.1371/journal.pone.0098265
https://doi.org/10.1016/j.jtherbio.2018.07.005
https://doi.org/10.1098/rspb.2017.0447
https://doi.org/10.1098/rspb.2017.0447
https://doi.org/10.1111/gcb.13407
https://doi.org/10.1111/gcb.13407
https://doi.org/10.1016/S0022-1910(00)00087-1
https://doi.org/10.1111/j.1365-2435.2007.01263.x
https://doi.org/10.1111/j.1365-2435.2007.01263.x
https://doi.org/10.1016/J.JTHERBIO.2018.10.010
https://doi.org/10.1016/J.JTHERBIO.2018.10.010
https://doi.org/10.1139/z97-782
https://doi.org/10.1139/z97-783
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref49
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref49
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref49
https://cran.r-project.org/package=AICcmodavg
https://cran.r-project.org/package=AICcmodavg
https://doi.org/10.1111/gcb.13552
https://doi.org/10.1111/gcb.13552
https://doi.org/10.1016/0016-6480(91)90006-R
https://doi.org/10.1016/0016-6480(91)90006-R
https://doi.org/10.1016/j.jtherbio.2006.01.005
https://doi.org/10.1016/j.jtherbio.2006.01.005
https://doi.org/10.2305/IUCN.UK.2004.RLTS.T55588A11324211.en
https://doi.org/10.2305/IUCN.UK.2004.RLTS.T55588A11324211.en
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref55
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref55
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref55
https://doi.org/10.2994/057.005.0203
https://doi.org/10.2994/057.005.0203
https://doi.org/10.1111/j.1365-3032.2010.00736.x
https://doi.org/10.1023/B:EBFI.0000035429.39129.34


B:EBFI.0000035429.39129.34.
Overgaard, J., Kristensen, T.N., Sørensen, J.G., 2012. Validity of thermal ramping assays

used to assess thermal tolerance in arthropods. PLoS One 7, 1–7. https://doi.org/10.
1371/journal.pone.0032758.

Overgaard, J., Sørensen, J.G., Com, E., Colinet, H., 2014. The rapid cold hardening re-
sponse of Drosophila melanogaster: complex regulation across different levels of bio-
logical organization. J. Insect Physiol. 62, 46–53. https://doi.org/10.1016/j.jinsphys.
2014.01.009.

Oyamaguchi, H.M., Vo, P., Grewal, K., Do, R., Erwin, E., Jeong, N., Tse, K., Chen, C.,
Miyake, M., Lin, A., Gridi-Papp, M., 2018. Thermal sensitivity of a Neotropical am-
phibian (Engystomops pustulosus) and its vulnerability to climate change. Biotropica
50, 326–337. https://doi.org/10.1111/btp.12519.

Peck, L.S., Clark, M.S., Morley, S. a., Massey, A., Rossetti, H., 2009. Animal temperature
limits and ecological relevance: effects of size, activity and rates of change. Funct.
Ecol. 23, 248–256. https://doi.org/10.1111/j.1365-2435.2008.01537.x.

Peters, R.H., 1986. The Ecological Implications of Body Size. Cambridge University Press,
Cambridge.

Pincebourde, S., Casas, J., 2015. Warming tolerance across insect ontogeny: influence of
joint shifts in microclimates and thermal limits. Ecology 96, 986–997. https://doi.
org/10.1890/14-0744.1.

Pintor, A.F.V., Schwarzkopf, L., Krockenberger, A.K., 2016. Extensive acclimation in ec-
totherms conceals interspecific variation in thermal tolerance limits. PLoS One 11,
e0150408. https://doi.org/10.1371/journal.pone.0150408.

Pörtner, H.-O., 2010. Oxygen- and capacity-limitation of thermal tolerance: a matrix for
integrating climate-related stressor effects in marine ecosystems. J. Exp. Biol. 213,
881–893. https://doi.org/10.1242/jeb.037523.

Pörtner, H., 2001. Climate change and temperature-dependent biogeography: oxygen
limitation of thermal tolerance in animals. Naturwissenschaften 88, 137–146.
https://doi.org/10.1007/s001140100216.

Potter, K.A., Arthur Woods, H., Pincebourde, S., 2013. Microclimatic challenges in global
change biology. Glob. Chang. Biol. 19, 2932–2939. https://doi.org/10.1111/gcb.
12257.

R Core Team, 2018. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria URL: https://www.R-project.
org/.

Rezende, E.L., Castañeda, L.E., Santos, M., 2014. Tolerance landscapes in thermal
ecology. Funct. Ecol. 28, 799–809. https://doi.org/10.1111/1365-2435.12268.

Rezende, E.L., Tejedo, M., Santos, M., 2011. Estimating the adaptive potential of critical
thermal limits: methodological problems and evolutionary implications. Funct. Ecol.
25, 111–121. https://doi.org/10.1111/j.1365-2435.2010.01778.x.

Ribeiro, P.L., Camacho, A., Navas, C.A., 2012. Considerations for assessing maximum
critical temperatures in small ectothermic animals: insights from leaf-cutting ants.
PLoS One 7, e32083. https://doi.org/10.1371/journal.pone.0032083.

Sanabria, E.A., Quiroga, L.B., Martino, A.L., 2013. Seasonal changes in the thermal tol-
erances of Odontophrynus occidentalis (BERG, 1896) (Anura: cycloramphidae). Belg.
J. Zool. 143, 23–29.

Scheffers, B.R., Brunner, R.M., Ramirez, S.D., Shoo, L.P., Diesmos, A., Williams, S.E.,
2013. Thermal buffering of microhabitats is a critical factor mediating warming
vulnerability of frogs in the Philippine biodiversity hotspot. Biotropica 45, 628–635.
https://doi.org/10.1111/btp.12042.

Scheffers, B.R., Edwards, D.P., Diesmos, A., Williams, S.E., Evans, T. a., 2014.
Microhabitats reduce animal's exposure to climate extremes. Glob. Chang. Biol. 20,
495–503. https://doi.org/10.1111/gcb.12439.

Schmidt-Nielsen, K., 1984. Scaling: Why Is Animal Size So Important. Cambridge
University Press, Cambridge,UK.

Sherman, E., 1980. Ontogenetic change in thermal tolerance of the toad Bufo woodhousii
fowleri. Comp. Biochem. Physiol. Part A Physiol. 65, 227–230. https://doi.org/10.
1016/0300-9629(80)90229-7.

Sherman, E., Levitis, D., 2003. Heat hardening as a function of developmental stage in
larval and juvenile Bufo americanus and Xenopus laevis. J. Therm. Biol. 28, 373–380.
https://doi.org/10.1016/S0306-4565(03)00014-7.

Shi, Y.-B., 2000. Amphibian Metamorphosis: from Morphology to Molecular Biology.
Wiley-Liss, New York.

Simon, M.N., Ribeiro, P.L., Navas, C.A., 2015. Upper thermal tolerance plasticity in tro-
pical amphibian species from contrasting habitats: implications for warming impact
prediction. J. Therm. Biol. 48, 36–44. https://doi.org/10.1016/j.jtherbio.2014.12.
008.

Spix, J.B., 1824. Animalia nova sive Species novae Testudinum et Ranarum quas in itinere
per Brasiliam annis MDCCCXVII–MDCCCXX jussu et auspiciis Maximiliani Josephi I.
Bavariae Regis. F. S. Hübschmann., München. .

Steindachner, F., 1983. Über einige neue Batrachier aus den Sammlungen des Wiener
Museums. Sitzungsberichte der Kais. Akad. der Wissenschaften. Math. Cl. 48. pp.
186–192.

Sugiura, N., 1978. Further analysis of the data by akaike’ s information criterion and the
finite corrections. Commun. Stat. Theor. Methods 7, 13–26. https://doi.org/10.1080/
03610927808827599.

Tejedo, M., Duarte, H., Gutiérrez-Pesquera, L.M., Beltrán, J.F., Katzenberger, M.,
Marangoni, F., Navas, C.A., Nicieza, A.G., Relyea, R.A., Rezende, E.L., Richter-Boix,
A., Santos, M., Simon, M., Solé, M., 2012. El estudio de las tolerancias térmicas para

el examen de hipótesis biogeográficas y de la vulnerabilidad de los organismos ante el
calentamiento global. Ejemplos en anfíbios. Boletín la Asoc. Herpetológica Española
23, 2–27.

Terblanche, J.S., Deere, J.A., Clusella-Trullas, S., Janion, C., Chown, S.L., 2007. Critical
thermal limits depend on methodological context. Proc. R. Soc. B Biol. Sci. 274,
2935–2942. https://doi.org/10.1098/rspb.2007.0985.

Terblanche, J.S., Hoffmann, A.A., Mitchell, K.A., Rako, L., le Roux, P.C., Chown, S.L.,
2011. Ecologically relevant measures of tolerance to potentially lethal temperatures.
J. Exp. Biol. 214, 3713–3725. https://doi.org/10.1242/jeb.061283.

Terblanche, J.S., Mitchell, K.A., Uys, W., Short, C., Boardman, L., 2017. Thermal limits to
survival and activity in two life stages of false codling moth Thaumatotibia leucotreta
(Lepidoptera, Tortricidae). Physiol. Entomol. 42, 379–388. https://doi.org/10.1111/
phen.12210.

Ultsch, G.R., Bradford, D.F., Freda, J., 1999. Physiology: coping with the environment. In:
McDiarmid, R.W., Altig, R. (Eds.), Tadpoles: the Biology of Anuran Larvae. The
University of Chicago Press, Chicago, IL, pp. 189–214.

Vasconcelos, T. da S., Rossa-Feres, D. de C., 2005. Diversidade, distribuição espacial e
temporal de anfíbios anuros (Amphibia, Anura) na região noroeste do estado de São
Paulo, Brasil. Biota Neotropica 5, 137–150. https://doi.org/10.1590/S1676-
06032005000300010.

Verble-Pearson, R.M., Gifford, M.E., Yanoviak, S.P., 2015. Variation in thermal tolerance
of North American ants. J. Therm. Biol. 48, 65–68. https://doi.org/10.1016/j.
jtherbio.2014.12.006.

Vinagre, C., Leal, I., Mendonça, V., Flores, A.A., 2015. Effect of warming rate on the
critical thermal maxima of crabs, shrimp and fish. J. Therm. Biol. 47, 19–25. https://
doi.org/10.1016/j.jtherbio.2014.10.012.

Wilbur, H.M., 1980. Complex life cycles. Annu. Rev. Ecol. Systemat. 11, 67–93. https://
doi.org/10.1146/annurev.es.11.110180.000435.

Willhite, C., Cupp, P., 1982. Daily rhythms of thermal tolerance in Rana clamitans (Anura:
Ranidae) tadpoles. Comp. Biochem. Physiol. Part A Physiol. 72, 255–257. https://doi.
org/10.1016/0300-9629(82)90042-1.

Williams, C.M., Marshall, K.E., MacMillan, H. a., Dzurisin, J.D.K., Hellmann, J.J., Sinclair,
B.J., 2012. Thermal variability increases the impact of autumnal warming and drives
metabolic depression in an overwintering butterfly. PLoS One 7, e34470. https://doi.
org/10.1371/journal.pone.0034470.

Winne, C.T., Keck, M.B., 2005. Intraspecific differences in thermal tolerance of the dia-
mondback watersnake (Nerodia rhombifer): effects of ontogeny, latitude, and sex.
Comp. Biochem. Physiol. - A Mol. Integr. Physiol. 140, 141–149. https://doi.org/10.
1016/j.cbpb.2004.11.009.

Woods, H.A., Dillon, M.E., Pincebourde, S., 2015. The roles of microclimatic diversity and
of behavior in mediating the responses of ectotherms to climate change. J. Therm.
Biol. 54, 86–97. https://doi.org/10.1016/j.jtherbio.2014.10.002.

Zhang, Y., Kieffer, J.D., 2014. Critical thermal maximum (CTmax) and hematology of
shortnose sturgeons (Acipenser brevirostrum) acclimated to three temperatures. Can. J.
Zool. 92, 215–221. https://doi.org/10.1139/cjz-2013-0223.

Gustavo A. Agudelo-Cantero: M.Sc. degree in 2016,
University of São Paulo, Brazil. Currently Ph.D. student at
the Graduate School Program in General Physiology,
Institute of Biosciences, University of São Paulo, Brazil.

Carlos A. Navas: Ph.D. degree in 1995, University of
Connecticut, USA. Currently Full Professor at the
Department of Physiology, University of São Paulo, Brazil.

G.A. Agudelo-Cantero and C.A. Navas Journal of Thermal Biology 82 (2019) 43–51

51

https://doi.org/10.1023/B:EBFI.0000035429.39129.34
https://doi.org/10.1371/journal.pone.0032758
https://doi.org/10.1371/journal.pone.0032758
https://doi.org/10.1016/j.jinsphys.2014.01.009
https://doi.org/10.1016/j.jinsphys.2014.01.009
https://doi.org/10.1111/btp.12519
https://doi.org/10.1111/j.1365-2435.2008.01537.x
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref63
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref63
https://doi.org/10.1890/14-0744.1
https://doi.org/10.1890/14-0744.1
https://doi.org/10.1371/journal.pone.0150408
https://doi.org/10.1242/jeb.037523
https://doi.org/10.1007/s001140100216
https://doi.org/10.1111/gcb.12257
https://doi.org/10.1111/gcb.12257
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1111/1365-2435.12268
https://doi.org/10.1111/j.1365-2435.2010.01778.x
https://doi.org/10.1371/journal.pone.0032083
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref73
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref73
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref73
https://doi.org/10.1111/btp.12042
https://doi.org/10.1111/gcb.12439
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref76
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref76
https://doi.org/10.1016/0300-9629(80)90229-7
https://doi.org/10.1016/0300-9629(80)90229-7
https://doi.org/10.1016/S0306-4565(03)00014-7
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref79
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref79
https://doi.org/10.1016/j.jtherbio.2014.12.008
https://doi.org/10.1016/j.jtherbio.2014.12.008
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref102
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref102
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref102
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref103
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref103
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref103
https://doi.org/10.1080/03610927808827599
https://doi.org/10.1080/03610927808827599
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref82
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref82
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref82
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref82
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref82
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref82
https://doi.org/10.1098/rspb.2007.0985
https://doi.org/10.1242/jeb.061283
https://doi.org/10.1111/phen.12210
https://doi.org/10.1111/phen.12210
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref86
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref86
http://refhub.elsevier.com/S0306-4565(18)30502-3/sref86
https://doi.org/10.1590/S1676-06032005000300010
https://doi.org/10.1590/S1676-06032005000300010
https://doi.org/10.1016/j.jtherbio.2014.12.006
https://doi.org/10.1016/j.jtherbio.2014.12.006
https://doi.org/10.1016/j.jtherbio.2014.10.012
https://doi.org/10.1016/j.jtherbio.2014.10.012
https://doi.org/10.1146/annurev.es.11.110180.000435
https://doi.org/10.1146/annurev.es.11.110180.000435
https://doi.org/10.1016/0300-9629(82)90042-1
https://doi.org/10.1016/0300-9629(82)90042-1
https://doi.org/10.1371/journal.pone.0034470
https://doi.org/10.1371/journal.pone.0034470
https://doi.org/10.1016/j.cbpb.2004.11.009
https://doi.org/10.1016/j.cbpb.2004.11.009
https://doi.org/10.1016/j.jtherbio.2014.10.002
https://doi.org/10.1139/cjz-2013-0223

	Interactive effects of experimental heating rates, ontogeny and body mass on the upper thermal limits of anuran larvae
	Introduction
	Materials and methods
	Study sites, study species and acclimation treatment
	Experimental design
	Upper thermal limits
	Data analyses

	Results
	Effects of ΔTs and body mass on CTmax within species (Gosner stage 25)
	Effects of ΔTs and body mass on the CTmax of P. nattereri along ontogeny
	Effects of body mass on the CTmax of two size classes of B. pardalis tadpoles exposed to ΔT = 1 °C min−1
	24-h survival after the UTL tests

	Discussion
	Conclusions
	Ethics statement
	Conflicts of interest
	Author contributions
	Acknowledgements
	Supplementary data
	Funding
	References




