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A B S T R A C T

Understanding the impacts of anthropogenic climate change requires knowing how animals avoid heat stress,
and the consequences of failing to do so. Animals primarily use behavior to avoid overheating, but biologists’
means for measuring and interpreting behavioral signs of stress require more development. Herein, we develop
the measurement of behavioral thermal tolerance using four species of lizards. First, we adapt the voluntary
thermal maximum concept (VTM) to facilitate its measurement, interpretation, and comparison across species.
Second, we evaluate the sensitivity of the VTM to diverse measurement options (warming rate, time of day, etc)
across four species with highly different life histories. Finally, we clarify the interpretation of VTM in two ways.
First, we show the effects of exposure to the VTM on panting behavior, mass loss, and locomotor function loss of
two species. Second, we compared the VTM with the preferred body temperatures (PBT) and critical thermal
maximum (CTMAX) intraspecifically. We found that the VTM can be consistently estimated through different
methods and methodological options, only very slow warming rates affected its estimates in one species.
Exposure to the VTM caused panting between 5 and 50min and induced exceptionally high mass loss rates. Loss
of locomotion function started after 205min. Further, the VTM did not show intraspecific correlations with the
PBT and CTMAX. Our study suggests the VTM is a robust and flexible measure of thermal tolerance and high-
lights the need for multispecies evaluations of thermal indices. The lack of correlation between the VTM, the PBT
and CTMAX suggests the VTM may evolve relatively free between the other parameters. We make re-
ccommendations for understanding and using the VTM in studies of ecology, evolution, and conservation.

1. Introduction

Understanding how thermal constraints affect species’ behavior and
distributions has long been central to studies of ecology and evolution.
More recently, the climatic crisis has increased the urgency of these
pursuits (e.g. Huey and Stevenson, 1979; Williams et al., 2008; Huey
et al., 2012; Sunday et al., 2014; Sinclair et al., 2016). Temperatures
that lead to the suboptimal performance of individuals (also called,
pejus temperatures, Pörtner and Farrell, 2008) can constrain the spatial
distribution of individuals and species, leading to population decline or
localized extinction. The failure to avoid pejus temperatures causes this
constraint by decreasing physiological performance or by negative in-
teractions with species capable of performing better at those tempera-
tures (e.g. Buckley, 2008).

Popular indices of thermal constraints represent different parts of a

thermal performance curve, which relates body temperature to an or-
ganism's performance levels (Huey, 1982; Angilletta et al., 2002). For
example, some researchers use the temperature at which performance is
optimal (i.e,. optimal temperature; e.g. Huey et al., 2009) because at
higher temperatures, physiological function and survival lowers rapidly
(Huey, 1982; Rezende et al., 2014). Others use the temperatures that
cause loss of locomotion or muscle spasms (A.K.A. the critical thermal
maximum (CTMAX); Lutterschmidt and Hutchison, 1997a, 1997b), to
infer thermal constraints on species distributions (Kingsolver et al.,
2013) and evolutionary drivers (Clusella-Trullas et al., 2011). Still,
these two indices present specific disadvantages that may impair their
wide applicability. For example, measures of optimal temperatures may
take weeks to be measured (Hertz et al., 1993). Likewise, the CTMAX
may be too insensitive for assessing thermal constraints because many
animals thermoregulate behaviorally (e.g. shift their microhabitat use),
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keeping body temperatures within preferred ranges, often below op-
timal and critical temperatures (Cowles and Bogert, 1945; Heath, 1970;
May, 1979; Martin and Huey, 2008).

In contrast, measuring behavioral thermal tolerance may only take
the time needed to heat an animal until it shows first signs of thermal
stress (e.g. Heatwole and Firth, 1982). Thus, measuring a species’ vo-
luntary thermal maximum (VTM) is not only the fastest way to infer
thermal tolerance, but also safer than the CTMAX and accounts for
animal's own perception of thermal stress. Despite these advantages,
the VTM has been rarely used, compared with the wide application of
PBT and the CTMAX to infer thermal constraints on the ecological and
geographic distribution of species (Hillman, 1969; Cowles and Bogert,
1945; Curry-Lindahl, 1979; Sinervo et al., 2010; Sunday et al., 2014;
Piantoni et al., 2016; but see Porter et al., 1973; Kearney and Predavec,
2000).

Several issues may explain the rare application of behavioral
thermal tolerance in ecological and evolutionary studies. First, it re-
quires a practical and consistent definition. Previous studies identified
the voluntary thermal maximum (VTM) as the temperature that makes
an animal look for shelter underground (Cowles and Bogert, 1945),
startles the escape of a warming chamber (e.g. Hertz, 1979; Cadena and
Tattersall, 2009), the maximum body temperature observed for an or-
ganism within a thermal gradient (e.g. Licht, 1965), the temperature at
which panting is observed (Heatwole and Firth, 1982; Firth and
Heatwole, 1976), or simply the highest body temperature observed in
the field (Brattstrom, 1965). A second issue is that behavioral ther-
moregulation can be labile (e.g. Clusella-Trullas et al., 2007) and de-
pendent on the costs for thermoregulation (Huey and Slatkin, 1976;
Cadena and Tattersall, 2009). Finally, because exposure to the VTM
does not induce immediate function loss, it becomes important to know
how long it takes for the VTM to distress the behavior and function of
animals exposed to it.

Thermal tolerance indices are often affected by a multitude of fac-
tors. However, comparative studies of thermal tolerance methods are
rare (reviewed in Camacho and Rusch, 2017). For instance, the CTMAX
can change depending on the starting temperature or heating rate (e.g.
Lutterschmidt and Hutchison, 1997a, 1997b; Terblanche et al., 2007).
Similarly, the PBT of lizards may change with time of day (e.g. Clusella-
Trullas et al., 2007), photoperiod, or the position of the light source
over a thermal gradient (Sievert and Hutchison, 1991). Furthermore,
the CTMAX and the PBT seem to be more sensitive to acclimation than
the VTM (at least in lizards). Therefore, the VTM might become an
useful index of thermal tolerance, if its measurement and interpretation
were better understood.

This study clarifies the measurement and application of the volun-
tary thermal maximum (VTM). We used lizards, a common model or-
ganism in thermal biology (e.g. Huey, 1982; Angilletta, 2009). First, we
generalize the definition of VTM as the body temperature that induces a
behavioral response seeking to cool down. This definition is wider from
Cowles and Bogert (1945) “upper voluntary tolerance”, defined for li-
zards, in which the animal specifically seeks shade or burrows. This
change is in line with the use of the VTM in previous studies (e.g.
Cadena and Tattersall, 2009). It has the advantage that it can be applied
to any animal and to different measurement methods, as opposed to
other measures of voluntary tolerance such as panting behavior, which
is not even present in all lizard species (e.g. Taylor and Heatwole,
1987). Next, we tested whether the VTM can be consistently estimated
with three different methods. In addition, we tested specific effects of
both methodological and biological sources of variability over these
methods: 1) time in captivity, 2) start temperature, 3) warming rate, 4)
time of the day, 5) order of measure for repeated measures, 6) sex, and
7) body mass. Finally, we clarify the interpretation of VTM in two ways.
We show how exposure to the VTM affects behavior and function of two
species, and correlate the VTM with the PBT and CTMAX in-
traspecifically.

2. Methods

2.1. Supporting online materials

The link https://figshare.com/s/3cde18355ed47e79e7a5 leads to 3
files.

Supporting online file 1 includes details of instrumental calibration
and extended results. The second file contains all the generated datasets
for this study. The third file includes the R scripts necessary to repeat
the analyses and graphs, using the tables in file 2.

2.2. Species accounts

All measures were done on four species of lizards; three phrynoso-
matid species and one earless and limb reduced skink. Thus, we sam-
pled lizards from different geographic regions facing different thermal
constraints. Specifically, we sampled Urosaurus ornatus, a microhabitat
generalist distributed from low to high altitudes in United States,
Sceloporus tristichus, another microhabitat generalist distributed across
high altitude woodlands in Arizona, and Sceloporus jarrovi, a rock spe-
cialist distributed across highlands of Arizona, New Mexico, and
northcentral Mexico. We collected U. ornatus in Tempe and Superior
(AZ), S. tristichus from Show Low (AZ), and S. jarrovi from the western
side of the Chiricahua Mountains in Cochise County (AZ). Hemiergis
peronii was collected in Yorke peninsula, Australia. All lizards were
captured by hand or noosing. During captivity, they were frequently
weighed to ensure they were in good health.

2.3. Comparing methods of measuring the VTM

We used the species U. ornatus to compare VTM estimated by three
different methods: a dark chamber, a light chamber, and a thermal
gradient (Fig. 1). In the first two methods, we measured the VTM as the
body temperature at which an individual exited a warming chamber. In
the dark-chamber method, we placed each lizard inside a metal can and
warmed the can with a fluorescent light bulb (20W) until the animal
decreased its body temperature by putting its head or tail outside the
chamber. For the light-chamber method, each lizard was directly illu-
minated and heated by the same fluorescent light bulb, and VTM was
the body temperature at which the animal moved into the connecting
cool chamber. We observed this movement through a slit (aprox. 2mm
× 2 cm) in the box's upper side.

In the thermal gradient, lizards were placed individually in a rec-
tangular acrylic box (e.g. Licht, 1965) that contained a linear gradient
of operative temperatures ranging from 25° (room air temperature) to
48 °C. Operative temperatures were confirmed by measuring clay
models mimicking the size and shape of an adult lizard along a whole
activity period. Gradients were created by circulating hot water and
attaching heat tapes under the hot extremes (Fig. S12). We placed the
lizards in thermal gradients the day before measuring the VTM. The
next day, we recorded body temperatures every 10 s between 0800 h
and 1600 h. From each day, we extracted the four highest peaks in each
individual temperature profile (e.g. Fig. S1 in the supporting online file
1).

For all methods, body temperature was continuously monitored by a
type T thermocouple (1-mm in diameter, Omega Engineering) attached
to the lizards’ groin with medical tape. A thermocouple was also at-
tached to the surface of the warming chamber contacting the animal.
Thermocouples were connected to a factory-calibrated temperature
recorder (picolog® TC H8), and downloaded to a computer during trials.
We avoided measuring temperatures in the cloaca to reduce risk of
injury and discomfort. Additionally, lizards have been found to use skin
rather than internal temperature to thermoregulate (Barber and
Crawford, 1979). In our study, differences between cloacal and groin
temperatures during warming were small (< 1.01 °C; Supporting online
file 1). The three methods were applied in random order among
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individuals.
We compared the mean VTM obtained with the dark chamber to the

mean VTM obtained using other methods. For that, we first used a
single observation approach. In this instance, each individual's VTM
represented only the first estimation obtained in each of the thermal
chambers (dark and light). For the thermal gradient method, each in-
dividual VTM was its highest body temperature measured (dataset

Uro1, Supporting online file 1). Changes in mean VTM across methods
were assessed fitting a linear mixed model (Verbeke, 1997) with a re-
stricted maximum likelihood using the nlme package in R (version
3.3.0). In this analysis, the mean of two of the treatments (light
chamber and gradient) were compared, separately, to a reference
treatment (dark chamber). Differences in variance across measurement
methods were tested observing changes in the Akaike Information
Criterion (Akaike, 1974) due to introducing an heteroskedasticity term
in the model.

We then repeated the analysis using multiple measurements per
individual. We expected to increase our power to find differences across
our measurement methods. For that, we obtained four VTM values per
individual and method (11 lizards per method, dataset Uro2). In the
thermal gradient, we simply used the four highest temperature peaks of
each lizard. For the thermal chambers we gave a week of rest between
measurements. We tested for differences in the population mean using a
linear mixed model using individual as random factor and method as
fixed factor (Pinheiro et al., 2016). Differences in variance were as-
sessed again looking at changes in the AIC of the model, after in-
troducing an heteroskedasticity term.

2.3.1. Robustness of the VTM to methodological and biological factors
We evaluated several factors thought to affect VTM during mea-

surements using the thermal chambers and gradient. Additionally, be-
cause the dark chamber system gave more consistent measurements of
VTM, we used this method to make more evaluations of robustness
using S. jarrovi and H. peronii. We created 8 different datasets to adapt
to the opportunistic availability of different species and evaluate as
many factors as we could observe with each of these species. Thus, the
evaluated factors and their magnitude of variation differed across da-
tasets. These factors were: time of the day (from 0900 to 1800 h),
warming rate, body weight, sex, time of the year (from early spring to
late summer), start temperature and successive measurement (see
Table 1).

Dataset Hemi1 was generated by warming 26H. peronii skinks
twice, starting at two temperatures (24 and 27 °C) measured in random
order and with different warming rates, along two consecutive days.
Dataset Uro3 consists of 24 U. ornatus measured using a dark chamber
and the protocol described above except for a high variation in start
temperature (25–38.6) and time of the year (early spring to late
summer). Three datasets contained four measures per specimen to
evaluate effects of consecutive measurements in two time scales. The
datasets Uro4 and Uro6 correspond to lizards measured once a week
during four weeks using the dark and the light chamber, respectively.
Finally, Uro7 was created compiling the four highest VTM measured for
each of 22 U. ornatus during PBT measurements made within a day.

Fig. 1. Three ways of measuring the VTM of a lizard. In the dark chamber (A), specimens
are warmed in a dark can and the animal needs to face the observer to avoid increasing
temperatures. Within the light chamber (B), the specimen needs to enter the can to avoid
warming from the light source. In the thermal gradient (C), individuals can move freely
and choose its preferred body temperatures during a whole activity period.

Table 1
Factors evaluated per species and method used to measure VTM. Ranges are provided for each predictor variable. N: sample size per sex. Dataset: name of dataset in Supporting online file
1. Obs: number of observations made per individual.

Species Method Weight (g) Time of day (h) Start temp (°C) Rate (°Cmin-1) Obs Dataset N

U. ornatus Dark chamber 2.4–4.8 25–38.6 1 Uro3 8♂
8♀

U. ornatus Dark chamber 2.2–4.8 09:32–18:39 0.06–0.88 4 Uro4 11♂
11♀
1j

U. ornatus Light chamber 2.7–4.83 10:51–16:12 0.2–1.03 1 Uro5 9♂
7♀

U. ornatus Light chamber 2.2–6.0 9:27–18:39 0.03–2.56 4 Uro6 8♂
4♀

U. ornatus Thermal gradient 2.49–5.74 9:32–15:29 1 Uro7 16♂
6♀

U. ornatus Thermal gradient 2.49–5.74 9:32–15:29 4 Uro7 16♂
6♀

S. jarrovi Dark chamber 17–28 10:30–17:30 0.33–1.00 1 jarro1 17♂
0♀

H. peronii Dark chamber 09:30–17:30 24;27 0.22–2.75 2 hemi1 26
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Across the different datasets, the potential effects were always
evaluated by the same analytic procedure: First, we fit each dataset
using a linear mixed model (taking individual as the random factor),
and a generalized least squares model (Kariya and Kurata, 2004) that
had the same predictors but no random factor. Then, we chose the
model with lowest AIC value, and applied a model averaging procedure
(Symonds and Moussalli, 2010) using the MuMIn package (Barton,
2016). As Symonds and Mousalli (2010) explain, because this approach
multiplies every possible effect by its likelihood, including the null
model, there is no need for considering statistical significance (i.e., p-
values) of the results.

2.4. Effects of continued exposure to the VTM on behavior, function and
body mass

We exposed 24 U. ornatus and 27 S. tristichus to three different
thermal treatments: 1) the median of the VTM, obtained with the dark-
chamber method (39.5°and 40.7 °C for U. ornatus and S. tristichus, re-
spectively), 2) the 95th percentile of PBT (40.8 °C, applied to U. or-
natus), the 75th percentile of the PBT (34.6 °C, applied to S. tristichus),
and 3) the median of PBT, as estimated in a thermal gradient (35.9 °C
and 32.4 °C for U. ornatus and S. tristichus, respectively). Within each
treatment, we used 8 U. ornatus and 9 S. tristichus. We used different
percentiles of the PBT because we were more interested in detecting
changes among different temperatures in each species than in com-
paring effects among species.

In this experiment, we measured three stress signals simultaneously:
1) time to the onset of panting (i.e., the time elapsed before a lizard was
observed with its mouth open), 2) time to loss of righting response, and
3) the body water loss, which was estimated as the body weight loss
(measured with precision 0.001 g) during the experiment. Lizards were
previously fasted for two days but had access to water, reducing the
chance that lizards would lose weight by defecating during experi-
ments.

The experiment started with all lizards individually placed in plastic
boxes within their respective incubators set at the median of PBT.
During the next hour, the temperature in each incubator ramped up to
the assigned treatment. At the end of this ramp, lizards were weighed
and placed back in the incubators. Observations of behavior and
function started 5min after the onset of thermal treatments and con-
tinued every 5min until half of the lizards in any treatment lost their
righting response. At each interval, we visually checked for open
mouths and confirmed the righting response by placing each lizard on
its back and noted whether it was able to right itself within its box. Any
lizard failing to right itself was removed from the incubator, cooled to
its PBT by contact with a surface at room temperature (~25 °C), and
immediately reweighed to determine water loss. When half of the li-
zards in the VTM treatment lost their righting response, all the re-
maining lizards were removed from the incubators, cooled, and re-
weighted. Despite our efforts, two U. ornatus defecated during their
exposure to the median and 95th percentile treatment. Because their
weights changed by only ~0.03 g total (< 1% of their body mass),
including the mass loss by defecation, we maintained these individuals’
in the analyses.

We tested the effects of temperature and initial body weight over
body weight loss fitting a generalized least squares model in R software
(package nlme; Pinheiro et al., 2016).

2.5. Comparing the VTM to the PBT and CTMAX intraspecifically

We tested for intraspecific correlations among these parameters
measured in the same individuals of the species Urosaurus ornatus. We
described individuals's VTM using the mean of VTM measured per
specimen, recorded in the Uro7 dataset. Individuals’ PBT was the
median of all body temperatures measured in the thermal gradient. The
mean and median PBT of U. ornatus were highly correlated and

practically identical (see Supporting online file 1). The CTMAX of the
same 16 individuals was measured once. CTMAX was measured as the
temperature that causes loss of the righting response at a warming rate
of ~1 °C/min. The starting temperature was set to the mean preferred
body temperature of each species (Lutterschmidt and Hutchison, 1997a,
1997b). Briefly, we placed each lizard in a plastic container with a
breathable lid and then submerged the container into a controlled
water bath (IsoTemp 228, Fisher Scientific, Pittsburgh, PA, USA) up to
the lid. Once the lizard reached 40 °C, we started to gently flip the
container every 30 s and assessed the lizard's righting response. If the
lizard could not right itself on two successive assessments, we con-
sidered its body temperature to be the CTMAX. This measurement was
the last performed on any individual. Correlations were tested using the
same procedure as before: fitting a linear mixed model (taking in-
dividual as the random factor), and a generalized least squares model
with same predictors but no random factor. Then, we chose the model
with lowest AIC value, and applied a model averaging procedure.

3. Results

3.1. Comparing methods of measuring the VTM

Under the single observation approach, the maximum difference in
mean VTM among measurement methods was very small (0.59 °C, SD
= 0.53 °C, Fig. 2A, Table S1). Also, adding the heteroskedasticity term
increased model's AIC (293 compared to 291), indicating no differences
in heteroskedasticity across measurement methods. Interestingly, li-
zards voluntarily maintained their highest VTM between 5 and 210 s
(mean 24 s) within the thermal gradient.

In contrast, averaging multiple measurements per individual ren-
dered higher VTM estimates in the dark chamber than in the light
chamber (−1.31 °C, SD = 0.40) and the thermal gradient (−1.90 °C,
SD = 0.35), (Fig. 2B, Table S2). The light chamber and the thermal
gradient also exhibited higher variance (Fig. 2B and Table S2), as
supported by the reduction in model AIC (491 compared to 494) caused
by adding the heteroskedasticity term.

3.1.1. Robustness of the VTM to methodological and biological factors
The repeated measures within dark chamber (Uro4 dataset) de-

tected significant but very small effects of sex (VTM 0.62 °C lower in
females, SD = 0.25) and of turn (0.23 °C increase in VTM; SD = 0.11)
among the 4 weekly turns (Fig. 3A, respectively). The repeated mea-
sures within the thermal gradient (Uro7) showed another small but
significant effect of body size (0.59 °C decrease in VTM; SD = 0.27,
Fig. 3B) in both sexes. Among the three species studied, only H. peronii
(hemi1) showed significant effects of warming rate on the VTM, which
related negatively to warming rate leading to 2.11 °C difference across
estimates made over 12 fold changes in warming rate (Fig. 3C). Table 2
identifies all the factors tested for each dataset, the effect sizes obtained
per test and points to related extended results, showing degrees of
freedom and associated p-values in the Supporting online file.

3.2. Effects of exposure to temperatures over the PBT

It took between 35 (U. ornatus) and 50min (S. tristichus) of exposure
to the populational VTM before we observed all lizards panting.
Further, only 2 U. ornatus panted sporadically at the 95th percentile of
preferred body temperatures and no lizards panted at other tempera-
tures (Fig. 4). Only the populational VTM led to the loss of the righting
response during the experiment. It took 180–265min between the first
and 50% of U. ornatus to lose their righting ability. For S. tristichus, it
took between 205 and 245min of exposure. As expected, exposure to
the VTM caused up to ten and twenty three times more loss of body
mass in U. ornatus and S tristichus, respectively, compared to lower
temperatures (Fig. 5, Table S11 for U. ornatus and Table S12 for S.
tristichus).
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3.2.1. Comparing the VTM to the PBT and CTMAX
We found no intraspecific correlations between the VTM and the

PBT (coeff: 0.009; SD = 0.235) or between VTM and the CTMAX (coeff
= 0.070; SD = 0.357) in U. ornatus (Tables S13 and S14).

4. Discussion

4.1. Issues of using different methods to estimate the VTM

The increasing interest in the effects of climate change on organisms
requires comparable data on thermal tolerance across species. Our
study provides the first comprehensive comparison of methods mea-
suring VTM. We found consistent values of VTM across methods, in-
dicating measures of the VTM can be obtained and compared using
different methods. Additionally, our results reveal tradeoffs between
the amounts of information obtained, measurement speed, and com-
plexity of each method. For example, warming chambers simply need
the time it takes to warm an animal to its VTM and can be carried to the
field, thus allowing researchers to measure the VTM multiple times in a
single day and at remote locations (e.g. Heatwole et al., 1973).

Fig. 2. Effects of measurement method on the VTM of U. ornatus. In (A), a single ob-
servation approach rendered no significant differences (dif) between population means
measured at the light chamber and thermal gradient with respect to the dark chamber.
Lines connect values measured in the same individual. In (B), averaging multiple mea-
surements per specimen in each method led to lower VTM in the light chamber and in the
gradient. Herein, dots represent the mean VTM per individual obtained in each method.

Fig. 3. Factors affecting the VTM of lizards. In (A), both turn and sex slightly affect the
VTM of U. ornatus measured in a dark chamber in 4 turns along a month of captivity. The
biggest effect is exhibited by females, which displayed lower VTM the first day of mea-
surement. Panel B) shows a negative effect of body weight on the VTM of U. ornatus of
both sexes. Panel C) shows warming rate affects the VTM of the skink, Hemiergis peronii.
Dif values indicate change in the mean VTM due to the factor presented in the figure.
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Conversely, use of a thermal gradient requires a temperature controlled
room and may take up to two days (one day for habituation and one day
for measurements), though thermal gradients provide PBT and VTM in
a less constraining environment. When using thermal gradients it is

essential to have a high enough frequency of body temperature re-
cording to capture a measure of VTM, as animals will typically only
withstand this temperature for a brief period of time (e.g., 5–24 s for U.
ornatus). Thus, we recommend caution when obtaining the VTM from
thermal gradients, or from observed field body temperature of reptiles
measured with very low frequency (Brattstrom, 1965). In the field,
implanting temperature dataloggers (e.g., WeeDot, Alpha Mach Inc.)
into study specimens allow high enough temperature measurement

Table 2
The mean VTM of three lizard species and effects (mean± standard deviation) of evaluated methodological factors. Dataset/Table indicates the name of the excel sheet containing the
original dataset and extended test results (including degrees of freedom and p values) in the Supporting online file 1. Statistically significant effects (p< 0.04) are indicated by (*). For
factors with many levels (e.g. date) we report the biggest difference observed among two levels.

Species Mean VTM Rate Turn Time of day Start temp Body weight Sex Date Dataset/Table

U. ornatus 42.56± 1.18 0.00±0.07 2.77± 1.99 Uro3/s3
U. ornatus 41.80± 1.70 0.77±0.65 0.23*± 0.11 0.02±0.05 0.05± 0.24 0.69*± 0.25 Uro4/s4
U. ornatus 43.56± 2.67 1.37±1.95 0.24±0.29 "−0.53± 0.64 "−0.5± 0.85 Uro5/s5
U. ornatus 41.04± 1.51 0.29±0.52 0.02±0.11 0.14±0.10 "−0.15± 0.28 "−0.2± 0.60 Uro6/s6
U. ornatus 43.62± 1.30 "−0.52± 0.38 0.03±0.28 Uro7/s7
U. ornatus 42.69± 1.16 −0.59*± 0.27 0.39±0.47 Uro8/s8
S. jarrovi 40.8±1.67 −2.07± 2.00 0.14±0.17 −0.00± 0.12 jarro1
H. peronii 31.35± 2.19 2.11*±0.6 0.23±0.12 hemi1

Fig. 4. Exposure to the VTM caused lizards to pant more often than exposure to slightly
lower temperatures, but it can take up to 50min for all lizards to pant at VTM. Panels A
and B show data for U. ornatus and S. tristichus, respectively. Red lines depict the number
of lizards panting along an exposure to the VTM, whereas orange and blue lines represent
lizards panting at the 95th (Panel A) and 75th (Panel B) percentiles and median of PBT.
Black arrows indicate when lizards lost their righting response.

75

Fig. 5. Weight loss in lizards exposed to different temperature treatments. Panels A and B
show data for U. ornatus and S. tristichus, respectively. In both species, and irrespective of
temperature differences, the biggest difference in weight loss among treatments appears
between the VTM and the immediately lower treatment.
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frequencies (e.g. in cods, Freitas et al., 2015).
We discovered the VTM may be very subtly affected by thermo-

regulatory costs imposed by the measurement method itself. For ex-
ample, the thermoregulatory costs perceived by lizards warmed in our
“dark chamber” were arguably higher than the ones perceived in the
light chamber or the thermal gradient because in the dark chamber the
animal needs to face the observer to avoid overheating. This likely
explains why when measuring multiple times we obtained slightly
lower and more noisy populational VTM estimates in the light chamber
and the thermal gradient. All this suggests that methods imposing
higher costs of thermoregulation can also be used for estimating
thermal constraints at the population level, while methods imposing
lower costs could identify fine intrapopulational changes in behavioral
thermoregulation. Our methods also differed in the heat transfer me-
chanism, being mostly conduction/convection in the dark chamber and
the thermal gradient, and mostly radiation in the light chamber.
Heatwole et al. (1973) found a greater variance in the VTM when using
a radiative heating compared to conductive heating. However, the
difference in variance of our light chamber with the thermal gradient
was minimal (0.05 SD units, Table S2). Thus, we suggest thermo-
regulatory costs may be more important than the heating method when
measuring the VTM.

We also showed the importance of a multi-species evaluation of
thermophysiological methods to develop more reliable protocols.
Despite the robustness of the VTM to time of day, warming rate, start
temperature, weight, and sex across species, we still found that a too
slow warming might result in some species (e.g. H. peronii) exiting the
chambers at temperatures that are likely below their actual VTM. To
avoid this potential problem, we recommend using relatively fast
warming rates, but not excessively above 1 °C/min, allowing specimens’
bodies to warm consistently with the heating surface (following
Hutchison 1976). Moreover, while the VTM of U. ornatus remained si-
milar across spring and summer in our study, Amphibolorus ornatus
decreased their VTM in autum (Heatwole and Firth, 1982). Thermal
tolerance indexes can be affected by different species-dependent factors
(reviewed in Camacho and Rusch, 2017) and this situation requires
more multifactorial and multispecies evaluations. For instance, the
CTMAX can be affected by using different criteria, start temperatures or
warming rates in different organisms (e.g. Lutterschmidt and
Hutchison, 1997a, 1997b; Terblanche et al., 2007). Similarly, the PBT
may change with the time of day in lizards (e.g. Clusella-Trullas, 2007)
and also the photoperiod and position of light (Sievert and Hutchison,
1991). The CTMAX and the PBT can be more sensitive to acclimation
processes and biological factors than the VTM (at least in lizards, re-
viewed Camacho and Rusch, 2017). However, the number of species
groups in which such sensitivity has been studied is still minimal.

4.2. Interpreting the VTM

Applying behavioral thermal tolerance (i.e., VTM) to ecological or
climatic vulnerability studies requires understanding what this trait
constitutes for individuals and populations. At the individual level, the
VTM represents a temperature perceived as stressful or pejus by the
animal, inducing a clear avoidance movement. Panting behavior is also
easily observable, but restricted to some groups (e.g. Firth and
Heatwole, 1976). Our observations also suggest a still not understood
temporal component of the panting temperature, as it may onset up to
50min after being exposed to the populational VTM and also to slightly
lower temperatures. Intrapopulational variation in the VTM might ac-
count for the observed delay in panting response. At the population
level, continued exposure to the VTM induces function loss under 4 h
(Curry-Lindahl, 1979, herein) and we also registered the death of three
U. ornatus up to three days after the sustained exposure to their VTM.
Licht (1965)'s experiment took one week of daily 10 h exposure to one
degree below our dark chamber VTM estimates to reduce feeding of U.
ornatus. After 23 days, such thermal treatment caused weight

reductions, testicular damage, and death in U. ornatus and two species
of Sceloporus. It is widely known that as temperatures decrease below
the CTMAX, the time to function loss increases exponentially (Rezende
et al., 2014; Taylor and Heatwole, 1987). In contrast, the knockdown
times at the VTM and lower temperatures are unknown for most ani-
mals, and our observation suggest they might be necessary to under-
stand vulnerability to high temperatures.

4.3. Applying the VTM in studies of ecology, evolution, and conservation

Ecological and ecophysiological studies often compare habitat use
over a range of temperatures (e.g., Hillman, 1969; Barnes et al., 2015).
However, unless this is done with clear reference to behavioral thermal
tolerance, the effects of temperature changes may be misleading. For
example, Barnes et al. (2015) recently evaluated whether woodlice
would change their use of corridors and refuges under elevated tem-
peratures. Expectations based on metabolic theory (i.e., increased
movement with increased temperature) did not accurately predict mi-
crohabitat use. Instead, woodlice likely just avoid microhabitats at
temperatures above their VTM. Indeed, changes in habitat use based on
maximum tolerated temperatures have already been observed (e.g., li-
zards and fishes, Porter et al., 1973; Freitas et al., 2015). Thus, we
suggest using the VTM as reference for stressful temperatures in
thermal studies of habitat use.

The VTM helps advancing thermoregulatory costs theory, which has
wide application in ecophysiology and evolutionary biology (e.g., Huey
and Slatkin, 1976; Cadena and Tattersall, 2009). In this context, the
VTM represents the temperature at which the costs of overheating are
perceived by the animal as more important than other costs (e.g. pre-
dation risk). Thus, comparing the VTM, the PBT and the CTMAX of
individuals or species across different social or ecological contexts
should allow us to identify which situations make animals more or less
prone to accept risks of overheating. Such studies should help us un-
derstand the co-evolution of behavioral and physiological thermal tol-
erance (ex. Huey and Kingsolver, 1993; Sinervo et al., 2010; Clusella-
Trullas et al., 2011). We found a lack of intraspecific correlations be-
tween the VTM, PBT and the CTMAX within U. ornatus, suggesting the
VTM can evolve relatively free within these parameters. While the
CTMAX and PBT has been observed to correlate across lizards species
(Huey and Kingsolver, 1993; Sinervo et al., 2010), the co-evolutionary
patterns of VTM and other parameters remain unstudied.

Although the VTM is still rarely used, this measure meets previous
suggestions for integrating thermoregulatory behavior in climatic vul-
nerability forecasts (Williams et al., 2008; Huey et al., 2012; Sinclair
et al., 2016). It allows researchers to objectively identify combinations
of temperatures and exposure times leading to function loss and death,
which can then be incorporated into predictive models for specific
habitats while taking into account species’ potential for thermoregula-
tion by shifts in microhabitat use (Kearney and Predavec, 2000). Our
findings show it is possible to flag thermally deleterious situations for a
population when the minimum available temperatures in the environ-
ment (sensu Camacho et al., 2015) reach the VTM for the hours ne-
cessary to cause function loss. Because the VTM is lower than the
CTMAX and requires less exposure time than PBT to induce function
loss (hours versus months, Sinervo et al., 2010), it might have greater
power detecting the effects of climate warming than either the CTMAX
or the PBT. We hope our methodological evaluation supports a better
understanding of thermal constrains in future studies.
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