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Abstract

Thermoregulation is critical for ectotherms as it allows them to maintain their body tempera-
ture close to an optimum for ecological performance. Thermoregulation includes a range of
behaviors that aim at regulating body temperature within a range centered around the ther-
mal preference. Thermal preference is typically measured in a thermal gradient in fully-
hydrated and post-absorptive animals. Short-term effects of the hydric environment on ther-
mal preferences in such set-ups have been rarely quantified in dry-skinned ectotherms,
despite accumulating evidence that dehydration might trade-off with behavioral thermoregu-
lation. Using experiments performed under controlled conditions in climatic chambers, we
demonstrate that thermal preferences of a ground-dwelling, actively foraging lizard (Zootoca
vivipara) are weakly decreased by a daily restriction in free-standing water availability (less
than 0.5°C contrast). The influence of air humidity during the day on thermal preferences
depends on time of the day and sex of the lizard, and is generally weaker than those of of
free-standing water (less than 1°C contrast). This shows that short-term dehydration can
influence, albeit weakly, thermal preferences under some circumstances in this species.
Environmental humidity conditions are important methodological factors to consider in the
analysis of thermal preferences.

1. Introduction

Thermoregulation is a critical determinant of the ecological performances of many organisms,
and of the sensitivity and resilience of biodiversity to global changes [1-3]. In many ectother-
mic organisms, thermoregulation largely involves behaviors such as modulations of activity
patterns, shifts in the selection of micro-habitats or changes in body posture through which
the organism adjusts heat transfer processes to modulate its body temperature [4-6]. A key
feature for these organisms is the existence of a modal body temperature that corresponds to
the behavioral preference of a sample of individuals at a given time, also called the preferred
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body temperature [PBT, 7,8]. The PBT is expected to covary with the body temperature that
maximizes locomotion, energy gains and demographic performances [reviewed in 9]. The
PBT has been measured in a wide diversity of ectotherms ranging from aquatic to terrestrial
organisms and from insects to reptiles, and it is usually calculated a single value such as the
set-point of body temperature records [9,10]. In dry-skinned terrestrial species, such as lizards,
the measurement of PBT is most often carried out under laboratory conditions using thermal
gradients or shuttle boxes, minimizing ecological constraints on thermoregulation and stan-
dardizing the physiological state of the animals [11 for lizards, reviewed in 12]. Quantification
of PBT is particularly useful for predicting activity patterns, life history traits and population
dynamics of terrestrial ectotherms [e.g., 13-15]. It is also a crucial step in the construction of
mechanistic models to predict their spatial distribution [16].

Studies of thermoregulation in ectotherms have identified numerous factors that generate
variation in PBT both within and between species, including seasonal factors, inter-sexual dif-
ferences, trophic interactions or local environmental conditions [e.g., lizards, 17,18]. In partic-
ular, the concept of thermo-hydroregulation proposes that individual water balance and body
temperature are jointly regulated through shared physiological and behavioral processes in ter-
restrial and semi-terrestrial ectotherms [23]. According to this concept, the behavioral needs
of hydroregulation could complement or, on the contrary, conflict with the needs of thermo-
regulation depending on environmental conditions and species-specific features. Studies of
wet-skinned ectotherms, such as amphibians, have demonstrated that hydroregulation and
thermoregulation are indeed tightly coupled because these species are strongly dependent
upon water availability due to their low skin resistance to water loss and reliance on moisture
to sustain cutaneous respiration [9,10,19]. In general, wet-skinned ectotherms invest less in
thermoregulation behaviors such as basking and are less active thermoregulators than dry-
skinned ectotherms [10,20]. Their body temperatures and PBT's are also much more labile and
vary importantly with habitat humidity and hydration state [e.g., 21-23]. Dry skinned species
can more easily bask to the sun thanks to their skin protection against radiation and higher
resistance to evaporative water loss, but the behavioral strategies of these species can also be
constrained by water loss risks [24-26]. Yet, we still poorly know the effects of short-term
changes in individual water balance on the thermoregulatory behavior of dry-skinned ecto-
therms, such as lizards and snakes [27,28]. Further studies of the effects of dehydration on
thermal preferences in dry-skinned ectotherms are needed to understand their thermo-hydro-
regulation mechanisms and to reveal how different species of ectotherms respond both to
hydric and thermal constraints in their environment [e.g., 29,30].

In reptiles, dehydration is the consequence of an imbalance between water loss, mainly
evaporative water loss through the skin and through respiration, and water input, which is
accounted for by drinking, at least in snakes and lizards [26,31,32]. Evaporative water losses
are determined by the skin resistance to water loss, the intensity of respiratory activity and the
microclimatic conditions, particularly the animal’s body temperature and the water vapor defi-
cit between the animal and the surrounding air [26,33]. A chronic dehydration caused by a
restriction of drinking water in the laboratory or a lack of free water under natural conditions
can compromise thermoregulatory behavior in lizards. For example, prolonged water restric-
tion over several days may lead lizards to select lower body temperatures and reduce their
activity [30,34]. Under natural conditions, several reptile species can also modify their activity
behavior and their choice of micro-habitats depending on rainfall intensity and availability of
free-standing water in the habitat [35-37]. More recently, Sannolo and Carretero [28] further
demonstrated that even short-term, acute changes in water availability over a few hours of the
day are sufficient to elicit water loss avoidance behaviors to the detriment of thermoregulatory
behaviors in four Podarcis lizard species. In these species, the changes in thermoregulatory
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behavior are explained by an increased use of shelters, whose availability in the environment
determines opportunities for a behavioral conflict between thermoregulation and hydroregu-
lation [see also, 30]. In a recent parallel study, Pintor et al. [27] also demonstrated that humid-
ity can influence micro-habitat choice during thermoregulation behavior. Yet, to our
knowledge, no experimental study has assessed the impact of air relative humidity on thermal
preferences. This lack of study may be justified for reptiles because hygrosensation is unambig-
uously known for insects only and has never been demonstrated in snakes and lizards [19, but
see 34],. However, air humidity is a critical environmental determinant of evaporative water
loss rates that should influence thermoregulation in most ectotherms and it is therefore impor-
tant to test its relevance for thermal preference of reptiles.

Here, we tested for short-term effects of daily changes in free water availability and air
humidity on the thermoregulatory behavior of a ground-dwelling lizard species, Zootoca vivi-
para, that typical inhabits cold and humid environments across Eurasia. In this species,
chronic restriction in water availability leads to individual dehydration and is associated with a
decrease in locomotor activity and thermal preferences, and changes in the selection of ther-
mal and moist refuges during the daytime [30,38-40]. In order to study the short-term flexibil-
ity of thermoregulation behavior to the risk of dehydration, we measured PBT in thermal
gradients installed in climatic chambers maintained under perfectly controlled environmental
conditions (temperature, humidity, ventilation, and light). We formulated three hypotheses.
First, lizards exposed to water-constrained conditions (low humidity or limited access to free-
standing water) are expected to reduce their body temperature in order to decrease their water
loss, a phenomenon known as “thermal depression” in acclimation studies [28,34,41]. Second,
if this response is the consequence of physiological dehydration during the active time of day
rather than a direct behavioral response to an environmental stimulus, the effects of water-
constrained conditions are expected to be more pronounced at the end than at the beginning
of the day. This is because physiological dehydration is a gradual process that requires hours
and days to generate meaningful physiological effects in lizards. Third, if the behavioral
response of the animals involves changes in micro-habitat selection like in [28], then the pres-
ence of a cold, moist shelter in the thermal gradient allowing for hydroregulation should
amplify the changes in thermoregulatory behavior of active lizards.

2. Materials and methods
2.1. Study site and sample

Experiments were performed under permit 17/DDPP/SPAE/57 to CEREEP-Ecotron and per-
mit 77-01 to J.-F. Le Galliard. We sampled yearling common lizards (Zootoca vivipara) from
semi-natural populations located at the CEREEP-Ecotron IleDeFrance (48°17°N, 2°41’E) close
to the southern distribution of the species range in lowland Northern France. We selected
yearlings to standardize age and reduce differences in physiological state (due to reproduction)
among individuals. In addition, earlier studies have shown that yearlings have similar average
preferences than adults, except pregnant females (Rozen-Rechels et al., in press). Studied indi-
viduals were captured between 22-27 May 2017 (May 2017: mean air temperature: 17°C, rain-
fall: 26.3 mm) from captive populations maintained in fenced, outdoor enclosures (10 x 10 m).
In this study site, this sampling period corresponds to the end of the mating season. All year-
lings were transferred to a nearby laboratory upon capture, sexed by coloration, morphology
and visual search for the presence of hemipenis in males. Lizards were measured for body size
(snout to vent length, SVL) and body mass at capture (n = 24 males, n = 24 females; mean

SVL =53.5 mm + 3.6 SD, range = 46-62 mm; mean mass = 2.86 g+ 0.7 SD, range = 1.7-4.4 g).
Females were longer and weighed higher on average than males (Student’s t tests, all

PLOS ONE | https://doi.org/10.1371/journal.pone.0247514  February 26, 2021 3/17


https://doi.org/10.1371/journal.pone.0247514

PLOS ONE

Dehydration and thermal preferences in lizards

P < 0.001). During maintenance and not experimentation, lizards were individualized in ter-
raria with sterilized peat soil, and kept under stable day-night light and temperature conditions
in a temperature-controlled room (16h of night at 16°C and 8h of day at 23°C). Each terrarium
provided lizards with a thermal gradient (23 to 35°C) 6h a day (09:00 to 12:00 and 14:00 to
17:00) with a light bulb (25W) at one end of the terrarium. Animals were fed with house crick-
ets three times per week (Acheta domestica, 300 + 10 mg) and provided with water ad libitum.
We therefore assumed that they were fully hydrated at the start of experimentation and physio-
logically dependent on water supplementation. Animals were maintained for a minimum of
two weeks in captivity before the start of experiments.

2.2. Controlled environment facility and experimental design

Measurements of thermal preferences (see 2.3) were conducted in a controlled environment
facility allowing precise regulation of air temperature, air humidity, lighting and gas concen-
trations in the atmosphere [42]. Constant air temperature (20°C), permanent lighting (white
light, 2 UVB Reptisun 10.0 neon tube lights suspended above the test cages) and constant gas
concentrations (O,: 20-21%, CO,: 400 ppm) were simulated in two 13 m’ climatic chambers
during daytime. Air humidity (relative humidity, RH) was adjusted to a constant level that was
monitored continuously with a calibrated capacitive sensor (Rotronic HF53/46 HC-S, + 0.8%
RH, +0.1K at 23°C £ 5°C). Inside each chamber, we installed 12 thermal gradients (80 cm
long, 15 cm large and 20 cm deep) warmed at one end with a heat bulb (25 W) located 15 cm
above each thermal gradient. Thermal gradients were provided with dry and sterilized peat
soil as a substrate, a Petri dish placed at the center of the box to manipulate water availability,
and a wood plate on the warm side of the box to enhance basking efficiency. We recorded the
range of substrate temperatures from the cold to the warm range of the box before and at the
end of each daily trial. Extreme temperatures ranged from 22-25°C on the cold side to 45-
50°C on the warm side, thus allowing behavioral selection of optimal body temperatures for
common lizards [between 25-40°C during field activity, 43].

Animals were first tested for their thermoregulation behavior inside the climate chamber in
a pilot study (see below), which further allowed them to familiarize with the set up. Then, we
designed three independent experiments performed with the same sample of lizards. In order
to evaluate the hypothesis that lizards exposed to acute restrictions on water availability are
expected to reduce body temperature, we manipulated air relative humidity and free water
availability in the thermal gradient (Experiment 1). During this first experiment, performed
between June 9 and 16, we contrasted a “dry treatment”:(20% RH) with a “wet treatment”
(80% RH) and further manipulated at the same time free water availability in the thermal gra-
dient (Petri dish filled with water or empty during the day). Environmental conditions were
thus equivalent to a water vapor pressure deficit (VPD, calculated with Magnus equation) of
1.87 kPa and 0.46 kPa at 20°C in the dry and wet treatments, respectively. All animals were
tested four times sequentially with just one daily trial per treatment condition, the sequence of
four treatment conditions being pseudo-randomly determined to avoid confounding treat-
ment effects with trial number. Thus, lizards were observed for 1 full day in each treatment
condition. Lizards were fed right after each trial and maintained in the laboratory during a
minimum rest period of 2 days without food but with ad libitum access to water between each
trial. Fasting ensured that most animals were post-absorptive during the tests [44], but we can-
not entirely exclude that some defecated small amount of excreta.

In order to evaluate the hypothesis that lizards exposed to a milder change in air humidity
also reduce their body temperature, we manipulated air relative humidity in a moister range of
atmospheric conditions (Experiment 2). During this second experiment, performed between
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June 28 and July 1st, we compared dry and wet conditions ranging from 70% RH (“wet treat-
ment”) to 95% RH (“super wet treatment”, equivalent to VPD of 0.70 kPa and 0.12 kPa at
20°C, respectively). This range of moisture is probably more relevant to the natural variability
seen across micro-habitats exploited by this species inside natural populations [38]. Lizards
were not provided with free-standing water during this experiment. All animals were tested
two times sequentially with one daily trial per treatment condition, the sequence of two treat-
ment conditions being pseudo-randomly determined to avoid confounding treatment effects
with trial number. Lizards were fed right after each trial and maintained in the laboratory dur-
ing a minimum rest period of 2 days without food but with ad libitum access to water between
each trial.

In order to evaluate the hypothesis that micro-habitat selection plays an important role in
the thermoregulatory behavior of active lizards, we repeated the second experiment with a set-
up where lizards could use a cold, moist shelter in the thermal gradient (Experiment 3). During
this third experiment, performed between July 5 and July 9, we enriched the thermal gradient
with a shelter (made out of a piece of cardboard, 15 cm long and 15 cm large) located above
the substrate on the cold side of the thermal gradient. Soil below the shelter was made fully wet
at the start of each trial to create a cold and wet microhabitat during the day (mean tempera-
ture of 20-21°C, air humidity of 90-100%, iButton Hygrochron DS1923-F5). When lizards
were inside the shelter, we did not disturb them and did not record their body temperature.
We manipulated air relative humidity in the same way than in the second experiment (wet
treatment”: 70% RH, “super wet treatment”: 95% RH, equivalent to VPD of 0.70 kPa and 0.12
kPa at 20°C, respectively) and did not provide free-standing water during experimentation. All
animals were tested two times sequentially with one daily trial per treatment condition, the
sequence of two treatment conditions being pseudo-randomly determined to avoid confound-
ing treatment effects with trial number.

2.3. Measurements of thermoregulatory behavior

Post-absorptive lizards kept without food for 2 days in the laboratory prior to each trial were
removed from their home cage, measured for body mass at 8:00 am and then placed alone in
each gradient at least 1:30 hours prior to the start of observations. This procedure was chosen
to eliminate effects of digestion on body temperatures and to decrease the effects of handling
stress [45]. We acknowledge that acclimation time was shorter than in some similar studies
with lizards because lizards were not exposed to the gradients at least 24h before testing and
therefore some of the results may be confounded with exploratory behavior. However, we are
confident that the acclimation time was long enough to eliminate confounding effects of han-
dling stress and shyness. In order to quantify if thermoregulatory responses are the conse-
quence of physiological dehydration during the day rather than a direct behavioral response to
an environmental stimulus, the same observer then recorded the body temperature of each liz-
ard every 40 minutes from 10:00 am to 5:20 pm. This corresponds to the standard activity
period of common lizards. Animals were weighed at the end of each trial around 5:30 pm and
returned to their home cage. Differences in body mass during the day were then calculated to
quantify daily mass loss without food intake. Mass loss in common lizards includes multiple
components but is prominently due to cutaneous and respiratory water loss under these exper-
imental conditions [38]. The common lizard is a cool-climate, mesic species with low cutane-
ous resistance to water loss relative to other squamate reptile species [25].

Surface body temperature was measured with a calibrated infrared thermometer (Raytek,
Raynger MX2) at ca. 20-30 cm from the target. Cloacal body temperatures measured with a K-
type thermocouple are highly correlated with these surface skin temperatures [46]. Similar to
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previous studies of squamate reptiles, we considered these measures as best estimates of behav-
iorally selected body temperatures during the activity period of the day in the absence of ther-
moregulation costs [14,47]. Preferred body temperature (PBT) was calculated as the daily
average of body temperatures [48], thermal precision was calculated as the daily standard devi-
ation of body temperatures (low values indicate more precise thermoregulation), and set-point
range was calculated from the central 50% of all body temperatures [49]. In addition, we ran a
qualitative, pilot study with one climatic chamber where 60 lizards were observed to detect any
obvious disturbance caused by the contained environment (noise, electromagnetic distur-
bance, etc.) of the climatic chamber. We found in this pilot study that the T}, of lizards ranged
from 25 to 35°C during the day and matched qualitatively the values recorded in earlier studies
(mean = 31.75 £ 0.04 SE, 50% T, breadth [30.11, 33.7]) using laboratory thermal gradients or
performed in outdoor conditions [47,50,51]. In addition, we found that T}, tended to decrease
during the day and lizards were predominantly observed basking (53% of records) and in the
warm side of the box (41% of records), especially at the beginning of the day. This parallels
qualitatively the thermoregulatory behavior seen in a previous laboratory study [46], which
indicated that the set-up did not overly stress the lizards.

2.4. Statistical analyses

All statistical analyses were done using the software R version 3.4.3 and the nlme package for
mixed model fitting [52]. We fitted statistical models separately to data from each experi-
ment even though they were run with the same animals since we were primarily interested in
testing the effects of environmental conditions on thermoregulation behavior. Given that
experiments had to be run in sequence, we acknowledge that differences between values

of each experiment might represent genuine effects of time passing and acclimation to
experimentation.

First, we calculated for each individual and each daily trial the PBT, the SD of PBT (an
index of thermal precision) and the body mass change (difference in body mass between the
end of the start of each trial, our proxy of daily water loss). The PBT was calculated as the
mean Ty, of each daily trial and its SD was calculated from the 12 data points of each daily trial
to provide summary statistics for the thermal preferences and the precision of thermoregula-
tion. We then analyzed the variation of each of these three variables with a linear mixed model
accounting for repeated measurements on the same lizards over consecutive trials. In the full
linear mixed models, we included the main fixed effects of sex, treatment groups and their
interactions to take into account the factorial ANOVA design. We further included individual
identity as a random intercept factor. These analyses were based on 192 records in Experiment
1 and 96 records records in Experiments 2 and 3.We did these analyses because this is the clas-
sical approach to quantify thermal preferences statistics in lizards.

Second, we independently used repeated measurements of T, from each individual and
daily trial to characterize better intra-individual variation in body temperature during the day-
time. We analyzed T}, with a linear mixed model including fixed effects of sex, treatment
groups and time of the day and their interactions to take into account the factorial ANCOVA
design. The covariate time of the day was calculated as the number of minutes since the start of
the experiment at 10:00 am and was centered prior to analysis to ease interpretation of param-
eter estimates. Time of the day might represent a dehydration and/or starvation effect or some
intrinsic diurnal variation in thermal preferences of lizards. We used a linear rather than a
curved relationship with time of the day based on graphical explorations of the data. We fur-
ther included individual identity as a random intercept factor. These analyses were based on
2320 records of body temperature in Experiment 1, 1138 records in Experiment 2 and 776
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records in Experiment 3.We did these analyses because this allowed us to test the hypothesis
that treatment influenced daily changes of body temperature instead of mean body
temperature.

All linear mixed models for PBT, SD of PBT, body mass change and T}, were fitted using
the Ime function. The T}, data were transformed with a Box-Cox power transformation to
ensure the normality and homogeneous variance of the residuals of the model [53]. Model
selection was done by backward elimination of non-significant factors according to marginal F
statistics, where the denominator degrees of freedom are determined by the grouping level
(inner-outer method) at which the term is estimated [52]. This procedure is similar to type III
sums of squares of classical ANOVA. Post-hoc tests of differences among groups were per-
formed using the Tukey-Kramer method for unequal sample size. All results are reported as
means + SE unless otherwise stated.

3. Results
3.1. Summary daily statistics of thermoregulation

In Experiment 1, PBT was higher in males than in females (F; 45 = 6.74, P = 0.01) and when
free water was available than in water-restricted conditions (F; 14, = 4.28, P = 0.04, Fig 1). The
change in thermal preferences between water availability treatment groups was not a conse-
quence of lizards simply avoiding the warmest parts of the gradients where the expected evapo-
ration rates would be the highest (Fig 1). The SD of PBT was jointly influenced by sex (F; 46 =
9.39, P = 0.004) and a two-way interaction between water availability and air humidity (F; ;4
=4.21, P =0.04). The SD of PBT was higher when air humidity was high and when free water
was not provided (Table 1). In Experiments 2 and 3, daily statistics of thermoregulation were
not influenced by treatments but differed between sexes (all P < 0.05 for sex differences):
males had higher PBT and a higher SD of PBT than females (Table 1).

36+

34+

28+

1 1
Available Not available
Water access

Fig 1. Preferred body temperatures (mean daily body temperatures, °C) of yearling common lizards from thermal
gradients are slightly higher with than without access to drinking water. Mean, standard errors and dotplots are
obtained from combined raw data of males and females.

https://doi.org/10.1371/journal.pone.0247514.9001
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Table 1. Descriptive statistics for thermal preferences including preferred body temperatures (PBT), standard deviation around the mean (an index of thermal pre-
cision), and set-points (50% quantiles, included for meta-analyses) in males and females from each treatment.

PBT SD of PBT Set-points
Females Males Females Males Females Males

Experiment 1—manipulation of water availability and air humidity in neutral arenas

Water not available—dry 31.19 32.22 2.3 2.76 [29.6, 32.8] [30.5, 34.2]
Water not available—wet 31.98 32.43 1.79 2.39 [30.8, 33.2] [31.0, 33.9]
Water available—dry 32.25 32.74 1.92 2.82 [31.3,33.4] [31.4, 34.6]
Water available—wet 31.61 32.68 2.19 2.83 [30.5, 33.0] [30.8, 34.5]
Experiment 2—manipulation of air humidity in neutral arenas

Wet 30.54 32.97 1.67 2.59 [29.57, 31.7] [31.0, 34.8]
Super wet 30.75 32.95 1.62 2.47 [29.71, 31.7] [31.3, 34.6]

Experiment 3—manipulation of air humidity in neutral arenas with a shelter
Wet 30.47 33.78 1.61 2.05 [29.5,31.3] [32.8,34.9]
Super wet 30.74 33.61 1.57 1.73 [30.1, 31.6] [32.8, 34.6]

Note that the differences between values of each experiment might represent genuine effects of time passing and acclimation to experimentation.

https://doi.org/10.1371/journal.pone.0247514.t001

3.2. Daily pattern of thermoregulation in Experiment 1

In Experiment 1, animals were tested under very low (RH = 20%) against high (RH = 80%)
humidity conditions in the presence or in the absence of free water. A complex three-way interac-
tion model between sex, air humidity treatment and water availability best explained daily varia-
tion in Ty, (Table 2). In females, body temperature was higher on average when free water was
available (post-choc contrast of intercept = +0.33°C £ 0.13, P = 0.01, Fig 2A) and it decreased
with time of the day (-0.006°C.min-" + 0.0008, P < 0.0001, Fig 2B) but proportionally less when
free water was available (post-choc contrast of slope = +0.0017°C.min-" # 0.0009, P = 0.06; equiva-
lent to 0.8°C contrast at the end of the day) and when air humidity was wet (post-choc contrast of
slope = +0.002°C.min-" + 0.0009, P = 0.04; equivalent to 0.9°C contrast at the end of the day). In
males, body temperature was also higher on average when free water was available (post-choc
contrast of intercept = +0.35°C £ 0.13, P = 0.01) and it decreased with time of the day (-0.008°C.
min-' + 0.0006, P < 0.0001) independently from free water availability and air humidity. Animals
lost on average 0.16 g (+ 0.11 SD) during the experiment. Body mass loss was significantly influ-
enced by a two-way interaction between air humidity and water availability (F; 134 = 5.3, P = 0.02)
after controlling for differences between sexes. Availability of free water canceled out body mass
loss as well as the negative effect of air dryness on body mass change (see Fig 3A).

3.3. Daily pattern of thermoregulation in Experiment 2

In Experiment 2, animals were tested against medium (RH = 70%) and very high (RH = 95%)
humidity conditions without access to free-standing water. The best model for intra-individual
variation in Ty, included a two-way interaction between air humidity treatment and time of the
day and a two-way interaction between sex and time of the day (Table 2). On average, body
temperatures were higher in males than in females and decreased with time of the day, espe-
cially in males (Fig 2D). The decrease of T}, during the day was marginally more pronounced
in the wet conditions (Fig 2C). However, this effect of air humidity was small, equivalent to a
0.3-0.4°C decrease in Ty, at the end of the day in dry relative to wet conditions. Animals lost
on average 0.18 g (+ 0.07 SD) during the experiment, and body mass loss was higher in dry
than in wet conditions (F; 45 = 14.5, P = 0.0004) after correcting for effects of sex (F; 46 = 15.4,
P =0.0003) and initial body mass (F; 46 = 5.76, P = 0.02, see Fig 3B).
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Table 2. Best selected models for intra-individual variation in body temperature (°C) in experiments 1 to 3.

F statistics Parameter estimates

Experiment 1—manipulation of water availability and air humidity in neutral arenas without a shelter

Intercept 32.09 £0.29
Time of the day (mins) | F} 6 = 51.45, P < 0.0001 -0.005 + 0.0006
Air humidity (80% versus 20%) | F; 2261 = 3.9, P = 0.05 0.43 £0.22
Water availability (with versus without) | F; 556; = 9.97, P = 0.002 0.70 £ 0.22
Sex (males versus females) | F 46 = 10.02, P = 0.003 1.07 £ 0.34
Time of the day x Water availability | F; 5,6; = 2.4, P =0.12 0.001 + 0.0008
Time of the day x Sex | F; 561 = 29.37, P < 0.0001 -0.004 + 0.0008
Air humidity x Water availability | F; 556 = 4.91, P = 0.03 -0.71+£0.32
Air humidity x Sex | Fy 556 = 4.22, P = 0.04 -0.62 +0.30
Water availability x Sex | F; 2261 = 3.62, P = 0.06 -0.58 +0.30
Air humidity x Water availability x Sex | F; 556; = 7.45, P = 0.006 1.18 £ 0.43
Experiment 2—manipulation of air humidity in neutral arenas without a shelter
Intercept 31.08 £ 0.20
Time of the day (mins) F} 1085 = 63.58, P < 0.0001 -0.003 + 0.0008
Air humidity (95% versus 70%) F} 1085 = 1.67,P =0.19 0.17 +0.13
Sex (males versus females) F}46=77.35,P < 0.0001 2.25+0.25
Time of the day x Sex F1,1085 = 53.72, P < 0.0001 -0.007 £ 0.0009
Time of the day x Air humidity Fi 1085 = 3.18, P =0.07 0.0017 + 0.0009
Experiment 3—manipulation of air humidity in neutral arenas with a shelter
Intercept 30.67 £ 0.24
Time of the day (mins) F1723=0.17,P = 0.68 -0.0003 + 0.0007
Air humidity (95% versus 70%) Fi723=3.71,P=0.05 0.38 £ 0.20
Sex (males versus females) F} 46 =91.36, P < 0.0001 3.35+0.33
Time of the day x Sex Fy723=5.31,P=0.02 -0.002 + 0.001
Sex x Air humidity F} 723 = 7.63, P = 0.006 -0.80 £ 0.29

Reference groups are females, lizards without access to free water and the driest humidity group.

https://doi.org/10.1371/journal.pone.0247514.t1002

3.4. Daily pattern of thermoregulation in Experiment 3

In Experiment 3, animals were tested against medium (RH = 70%) and very high (RH = 95%)
humidity conditions without free-standing water but in the presence of a wet and cold shelter.
The best model for intra-individual variation in T, included a two-way interaction between air
humidity treatment and sex and a two-way interaction between sex and time of the day

(Table 2). In wet conditions, males had marginally lower T, (post-choc contrast of intercept =
-0.41°C £ 0.23, P = 0.07) while females had higher T}, (post-choc contrast of intercept =
+0.39°C + 0.18, P = 0.04) than in dry conditions. In addition, a decrease of T}, during the day
was seen in males (-0.003°C.min-! + 0.0008, P = 0.0009) but not in females (-0.0003°C.min-" +
0.0007, P = 0.65). Animals lost on average 0.05 g (+ 0.07 SD) during the experiment, but body
mass loss was not influenced by air humidity (F; 44 = 1.23, P = 0.27) nor by sex (F; 46 = 1.07,

P =0.31, see Fig 3B).

4. Discussion

Taking into account the water balance and its interaction with thermoregulation is crucial
because the hydration status of an animal is expected to modify its thermoregulatory behavior,
even in dry-skinned ectothermic species more resistant to water loss [27,54]. We performed a
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Fig 2. Individual records of body temperatures (T}, °C) of yearling common lizards during daytime. A. Mean, standard errors and dotplots for
female and male lizards in neutral arenas from Experiment 1 as a function of availability of free-standing water and air humidity (dry: VPD = 10.66
kPa, wet: VPD = 0.46 kPa). B. Mean, standard errors and dotplots for female and male lizards in neutral arenas from Experiment 1 per daytime
period. C. Mean, standard errors and dotplots for lizards of both sexes in neutral arenas from Experiment 2 per daytime period in each air humidity
treatment (wet: VPD = 0.70 kPa, super wet: VPD = 0.12 kPa). D. Mean, standard errors and dotplots for female and male lizards in neutral arenas
from Experiment 2 per daytime period.

https://doi.org/10.1371/journal.pone.0247514.g002

series of three experiments with the same animals to assess the effects of water conditions on
thermal preferences in a controlled environment where air humidity was stable and constant
during the day. Although our study design had some limitations, such as the artificial environ-
ment, short acclimation time of lizard inside neutral arenas and non-independence of the
three repeated experiments, it suggests that short-term changes in hydration can influence,
albeit weakly, the lizard’s thermoregulation under some circumstances. First, our experimental
study confirms that the dehydration status of a lizard during the day, assessed by a greater
body mass loss [55], depends on the availability of free-standing water and on atmospheric
humidity. Second, we found that short-term dehydration leads to subtle but significant
changes in thermoregulatory behaviors. Faster dehydration caused by a restriction in water
availability is associated with lower body temperatures on average, particularly at the end of
the day and in females, but also with a more precise thermoregulation. This effect was however
small with a short-term thermal depression of less than 0.5°C on average. Faster dehydration
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Fig 3. Boxplots of daily body mass change of yearling common lizards in three independent experiments. A.
Effects of water availability (thermal gradient with or without water) and air humidity (dry: VPD = 1.87 kPa, wet:
VPD = 0.46 kPa) in neutral arenas from Experiment 1. B. Effects of air humidity (wet: VPD = 0.70 kPa, super wet:
VPD = 0.12 kPa) in neutral arenas from Experiment 2. Data are residual body mass change after controlling for sex
differences and initial body mass. C. Effects of air humidity (same as B) in neutral arenas provided with shelters from
Experiment 3. Letters indicate statistically different groups according to contrasts from the statistical models explained
in the main text. Note that differences in mean mass loss between experiments are difficult to interpret because those
were performed sequentially and lizards might acclimate to laboratory conditions.

https://doi.org/10.1371/journal.pone.0247514.9003

caused by a reduction in atmospheric humidity subtly influences daily thermoregulation pat-
terns: in dry conditions, some lizards have slightly lower body temperatures at the end of the
day. This effect was also relatively small with a thermal depression of less than 1°C on average
at the end of the day. The presence of a cool, moist shelter in the thermal gradient did not
amplify this effect. These results suggest a potential trade-off between water balance regulation
and the needs of thermoregulation at high body temperatures, although changes of thermal
preference were relatively minor and may have a little short-term effects on performance of liz-
ards given that this lizard species is a thermal generalist with a relatively wide thermal perfor-
mance breadth [46,56].

The mean daily thermal preference of common lizards changed significantly in the absence
of free-standing water in the thermal gradient but was not influenced by atmospheric humidity
even when we compared an extremely dry and wet air. In the absence of drinking water, the
lizards lost significantly more body mass during the day, in the order of 7-10% of their initial
body mass depending on the ambient humidity. The preferred body temperature, calculated as
the daily average, decreased significantly by about 0.5 to 1°C and the statistical dispersion of
body temperatures tended to narrow around this lower average in the absence of drinking
water. These effects of free water availability on thermal preference are weak but qualitatively
similar to those observed in the lizard Sceloporus undulatus [34] and in four different species
of lizards of the genus Podarcis [28] as well as in the fossorial legless lizard Anniella pulchra
[57]. These differences in PBT may reflect a behavioral strategy to reduce water loss indepen-
dently of changes in activity since our measurements are made in a thermal gradient without a
shelter. In particular, analyses of thermoregulation behavior show that animals use the warm
end of the thermal gradient more often in the presence of free-standing water, but produce the
same thermoregulation effort (percentage of lizards performing basking behaviors, data not
presented). The potential benefit of lowering body temperature to reduce evaporative or respi-
ratory water loss must be accompanied by a small reduction in the animals’ performance since
body temperatures shifted slightly away from the optimum temperature for locomotion, food
intake and body growth. However, given that the thermal performance breadth is relatively
wide in the common lizard, the reduction in performance is likely to be very small and of little
biological consequence relative to daily variation induced by other factors such as air tempera-
ture or fear of predation [46,56,58].

Quantitatively, the decrease in body temperature observed in this study remains relatively
small compared to that observed (2-4°C) in four species of Podarcis lizards by Sannolo and
Carretero [28]. This result is surprising and was not expected a priori because the common
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lizard is a species less resistant to water loss than Podarcis lizards [25,38,59]. It is difficult to
fully explain these differences since experimental protocols of the two studies are not identical,
but one possibility is that common lizards also adjusted their locomotor activity in the thermal
gradient by moving less often in drier conditions. The common lizard is an actively foraging
species compared to the more sit-and-wait foragers such as Podarcis lizards and this foraging
mode should be sensitive to water restriction, with lizard moving less and saving more water
by reduced movement effort in more desiccating environments [60,61]. Since lizards of the
genus Podarcis are species with a more sit-and-wait foraging mode, they might have less
opportunities to adjust their behavioral activity and their “only” behavioral solution is there-
fore to lower importantly their body temperature in the absence of water. Unfortunately, we
did not record movement activity in this study but previous investigations with lizards have
shown that dehydration can reduce locomotor activity [29,43]. These hypotheses will have to
be tested by studying a greater number of contrasting species with distinct foraging styles in
the future and recording both body temperature and movement activity.

The analysis of daily thermoregulation patterns reveals subtler effects of water conditions.
In general, lizards bask at higher temperatures at the beginning than at the end of the day, as
highlighted in our previous work using the same protocol with a thermal gradient [40,46] or
with more complex experimental arenas [30]. The effects of free-standing water availability are
more pronounced at the end of the day than at the beginning: in the presence of free water, liz-
ards maintain a higher preferred temperature that is more stable over time during the day,
whereas a decrease in body temperatures is observed at the end of the day under water restric-
tion conditions, especially in females (effect size of ca. 0.8°C). A similar time-dependent effect
is observed for dry versus wet atmospheric humidity: a decrease in body temperatures is
observed at the end of the day in dry compared to wet conditions, especially in females (effect
size of ca. 0.9°C). The same result was not found when we compared wet and super-wet atmo-
spheric conditions, probably because contrasts in air humidity were too weak to induce detect-
able changes in hydration state and thermoregulation behaviors on the short-term. In this
way, it is predicted that the most dehydrating conditions should alter natural hourly pattern of
activity when thermal conditions fluctuate during the day [29,39]. In particular, common liz-
ards exposed to strongly dehydrating conditions are expected to reduce their activity more
importantly during heat waves and especially at the end of the day [62].

The daily patterns of thermoregulation are broadly consistent with the hypothesis that
thermoregulatory behavior adjusts to individual variation in hydration status rather than to
environmental stimuli concerning the presence of water (via vision, for example) or air
humidity [via hygrosensation, 63]. Indeed, if flexible changes in thermoregulatory behaviors
were an anticipated response to the perceived risk of dehydration, a uniform response should
be observed throughout the day and especially at the beginning of the day. The fact that the
response is primarily observed at the end of the day is instead consistent with a behavioral
response to the linear decrease in body mass and stronger individual dehydration state at the
end of the day. Furthermore, this hypothesis also explains the fact that the behavioral response
is weaker for air humidity, since differences in air humidity had much smaller effects on indi-
vidual mass loss (and therefore water balance) than daily water restriction. It also explains why
overall effects of our manipulation on thermal preference were generally small since experi-
ments lasted only one day, an insufficient time to induce a severe dehydration. Other studies
have shown that changes in thermoregulation and activity were proportional to the dehydra-
tion status of individuals in several species of reptiles [29,30,34]. In contrast, Sannolo and Car-
retero [28] observed short-term behavioral responses to water restriction suggesting that
Podarcis lizards might be sensitive to the perception of dehydration risk. Indeed, in these spe-
cies, adults exposed to water restriction adopt more cautious thermoregulatory behaviors from

PLOS ONE | https://doi.org/10.1371/journal.pone.0247514  February 26, 2021 12/17


https://doi.org/10.1371/journal.pone.0247514

PLOS ONE

Dehydration and thermal preferences in lizards

the beginning of the day, at a time when they are very unlikely to be physiologically dehy-
drated. We suggest that more studies should be performed to understand the behavioral rules
and threshold functions dictating the behavioral conflicts between water balance and body
temperature regulation in lizards [e.g., 64].

The thermoregulatory behaviors are modified by the presence of a cold, damp shelter that
limits water losses in drying conditions and allows lizards to reduce their thermoregulation
behavioral activity. Lizards used the wet refuge ca. 30% of the time during the day. However, the
observed changes in thermoregulatory behaviors are not consistent with our hypothesis that the
presence of a cold and wet shelter should amplify the trade-off between hydroregulation and
thermoregulation. First, we found that more desiccating conditions were not associated with
higher lizard mass losses when we provided lizards with a shelter contrary to the two other
experiments. This suggests that the use of shelter allows lizards to buffer effects of air humidity
on the water balance. Second, we found a lower body temperature of females under the most
dehydrating conditions, which was of the same order of magnitude as the response to complete
water deprivation in Experiment 1. Surprisingly, however, the opposite result is observed in
males. One possibility for interpreting these results could be sex differences in the prioritization
of shelter use versus active thermoregulation, perhaps also in response to the repeated stress
caused by the presence of an experimenter to measure body temperatures. For example, males
might prioritize strategies to reduce water loss by using more shelters in drier conditions and
this could allow them to capitalize on activity phases to increase their body temperature. These
explanations remain very speculative insofar as the frequency of shelter use does not seem to be
related to the treatment conditions in this experiment (data not presented), but they confirm
earlier observations of sex-specific responses to water restriction in this species [30,65].

5. Conclusions

Natural populations of ectotherms are exposed to joint changes in water and thermal condi-
tions, the consequences of which can only be predicted with studies that integrate the interac-
tions between these two factors [26,36]. In reptiles, it has been suggested that rapid, daily
changes in the water status of individuals can generate flexible, equally rapid changes in
thermoregulatory behavior [28,34,57]. Our results confirm these previous observations, indi-
cate that the thermal preferences of common lizards are sensitive to changes in free-standing
water and air humidity, and suggest that these flexible changes are driven by individual hydra-
tion state. However, these effects were generally weak (less than 1°C on average) and thus
unlikely to influence dramatically locomotor or foraging performances of the lizards on the
short-term. These results add to a growing list of studies indicating that hydroregulation and
thermoregulatory behaviors cannot be understood separately from each other and may often
trade-off in dry-skinned ectotherms [54]. On a methodological ground, this also strengthens
the fact that environmental humidity conditions are important methodological factors to con-
sider in the analysis of preferred temperature variation patterns.

Acknowledgments

We thank Mathieu Lavata and Simon Chollet for critical help during experiments at Ecotron
IleDeFrance, and anonymous reviewers for comments that helped improve earlier versions of
this manuscript.

Author Contributions

Conceptualization: Jean-Francois Le Galliard, David Rozen-Rechels, Andréaz Dupoué, San-
drine Meylan.

PLOS ONE | https://doi.org/10.1371/journal.pone.0247514  February 26, 2021 13/17


https://doi.org/10.1371/journal.pone.0247514

PLOS ONE

Dehydration and thermal preferences in lizards

Data curation: Jean-Francois Le Galliard, Anjélica Lecomte, Clémence Demay.
Formal analysis: Jean-Francois Le Galliard.

Funding acquisition: Jean-Francois Le Galliard, Sandrine Meylan.
Investigation: Anjélica Lecomte, Clémence Demay.

Methodology: Jean-Frangois Le Galliard, David Rozen-Rechels, Andréaz Dupoué, Sandrine
Meylan.

Project administration: Jean-Fran¢ois Le Galliard, Sandrine Meylan.
Supervision: Jean-Francois Le Galliard.
Writing - original draft: Jean-Francois Le Galliard.

Writing - review & editing: David Rozen-Rechels, Andréaz Dupoué, Sandrine Meylan.

References

1. Huey RB, Kearney MR, Krockenberger A, Holtum JAM, Jess M, Williams SE. Predicting organismal vul-
nerability to climate warming: roles of behaviour, physiology and adaptation. Philosophical Transactions
of the Royal Society B: Biological Sciences 2012; 367:1665—79. https://doi.org/10.1098/rstb.2012.0005
PMID: 22566674

2. Sunday JM, Bates AE, Kearney MR, Colwell RK, Dulvy NK, Longino JT, et al. Thermal-safety margins
and the necessity of thermoregulatory behavior across latitude and elevation. Proceedings of the
National Academy of Sciences 2014; 111:5610-5. https://doi.org/10.1073/pnas.1316145111 PMID:
24616528

3. Sears MW, Riddell EA, Rusch TW, Angilletta MJ. The World Still Is Not Flat: Lessons Learned from
Organismal Interactions with Environmental Heterogeneity in Terrestrial Environments. Integr Comp
Biol 2019; 59:1049-58. https://doi.org/10.1093/icb/icz130 PMID: 31392321

4. Avery RA. Field studies of body temperatures and thermoregulation. In: Gans C, Pough FH, editors.
Physiology C. Physiological ecology, New York: Academic Press; 1982, p. 167—211.

5. Huey RB. Temperature, physiology, and the ecology of reptiles. In: Gans C, Pough FH, editors. Biology
of the Reptilia, New York: Academic Press; 1982, p. 25-91.

6. Black IRG, Tattersall GJ. Thermoregulatory behavior and orientation preference in bearded dragons.
Journal of Thermal Biology 2017; 69:171-7. https://doi.org/10.1016/}.jtherbio.2017.07.009 PMID:
29037379

7. Huey RB, Slatkin M. Cost and benefits of lizard thermoregulation. Quarterly Review of Biology 1976;
51:363-84. https://doi.org/10.1086/409470 PMID: 981504

8. Barber BJ, Crawford EC. A stochastic dual-limit hypothesis for behavioral thermoregulation in lizards.
Physiological Zoology 1977; 50:53-60.

9. Angilletta MJ. Thermal adaptation: a theoretical and empirical synthesis. New York: Oxford University
Press; 2009.

10. Taylor EN, Diele-Viegas LM, Gangloff EJ, Hall JM, Halpern B, Massey MD, et al. The thermal ecology
and physiology of reptiles and amphibians: A user’s guide. J Exp Zool 2020:jez.2396. https://doi.org/10.
1002/jez.2396 PMID: 32638552

11.  Camacho A, Rusch TW. Methods and pitfalls of measuring thermal preference and tolerance in lizards.
Journal of Thermal Biology 2017; 68:63—72. https://doi.org/10.1016/}.jtherbio.2017.03.010 PMID:
28689723

12. Black |, Berman J, Cadena V, Tattersall G. Behavioral Thermoregulation in Lizards: Strategies for
Achieving Preferred Temperature, 2019, p. 13—46. https://doi.org/10.1201/9781498782739-2.

13. Caillon R, Suppo C, Casas J, Woods HA, Pincebourde S. Warming decreases thermal heterogeneity of
leaf surfaces: implications for behavioural thermoregulation by arthropods. Functional Ecology 2014;
28:1449-58. https://doi.org/10.1111/1365-2435.12288.

14. Hertz PE, Huey RB, Stevenson RD. Evaluating temperature regulation by field active ectotherms: the
fallacy of the inappropriate question. The American Naturalist 1993; 142:796-817. https://doi.org/10.
1086/285573 PMID: 19425957

PLOS ONE | https://doi.org/10.1371/journal.pone.0247514  February 26, 2021 14/17


https://doi.org/10.1098/rstb.2012.0005
http://www.ncbi.nlm.nih.gov/pubmed/22566674
https://doi.org/10.1073/pnas.1316145111
http://www.ncbi.nlm.nih.gov/pubmed/24616528
https://doi.org/10.1093/icb/icz130
http://www.ncbi.nlm.nih.gov/pubmed/31392321
https://doi.org/10.1016/j.jtherbio.2017.07.009
http://www.ncbi.nlm.nih.gov/pubmed/29037379
https://doi.org/10.1086/409470
http://www.ncbi.nlm.nih.gov/pubmed/981504
https://doi.org/10.1002/jez.2396
https://doi.org/10.1002/jez.2396
http://www.ncbi.nlm.nih.gov/pubmed/32638552
https://doi.org/10.1016/j.jtherbio.2017.03.010
http://www.ncbi.nlm.nih.gov/pubmed/28689723
https://doi.org/10.1201/9781498782739-2
https://doi.org/10.1111/1365-2435.12288
https://doi.org/10.1086/285573
https://doi.org/10.1086/285573
http://www.ncbi.nlm.nih.gov/pubmed/19425957
https://doi.org/10.1371/journal.pone.0247514

PLOS ONE

Dehydration and thermal preferences in lizards

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

Sinervo B, Mendez-de-la-Cruz F, Miles DB, Heulin B, Bastiaans E, Cruz MVS, et al. Erosion of lizard
diversity by climate change and altered thermal niches. Science 2010; 328:894-9. hitps://doi.org/10.
1126/science.1184695 PMID: 20466932

Kearney M, Porter W. Mechanistic niche modelling: combining physiological and spatial data to predict
species’ ranges. Ecol Lett 2009; 12:334-50. https://doi.org/10.1111/j.1461-0248.2008.01277.x PMID:
19292794

Clusella-Trullas S, Chown SL. Lizard thermal trait variation at multiple scales: a review. Journal of Com-
parative Physiology B-Biochemical Systemic and Environmental Physiology 2014; 184:5-21. https://
doi.org/10.1007/s00360-013-0776-x PMID: 23989339

Dominguez—Guerrero SF, Mufioz MM, Pasten—Téllez D de J, Arenas—Moreno DM, Rodriguez—Miranda
LA, Manriquez—Moran NL, et al. Interactions between thermoregulatory behavior and physiological
acclimatization in a wild lizard population. Journal of Thermal Biology 2019; 79:135-43. https://doi.org/
10.1016/j.jtherbio.2018.12.001 PMID: 30612673

Lertzman-Lepofsky GF, Kissel AM, Sinervo B, Palen WJ. Water loss and temperature interact to com-
pound amphibian vulnerability to climate change. Global Change Biology 2020;n/a. https://doi.org/10.
1111/gcb.15231 PMID: 32662211

Koéhler A, Sadowska J, Olszewska J, Trzeciak P, Berger-Tal O, Tracy CR. Staying warm or moist?
Operative temperature and thermal preferences of common frogs (Rana temporaria), and effects on
locomotion. Herpetological Journal 2011; 21:17-26.

Anderson RCO, Andrade DV. Trading heat and hops for water: Dehydration effects on locomotor perfor-
mance, thermal limits, and thermoregulatory behavior of a terrestrial toad. Ecol Evol 2017; 7:9066—75.
https://doi.org/10.1002/ece3.3219 PMID: 29152198

Galindo CA, Cruz EX, Bernal MH. Evaluation of the combined temperature and relative humidity prefer-
ences of the Colombian terrestrial salamander Bolitoglossa ramosi (Amphibia: Plethodontidae). Can J
Zool 2018; 96:1230-5. https://doi.org/10.1139/cjz-2017-0330.

Guevara-Molina EC, Gomes FR, Camacho A. Effects of dehydration on thermoregulatory behavior and
thermal tolerance limits of Rana catesbeiana (Shaw, 1802). Journal of Thermal Biology 2020;
93:102721. https://doi.org/10.1016/j.jtherbio.2020.102721 PMID: 33077134

Chown SL, Sorensen JG, Terblanche JS. Water loss in insects: An environmental change perspective.
Journal of Insect Physiology 2011; 57:1070-84. https://doi.org/10.1016/j.jinsphys.2011.05.004 PMID:
21640726

Cox CL, Cox RM. Evolutionary shifts in habitat aridity predict evaporative water loss across squamate
reptiles. Evolution 2015; 69:2507—16. https://doi.org/10.1111/evo.12742 PMID: 26227547

Pirtle El, Tracy CR, Kearney MR. Hydroregulation. In: Bels V, Russell AP, editors. Behavior of Lizards:
Evolutionary and Mechanistic Perspectives, Boca Raton, Florida, USA: CRC Press (Tayllor & Francis
Group); 2019, p. 343-74.

Pintor AFV, Schwarzkopf L, Krockenberger AK. Hydroregulation in a tropical dry-skinned ectotherm.
Oecologia 2016; 182:925-31. https://doi.org/10.1007/s00442-016-3687-1 PMID: 27384338

Sannolo M, Carretero MA. Dehydration constrains thermoregulation and space use in lizards. PLOS
ONE 2019; 14:e0220384. https://doi.org/10.1371/journal.pone.0220384 PMID: 31344149

Huang S-P, Kearley RE, Hung K-W, Porter WP. Evaporative water loss simulation improves models’
prediction of habitat suitability for a high-elevation forest skink. Oecologia 2020; 192:657-69. https://
doi.org/10.1007/s00442-020-04597-w PMID: 32006183

Rozen-Rechels D, Badiane A, Agostini S, Meylan S, Le Galliard J-F. Water restriction induces behav-
ioral fight but impairs thermoregulation in a dry-skinned ectotherm. Oikos 2020; 129:572-84. https://doi.
org/10.1111/0ik.06910.

Mautz WJ. Factors influencing evaporative water loss in lizards. Comparative Biochemistry and Physiol-
ogy Part A 1980; 67A:429-37.

Porter WP, Gates DM. Thermodynamic equilibria of animals with environment. Ecological Monographs
1969; 39:22744.

Gates DM. Biophysical ecology. New York, USA: Springer-Verlag; 1980.

Crowley SR. The effect of desiccation upon the preferred body temperature and activity level of the liz-
ard Sceloporus undulatus. Copeia 1987; 1987:25-32.

Grimm-Seyfarth A, Mihoub J-B, Henle K. Too hot to die? The effects of vegetation shading on past,
present, and future activity budgets of two diurnal skinks from arid Australia. Ecology and Evolution
2017; 7:6803—13. https://doi.org/10.1002/ece3.3238 PMID: 28904761

Kearney MR, Munns SL, Moore D, Malishev M, Bull CM. Field tests of a general ectotherm niche model
show how water can limit lizard activity and distribution. Ecological Monographs 2018. https://doi.org/
10.1002/ecm.1326.

PLOS ONE | https://doi.org/10.1371/journal.pone.0247514  February 26, 2021 15/17


https://doi.org/10.1126/science.1184695
https://doi.org/10.1126/science.1184695
http://www.ncbi.nlm.nih.gov/pubmed/20466932
https://doi.org/10.1111/j.1461-0248.2008.01277.x
http://www.ncbi.nlm.nih.gov/pubmed/19292794
https://doi.org/10.1007/s00360-013-0776-x
https://doi.org/10.1007/s00360-013-0776-x
http://www.ncbi.nlm.nih.gov/pubmed/23989339
https://doi.org/10.1016/j.jtherbio.2018.12.001
https://doi.org/10.1016/j.jtherbio.2018.12.001
http://www.ncbi.nlm.nih.gov/pubmed/30612673
https://doi.org/10.1111/gcb.15231
https://doi.org/10.1111/gcb.15231
http://www.ncbi.nlm.nih.gov/pubmed/32662211
https://doi.org/10.1002/ece3.3219
http://www.ncbi.nlm.nih.gov/pubmed/29152198
https://doi.org/10.1139/cjz-2017-0330
https://doi.org/10.1016/j.jtherbio.2020.102721
http://www.ncbi.nlm.nih.gov/pubmed/33077134
https://doi.org/10.1016/j.jinsphys.2011.05.004
http://www.ncbi.nlm.nih.gov/pubmed/21640726
https://doi.org/10.1111/evo.12742
http://www.ncbi.nlm.nih.gov/pubmed/26227547
https://doi.org/10.1007/s00442-016-3687-1
http://www.ncbi.nlm.nih.gov/pubmed/27384338
https://doi.org/10.1371/journal.pone.0220384
http://www.ncbi.nlm.nih.gov/pubmed/31344149
https://doi.org/10.1007/s00442-020-04597-w
https://doi.org/10.1007/s00442-020-04597-w
http://www.ncbi.nlm.nih.gov/pubmed/32006183
https://doi.org/10.1111/oik.06910
https://doi.org/10.1111/oik.06910
https://doi.org/10.1002/ece3.3238
http://www.ncbi.nlm.nih.gov/pubmed/28904761
https://doi.org/10.1002/ecm.1326
https://doi.org/10.1002/ecm.1326
https://doi.org/10.1371/journal.pone.0247514

PLOS ONE

Dehydration and thermal preferences in lizards

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.
53.
54.

55.

56.

57.

58.

Ryan MJ, Latella IM, Giermakowski JT, Snell H, Poe S, Pangle RE, et al. Too dry for lizards: short-term
rainfall influence on lizard microhabitat use in an experimental rainfall manipulation within a pifion-juni-
per. Functional Ecology 2016; 30:964—73.

Dupoué A, Rutschmann A, Galliard JFL, Miles DB, Clobert J, DeNardo DF, et al. Water availability and
environmental temperature correlate with geographic variation in water balance in common lizards.
Oecologia 2017; 185:561-71. https://doi.org/10.1007/s00442-017-3973-6 PMID: 29018996

Lorenzon P, Clobert J, Oppliger A, John-Alder HB. Effect of water constraint on growth rate, activity and
body temperature of yearling common lizard (Lacerta vivipara). Oecologia 1999; 118:423-30. https://
doi.org/10.1007/s004420050744 PMID: 28307409

Rozen-Rechels D, Dupoué A, Meylan S, Qitout K, Decenciére B, Agostini S, et al. Acclimation to water
restriction implies different paces for behavioral and physiological responses in a lizard species. Physio-
logical and Biochemical Zoology 2020; 93:160-74. https://doi.org/10.1086/707409 PMID: 32031477

Ladyman M, Bradshaw D. The influence of dehydration on the thermal preferences of the Western tiger
snake, Notechis scutatus. Journal of Comparative Physiology B 2003; 173:239-46. https://doi.org/10.
1007/s00360-003-0328-x PMID: 12743727

Verdier B, Jouanneau |, Simmonet B, Rabin C, Van Dooren T, Delpierre N, et al. A climate and atmo-
sphere simulator for the experimental analysis of ecological systems in variable environments. Environ-
mental Science & Technology 2014; 48:8744-53.

Rozen-Rechels D, Farigoule P, Agostini S, Badiane A, Meylan S, Galliard J-FL. Short-term change in
water availability influences thermoregulation behaviours in a dry-skinned ectotherm. Journal of Animal
Ecology 2020; 89:2099-110. https://doi.org/10.1111/1365-2656.13279.

Wall M, Shine R. Post-feeding thermophily in lizards (Lialis burtonis Gray, Pygopodidae): Laboratory
studies can provide misleading results. Journal of Thermal Biology 2008; 33:274-9. https://doi.org/10.
1016/j.jtherbio.2008.02.005.

Stapley J. Individual variation in preferred body temperature covaries with social behaviours and colour
in male lizards. Journal of Thermal Biology 2006; 31:362-9.

Artacho P, Jouanneau |, Le Galliard J-F. Interindividual variation in thermal sensitivity of maximal sprint
speed, thermal behavior, and resting metabolic rate in a lizard. Physiological and Biochemical Zoology
2013; 86:458-69. https://doi.org/10.1086/671376 PMID: 23799840

Pough F, Gans C. The vocabulary of reptilian thermoregulation. In: Gans C, editor. Biology of Reptilia,
New York, USA: John Wiley and Sons; 1982, p. 17-23. https://doi.org/10.1007/BF00349011 PMID:
28310108

Trochet A, Dupoué A, Souchet J, Bertrand R, Deluen M, Murarasu S, et al. Variation of preferred body
temperatures along an altitudinal gradient: A multi-species study. Journal of Thermal Biology 2018;
77:38-44. https://doi.org/10.1016/}.jtherbio.2018.08.002 PMID: 30196897

Artacho P, Perret P, Saravia J, Bartheld JL, Le Galliard JF. Geographic variation and acclimation effects
on thermoregulation behavior in the widespread lizard Liolaemus pictus. Journal of Thermal Biology
2017; 63:78-87. https://doi.org/10.1016/}.jtherbio.2016.11.001 PMID: 28010818

Patterson JW, Davies PMC. Preferred body temperature: seasonal and sexual differences in the lizard
Lacerta vivipara. Journal of Thermal Biology 1978; 3:39—41.

van Damme R, Bauwens D, Verheyen RF. Thermoregulatory responses to environmental seasonality
by the lizard Lacerta vivipara. Herpetologica 1987; 43:405-15.

Pinheiro JC, Bates DM. Mixed-effect models in S and S-plus. New York: Springer; 2000.

Venables WN, Ripley BD. Modern Applied Statistics with S. Berlin: Springer Verlag; 2002.
Rozen-Rechels D, Dupoué A, Lourdais O, Chamaillé-Jammes S, Meylan S, Clobert J, et al. When
water interacts with temperature: Ecological and evolutionary implications of thermo-hydroregulation in
terrestrial ectotherms. Ecology and Evolution 2019; 9:10029-43. https://doi.org/10.1002/ece3.5440
PMID: 31534711

Dupoué A, Le Galliard J-F, Josserand R, DeNardo DF, Decenciere B, Agostini S, et al. Water restriction
causes an intergenerational trade-off and delayed mother—offspring conflict in a viviparous lizard. Funct
Ecol 2017:1—11. https://doi.org/10.1111/1365-2435.13009.

van Damme R, Bauwens D, Verheyen RF. The thermal dependence of feeding behaviour, food con-
sumption and gut-passage time in the lizard Lacerta vivipara. Functional Ecology 1991; 5:507-17.

Bury RB, Balgooyen TG. Temperature Selectivity in the Legless Lizard, Anniella pulchra. Copeia 1976;
1976:152-5. https://doi.org/10.2307/1443785.

Avery RA, Mynott A. The effects of temperature on prey handling time in the common lizard, Lacerta
vivipara. Amphibia-Reptilia 1990; 11:111-22.

PLOS ONE | https://doi.org/10.1371/journal.pone.0247514  February 26, 2021 16/17


https://doi.org/10.1007/s00442-017-3973-6
http://www.ncbi.nlm.nih.gov/pubmed/29018996
https://doi.org/10.1007/s004420050744
https://doi.org/10.1007/s004420050744
http://www.ncbi.nlm.nih.gov/pubmed/28307409
https://doi.org/10.1086/707409
http://www.ncbi.nlm.nih.gov/pubmed/32031477
https://doi.org/10.1007/s00360-003-0328-x
https://doi.org/10.1007/s00360-003-0328-x
http://www.ncbi.nlm.nih.gov/pubmed/12743727
https://doi.org/10.1111/1365-2656.13279
https://doi.org/10.1016/j.jtherbio.2008.02.005
https://doi.org/10.1016/j.jtherbio.2008.02.005
https://doi.org/10.1086/671376
http://www.ncbi.nlm.nih.gov/pubmed/23799840
https://doi.org/10.1007/BF00349011
http://www.ncbi.nlm.nih.gov/pubmed/28310108
https://doi.org/10.1016/j.jtherbio.2018.08.002
http://www.ncbi.nlm.nih.gov/pubmed/30196897
https://doi.org/10.1016/j.jtherbio.2016.11.001
http://www.ncbi.nlm.nih.gov/pubmed/28010818
https://doi.org/10.1002/ece3.5440
http://www.ncbi.nlm.nih.gov/pubmed/31534711
https://doi.org/10.1111/1365-2435.13009
https://doi.org/10.2307/1443785
https://doi.org/10.1371/journal.pone.0247514

PLOS ONE

Dehydration and thermal preferences in lizards

59.

60.

61.

62.

63.

64.

65.

Sannolo M, Civantos E, Martin J, Carretero MA. Variation in field body temperature and total evapora-
tive water loss along an environmental gradient in a diurnal ectotherm. Journal of Zoology 2020;
310:221-31. https://doi.org/10.1111/jz0.12744.

Verwaijen D, Van Damme R. Does foraging mode mould morphology in lacertid lizards? Journal of Evo-
lutionary Biology 2007; 20:1950-61. https://doi.org/10.1111/j.1420-9101.2007.01367.x PMID:
17714312

Verwaijen D, Van Damme R. Foraging mode and its flexibility in lacertid lizards from Europe. J Herpetol
2008; 42:124-33.

Dupoué A, Rutschmann A, Galliard JFL, Clobert J, Blaimont P, Sinervo B, et al. Reduction in baseline
corticosterone secretion correlates with climate warming and drying across wild lizard populations. Jour-
nal of Animal Ecology 2018; 87:1331—41. https://doi.org/10.1111/1365-2656.12843 PMID: 29701285

Stahlschmidt ZR, Lourdais O, Lorioux S, Butler MW, Davis JR, Salin K, et al. Morphological and Physio-
logical Changes during Reproduction and Their Relationships to Reproductive Performance in a Capital
Breeder. Physiological and Biochemical Zoology 2013; 86:398—409. https://doi.org/10.1086/670918
PMID: 23799834

Tattersall GJ, Cadena V, Skinner MC. Respiratory cooling and thermoregulatory coupling in reptiles.
Respiratory Physiology & Neurobiology 2006; 154:302—18. https://doi.org/10.1016/j.resp.2006.02.011
PMID: 16574503

Dupoué A, Lourdais O, Meylan S, Brischoux F, Angelier F, Rozen-Rechels D, et al. Some like it dry:
Water restriction overrides heterogametic sex determination in two reptiles. Ecology and Evolution
2019; 9:6524-33. https://doi.org/10.1002/ece3.5229 PMID: 31236241

PLOS ONE | https://doi.org/10.1371/journal.pone.0247514  February 26, 2021 17/17


https://doi.org/10.1111/jzo.12744
https://doi.org/10.1111/j.1420-9101.2007.01367.x
http://www.ncbi.nlm.nih.gov/pubmed/17714312
https://doi.org/10.1111/1365-2656.12843
http://www.ncbi.nlm.nih.gov/pubmed/29701285
https://doi.org/10.1086/670918
http://www.ncbi.nlm.nih.gov/pubmed/23799834
https://doi.org/10.1016/j.resp.2006.02.011
http://www.ncbi.nlm.nih.gov/pubmed/16574503
https://doi.org/10.1002/ece3.5229
http://www.ncbi.nlm.nih.gov/pubmed/31236241
https://doi.org/10.1371/journal.pone.0247514
https://www.researchgate.net/publication/349652902

