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Inference of lizard preferred temperatures
differs substantially among experimental methods
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Abstract. Experimentally assessing the preferred body temperature (T, ) of ectothermic animals is important to under-
stand thermal adaptation. In lizards, this variable is usually estimated by measuring body temperature in thermal gra-
dients. To quantify the extent to which different experimental setups influence the inferred T, values we submitted 65
individual lizards of three species to randomized tests using six different experimental setups at Oukaimeden, Morocco,
including setup variants similar to those that have been most often used in lacertids. Among-treatment differences were
substantial. Using an infrared bulb as heat source in combination with artificial cold lighting yielded about 5°C lower T
estimates than photothermal treatments with an incandescent bulb as heat and light source, possibly because lizards ther-
moregulated differently without a visual cue related to the heat source, or due to the absence of a natural photoperiod.
Photothermal assays in which T was assessed by hourly cloacal measurements over a 10h period yielded 2.2°C lower
T, estimates than 2h treatments where body temperature was measured every minute with a thermocouple attached to
the belly. This probably reflects that the 2h treatments targeted lizards in the initial warming-up phase, whereas the 10h
treatment attempts to capture the preferred temperature of a lizard over its entire daily cycle including phases of inactiv-
ity. Lastly, we observed large differences among treatments with contact thermometers versus infrared laser thermometer
measurements, calling for caution when the latter are used with artificial heat sources. Our data do not provide thorough
tests of the physical, behavioural or physiological causes underlying the observed differences between treatments, but illus-
trate that for meta-analyses where detailed comparisons are needed, a rigorous consideration of the optimal experimental
setup and its consistent use will remain necessary.

Key words. Squamata, Lacertidae, Podarcis, Atlantolacerta, Scelarcis, Morocco, thermoregulation, preferred temperature,
field body temperature.

Introduction ecology and conservation, and depends on robust experi-

mental methods. This applies for instance to lizards, which

Assessing the thermal preferences of ectothermic animals  have served as a model group to develop and test the hy-
is crucial to numerous questions in evolutionary biology,  pothesis of faster adaptive processes to cold than to heat
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continued contributing to this paper until a few days before his death.
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(ARrRAUJO et al. 2013, MUNOZ et al. 2014), because their ca-
pacity for thermoregulatory behaviour may serve as a buf-
fer in the case of cooling. Macroecological studies have
elucidated that environmental temperatures predict lizard
life history better than their body temperatures (MEIRI et
al. 2013). However, in one recent study, estimations of oc-
currence based on activity outperformed those based on
temperature alone, which suggests other environmental
factors (e.g. humidity) are also involved (CAETANO et al.
2020). Among lizards, forest-dwelling species are mostly
thermoconformers and cold-adapted species are usually
thermoregulators, and both groups might suffer from ther-
mal and/or hydric stress, and undergo declines, with glob-
al warming and aridification (SINERVO et al. 2010, DIELE-
VIEGAS et al. 2018, GARCIA-PORTA et al. 2019). Analyzing
these ecological, evolutionary and conservational ques-
tions depends on inferring a series of physiological traits
that inform on the interactions of lizards with their ther-
mal environment (CLUSELLA-TRULLAS & CHOWN 2014).
These encompass thermal limits for survival (critical tem-
peratures: CT , CT ) but especially for activity (volun-
tary thermal maximum and minimum: VT ., VT ;Ca-
MACHO et al. 2018), field body temperatures measured in
active lizards in the wild (T,), optimal performance tem-
perature (Topt), and preferred body temperature (Tpref). Es-
pecially this latter variable, T, has played a prominent
role in understanding thermal adaptations (reviewed in
CLUSELLA-TRULLAS & CHOWN 2014), and is a crucial com-
ponent of models of climate change responses of lizards
(e.g., SINERVO et al. 2010, GARCfA-MUNOZ & CARRETERO
2013). In many lizards, T is also highly correlated with
other physiological optima such as running speed or diges-
tion (BAUWENS et al. 1995).

Experimentally, T is measured by exposinglizards to a
temperature gradient in the supposed absence of costs and
constraints of operative environmental temperatures that
are present in field conditions (BAKKEN et al. 1985; but see
SANNOLO & CARRETERO 2019 for hydric costs), and record-
ing their body temperature over time (CAMACHO & RuscH
2017). Traditionally, lizard body temperature is measured
as cloacal temperature (HUEY & WEBSTER 1975, 1976, HUEY
& PIANKA 1977), an approach also used in T experiments
by many researchers (e.g., CARRETERO & LLORENTE 1995,
MARQUEZ et al. 1997, VERISSIMO & CARRETERO 2009, CAR-
RETERO 2012, OSOJNIK et al. 2013, ZAMORA-CAMACHO et al.
2014, KAPSALAS et al. 2016). Other studies monitored body
temperatures with a thermocouple attached to the outside
of the body (e.g., CALSBEEK & SINERVO 2002, AGUADO &
BRANA 2014, MORENO AZOCAR et al. 2016, GARCIA-PORTA
et al. 2019), implanted into the body cavity or underneath
the skin (e.g., LICHT 1968, COWGELL & UNDERWOOD 1979),
or measured temperature of the body surface using a laser
thermometer (CARRETERO 2012, BOUAZZA et al. 2016). Re-
markably, CARRETERO (2012) found that lizard body tem-
peratures measured by infrared vs. contact thermometers
were only poorly correlated and with a biased relation. In
contrast, BARROSO et al. (2016) obtained a good correlation
and minimum bias in the comparison of thermographic
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images with cloacal temperature measured by contact
thermometers. As a further potentially confounding fac-
tor, even in small lizards regional heterothermy occurs, i.e.,
different body parts can have different temperatures (SAN-
NOLO et al. 2014, BARROSO et al. 2016, 2020).

The kind of thermal gradient used also differs substan-
tially between studies (reviewed in CAMACHO & RuscH
2017). Some researchers use incandescent light bulbs as
heat source to create a photothermal gradient (e.g., LICHT
1968, GVOZDIK 2002, AGUADO & BRANA 2014, KIRCHHOF
et al. 2017, GARCIA-PORTA et al. 2019), while others ad-
vocate the use of uniformly distributed (natural) lighting
originating from windows, and use infrared (IR) bulbs to
create a purely thermal gradient (e.g., BOWKER and JoHN-
SON 1980, ANGILLETTA 2001, LAILVAUX et al. 2003, VER{S-
SIMO & CARRETERO 2009, CARNEIRO et al. 2015). It is likely
that such differences between heat and light sources lead to
behavioural differences of the lizards in the gradient, mir-
roring differences in thermoregulatory behaviour in shad-
ed vs. exposed environments (e.g., HUEY 1974).

A further difference between studies refers to the time
during which lizards are exposed to a temperature gradi-
ent. Individuals can be kept full days up to weeks in the
gradient with occasional temperature measurements
(which often involves catching the lizard out of the gra-
dient thereby influencing its behaviour and body temper-
ature via convection and removal from the original tem-
perature source) (LICHT et al. 1966, LICHT 1968, SIEVERT
& HUTCHISON 1988, 1989, CARNEIRO et al. 2015, ORTEGA
et al. 2016). Alternatively, lizard body temperature is mea-
sured over a relatively short period of a few hours, ran-
domized throughout the day, mostly with continuous tem-
perature measurements, to minimize the possible effect of
diel variation in T (e.g., PARANJPE et al. 2013, YANG et al.
2008, L1 et al. 2009, WANG et al. 2013, KIRCHHOF et al. 2017,
GARcIA-Porta et al. 2019).

Given the importance of cross-taxon comparisons and
meta-analyses to understand evolutionary and macroeco-
logical patterns of lizard thermal physiology (SINERVO et al.
2010; MEIRI et al. 2013, DIELE-VIEGAS et al. 2018, GARCIA-
PorTA et al. 2019), it is of high importance to assess how
these methodological differences influence the inferred
values of T . While the reviews of CLUSELLA-TRULLAS &
CHOWN (2014) and CAMACHO & RuUscH (2017) highlighted
the wide variation of methods used, a rigorous experimen-
tal approach is necessary to quantitatively assess impacts of
using different methods (e.g., CARRETERO 2012, BARROSO
et al. 2016).

Thus far, methodological studies on lizard thermal phys-
iology have (i) demonstrated differences in thermal pref-
erence at different times of the day (e.g. COWGELL & UN-
DERWOOD 1979, RISMILLER & HELDMAIER 1982, SIEVERT &
HUTCHINSON 1988, FIRTH & BELAN 1998), (ii) shown differ-
ences in preferred temperature depending on the relative
position of heat vs. light source in diurnal and nocturnal
lizards (SIEVERT & HUTCHINSON 1988, 1989), (iii) compared
measurements of infrared laser vs. contact thermometers
(CARRETERO 2012) and thermographic images vs. contact
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thermometers (BARROSO et al. 2016), and (iv) compared
temperature measurements at different lizard body parts
(SANNOLO et al. 2014, BARROSO et al. 2016, 2020). However,
experimental comparisons of approaches to T_ inference
from long vs. short segments of the diel activity period,
or from trials with infrared vs. incandescent bulbs as heat
source, have not been carried out yet. Ideally, such compar-
isons should be carried out in the same study period and
lizard species, and if possible the same lizard individuals.

Here, we empirically quantify differences among T ot
measurements obtained from different experimental ap-
proaches on the same organisms. Our study focuses on
three species of the family Lacertidae, an Old World clade
that has been intensively explored for thermal ecology.
CARRETERO (2012) and GARCIA-PORTA et al. (2019) have
highlighted differences in T, and T values of lacertids
obtained using different experlmental approaches We ex-
pand these data by assessing T of the same individual liz-
ards in six different settings reﬂectlng the most common-
ly used approaches in these lizards, mainly to understand
the impact of (a) full day hourly measurements of cloacal
temperature vs. short-term measurements by ventrally at-
tached thermocouples, and (b) usage of a photothermal
gradient vs. thermal gradient with uniform lighting; and
furthermore, (c) the difference between contact and la-
ser thermometers, as previously assessed by CARRETERO
(2012). The main goal of our study is to describe the differ-
ences between various experimental approaches that have
often been applied to estimate T, in lacertids and/or other
lizards. We provide hypotheses that could explain the ob-
served differences among methods but do not aim at pro-
viding functional explanations within a thorough hypoth-
esis-testing framework.

Methods

Experiments were carried out in Oukaimeden, Morocco
(approximate geographical coordinates 31.2075° -7.854°,
ca. 2600 m above sea level), with lizards of three sympat-
ric species: Atlantolacerta andreanskyi (WERNER, 1929),
Podarcis vaucheri (BOULENGER, 1905), and Scelarcis perspi-
cillata (DUMERIL & BIBRON, 1839). Active lizards were di-
rectly captured in the field in the breeding season, April
and May, corresponding to the lizards’ main activity peri-
od. Overall, 30 A. andreanskyi, 23 P. vaucheri, and 12 S. per-
spicillata, all adult males to exclude biases due to sex, re-
production or body condition in thermal preferences, were
included in the experiments (S’KHIFA et al. 2020). Active
specimens were captured in the field on sunny days, op-
portunistically during random searches between 9-17 h lo-
cal time. Field body temperatures were measured immedi-
ately upon capture as (i) cloacal temperatures as described
in treatments 3 and 4 below, and (ii) as dorsal surface tem-
peratures as described in treatments 5 and 6 below.

Our methodological approach relies on determining se-
lected body temperature in a thermal gradient as a proxy
for preferred body temperature (T ). All experiments

pref’

were conducted in an experimental setup consisting of five
individual tracks, each of which ca. 120 cm in length and 20
cm in width, corresponding to a surface of ca. 2400 cm?.
Experiments started at 8:30 h in the morning, and again at
14:30 h in the afternoon for the 2 h treatments, to mirror the
lizards’ regular activity period. Before and after the experi-
ments, lizards were kept for several hours at an air tempera-
ture of 10-15°C (corresponding to natural air temperatures
outside of the sun), providing water and food ad libitum.
In all treatments, the gradient ranged from surface and air
temperatures of ca. 10-15°C in its coldest part to very hot
temperatures (> 40°C) in the immediacy of the (infrared
or incandescent) bulbs used as heating source, and this also
approximately represents the minimum and maximum
potential operative temperatures that these small lizards
could attain in the gradient if spending sufficient time in
the extreme parts of the gradient. After completion of the
experiments, lizards were released at the site of initial cap-
ture. When lizards showed signs of fatigue or non-natural
behaviour, or when completion of all treatments was lo-
gistically not feasible within five days, they were released
back at the capture sites. Each lizard was subjected to each
of the six treatments following a randomized order. Alto-
gether, 65 lizards were studied, and for 21 A. andreanskyi,
20 P, vaucheri, and 11 S. perspicillata complete data sets for
each of the following six treatments were obtained:

(1) photothermal-2h: an incandescent 100 W light bulb
(full spectrum) was suspended 30 cm above one end of a
track, to create a photothermal gradient of approximate-
ly 15 to 55°C at ground level. Body temperature was deter-
mined every minute by ultra-thin T-type thermocouples
(OMEGA 5SCTT-T-40-72, diameter = 0.076 mm, Nor-
walk, Connecticut, USA) affixed with medical tape to the
lizards’ venter and connected to an 8-Channel USB Ther-
mocouple Data Acquisition Module (OMEGA TC-o08; res-
olution < 0.1°C). Lizards were allowed unrestricted move-
ment within their individual gradient. Lizard body tem-
perature was measured over a period of up to 2.5 hours.
Lizards were randomly assigned to either morning or after-
noon treatments. The initial 30 minutes of the experiment
were discarded as acclimation time, resulting in a maxi-
mum of 120 individual measurements (= 2 hours). Indi-
viduals that remained inactive at the cold end of the gradi-
ent for more than 50 minutes were not included in the final
analysis assuming they were not thermoregulating. Tem-
porarily entangled or detached thermocouples were fixed
and reattached, the respective data points were discarded,
and the experiment was continued. This treatment corre-
sponds to the one used in GARCIA-PORTA et al. (2019).

(2) thermal-2h: as in the previous treatment, but instead
of an incandescent light bulb, a 75 W IR bulb was used and,
separate, uniform cold lighting provided for the entire gra-
dient and for the entire time of the experiment.

(3) photothermal-10h: as in photothermal-2h (incan-
descent bulb), but experiment was run for 10 hours, lizards
caught once per hour, and their cloacal temperature mea-
sured within 20 s with a digital quick-reading thermome-
ter (GHM-Greisinger: GTH 1170, GHM, Regenstauf, Ger-
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many), introducing the thin external probe (K-type thermo-
couple) ca. 2 mm into the lizard’s cloaca within 10 s after cap-
ture. Temperatures were recorded with a resolution of 0.1°C.

(4) thermal-10h: as in photothermal-10 h, but with a
75 W IR bulb and uniform cold lighting. This treatment
largely corresponds to the one extensively used in previous
studies of lacertid thermophysiology (e.g., CARRETERO et
al. 2006, VERiSSIMO & CARRETERO 2009, GARCIA-MUNOZ
& CARRETERO 2013) except for the use of artificial rather
than natural light as in the quoted studies, and narrower
gradient setups (30 cm in the quoted studies).

(5) photothermal-10hL: as in photothermal-10h, but
temperatures measured each hour with an infrared laser
thermometer (Fluke 62; Fluke Europe B.V., Eindhoven,
The Netherlands) dorsally near the tail base in line with
the body axis from approximately 300 mm distance (CAR-
RETERO 2012, AGUADO & BRANA 2014, LARA-RESENDIZ et
al. 2015). The Fluke 62 measures with a resolution of 0.1°C
and an accuracy of +1.0°C or +1.0% of reading with a sen-
sor diameter of 38 mm (at 300 mm distance).

(6) thermal-10hL: as in photothermal-10h, but with an
IR bulb and uniform lighting, and temperatures measured
each hour with an infrared laser thermometer as in photo-
thermal-10hL.

In the 2h treatments, the lizards were observed during
the entire time of the experiment, and all time periods in
which thermocouples were detached or entangled were
noted, and later excluded from analysis. We also excluded
all obvious outliers corresponding to erroneous measure-
ments from the raw data set. We then calculated individual
medians, yielding one datapoint per individual and treat-
ment (i.e., typically six data points per individual).

As usual in these kinds of data, they were skewed to-
wards higher values and therefore not normally distrib-
uted (Shapiro-Wilk tests, p > 0.05 in comparisons of the
full data set and subsets by method), even after log-trans-
formation. We therefore used Poisson-distributed Gener-
alized Linear Mixed Models (GLMMs) which are robust
against non-normally distributed data, as implemented in
JMP 13.0 (SAS Institute) with the GLMM add-in (https://
community.jmp.com/t5/JMP-Add-Ins/Generalized-Lin-
ear-Mixed-Model-Add-in/ta-p/284627) to assess the in-
fluences of various predictors on inferred T . Specifically,
the following models were calculated:

Model 1: To understand if time period (morning or af-
ternoon) played a role in explaining T _inferred from the
photothermal-2h and thermal-2h treatments, an initial
GLMM was conducted with T as response variable, ex-
perimental method (treatmentf, species and time period as
predictor variables, and lizard individual as random factor
(no interactions specified), only including data from the
two 2h treatments. A total of N=106 T  values were in-
cluded in this model.

Model 2: A GLMM with T as response variable, ex-
perimental method and spec1es as predictor variables, liz-
ard individual as random factor (no interactions specified),
for all treatments. A total of N = 346 T ; values were in-
cluded in this model.
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Model 3: A variant of Model 2 with the same factors and
specifications but excluding the deviant treatments with an
infrared laser thermometer. A total of N =228 T values
were included in this model.

Model 4: A more complex variant of Model 2, also con-
sidering body size and body mass of lizards and the trial
order of experiments as predictors. A total of N =346 T e
values were included in this model.

We furthermore performed non-parametric Kruskal-
Wallis Analyses of Variance (K-W ANOVA) with post-hoc
tests in Statistica version 7 (Statsoft), to detect differences
ininferred T  among species and treatments.

f

Results

After excluding experiments with outliers due to errone-
ous measurements, data for a total of 346 experiments with
65 individual lizards were available. For each experiment
and individual lizard, the medians of all measurements of
body temperature were defined as inferred T and used as
data points for further analysis. For the photothermal 2h
and thermal-2h treatments which were carried out either
in the morning or in the afternoon (see Methods), we as-
sessed with a GLMM (Model 1) that time period had no
significant effect on T (Table 1), justifying the merging
of morning and afternoon trials in all subsequent statistics.

To obtain a first overview of thermal preferences among
individual lizards, and to exclude that such preferences
would substantially influence our results, we carried out
rank correlation analyses among the different methods
and field body temperatures for each individual lizard, sep-
arately by species. These analyses revealed only sporadic
significant correlations which lost significance after Bon-
ferroni correction (Supplementary Tables S1-S3), suggest-
ing that individual thermal preferences across treatments
were poorly expressed.

A GLMM (Model 2) for all 346 available Tpref measure-
ments revealed a highly significant influence of method,
and an only weakly significant influence of species (Ta-
ble1). A further GLMM (Model 3) excluding the treatments
with an infrared laser thermometer confirmed a highly sig-
nificant effect of method whereas the effect of species was
not significant (Table 1). A more complex GLMM (Model
4) also considering body size and body mass of lizards and
the trial order of experiments yielded similar results, with
only the effects of experimental method and species being
statistically significant (Table 1).

Given the relatively weak or absent effect of species in
these models, we pooled the data of all three species in
several of the analyses reported in the following. This was
done in an effort to increase sample size in these simpler
statistical analyses that were carried out to better under-
stand the differences between treatments.

Averaged over all three species, the 2h and 10h treat-
ments with contact thermometers (cloacal measurements
or thermocouples attached to venter) revealed an obvious
difference between incandescent and IR bulbs, the latter
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Table 1. Fixed effects of various predictor variables in general
linear mixed models (GLMMs) on T . See Methods for detailed
descriptions of Model 1-4. In brief, in all models T s Was speci-
fied as response variable and lizard individual as random factor.
Model 1 was performed only for 2h treatments, and Model 3 ex-
cluded treatments with laser thermometer measurements. Model
4 is a variant of Model 2 with additional predictor variables. Ab-
breviations: DF, degrees of freedom (i.e., number of fixed factors
-1); DFDen, denominator degrees of freedom for the effect test
(the degrees of freedom for error); F ratio, computed F ratio for
testing that the effect is zero; Prob > F, P-value of the effect test.

Source DF DFDen F Ratio Prob > F
Model 1

time (morning/afternoon) 1 58.9 0.10 0.7523
treatment 1 48.6 114.64  <.0001
species 2 47.7 2.09  0.1344
Model 2

treatment 278.4 62.47 <0.0001
species 52.0 499  0.0104
Model 3

treatment 3 172.5 79.06 <0.0001
species 2 56.7 1.24  0.2977
Model 4

treatment 5 277.4 62.24 <0.0001
species 2 52.5 398  0.0247
trial order 1 286.9 2.54  0.1123
body mass 1 49.6 1.10  0.3002
SVL 1 48.6 2.87  0.0967

yielding about 5°C lower T estimates (IR vs. incandes-
cent bulb medians of 27.9°C vs. 33.9°C for the 2 h treat-
ments; and 26.9°C vs. 32.2°C for the 10h treatments). For
the photothermal approach, the T, estimates obtained in
the 2h treatment were on average bea°C higher than in the
10h treatment (33.8°C vs. 31.6°C). The differences between
all treatments except thermal-2h vs. thermal-i10h were
highly significant (K-W ANOVA; P < 0.001) with pairwise
post-hoc tests (see Fig. 1 for test details). When comparing
results separately for each species the pattern was highly
consistent, with IR bulb treatments yielding substantially
lower T . estimates (Fig. 2).

Measurements of field body temperatures (T, ) of the three
species yielded similar median values for the two approach-
es used (cloacal temperature, and surface temperature by in-
frared laser thermometer): A. andreanskyi: T, , . 28.6°C;
Tb_ doreal 28.3°C; P vaucheri: Tb_cloaca 27.1°C; Tb_ doreal 27.0°G; S. per-
spicillata: T, | 272°C; T, ,  28.3°C. We tested for possible
differences in T, , _ between species and found them to be
non-significant (K-W ANOVA, P = 0.602).

Comparing field T, , - with T _inferred using the
four contact thermometer-based methods (pooled for the
three species; K-W ANOVA, H 1, = 1417121, p <O. 001) re-
vealed significant differences between T,and T inferred
with an incandescent bulb (post-hoc tests, P= o ooot1 for
both photothermal-2h and photothermal-10h) but not be-

tween T, and T inferred using an infrared bulb (P = 1.0
for thermal 2h, and P =o. 37 for thermal-10h) (see Fig. 2 for
comparisons for each species).

When scoring lizard cloacal temperatures during the
photothermal-10h and thermal-10h treatments, we includ-
ed values from lizards that were temporarily not active, to
obtain a daily average T  including also resting phases.
To test the distribution of these phases without obvious
thermoregulatory activity over the day, we analyzed hour-
ly temperatures over the course of the experiment, pooled
for all three species (Fig. 3). In the photothermal-10h treat-
ment we found a clear trend of decreasing lizard body tem-
peratures over time, whereas in the thermal-10h treatment,
lizard body temperatures increased over time.

‘O’ ‘6’ \6’ "
’ ~
# ~ # 1 ~ 1 Ll

35°CH

30°CH . 1

25°CH .

Torer (Median)

20°CH

15°CH -

S &
¥ ‘Qd‘ ,(\0‘
& ® &
&

Figure 1. Measured preferred temperatures (Tpref), pooled for 66
individuals of three species of lacertids (Atlantolacerta andreans-
kyi, Podarcis vaucheri, Scelarcis perspicillata) at Oukaimeden,
Morocco, for four different experimental procedures (lizard
body temperature measured with contact thermometers, ei-
ther as thermocouple attached to the venter, every minute for
2 hours; or by cloacal measurements every hour for 10 hours;
median body temperature of each lizard in each experiment
used as data points for analysis). The boxplots indicate median,
quartiles, minimum-maximum values (not considering outliers),
and outliers as dots. Yellow colour indicates experiments where
thermal gradients were established with incandescent bulbs, red
colour indicates an infrared bulb as heat source and uniform cold
lighting. Differences between methods are statistically significant
(K-W ANOVA, H, ,, = 190.0, P < 0.0001). Differences in all pair-
wise comparisons are statistically significant in post-hoc tests at
P < 0.0001, except for the comparison between photothermal-2h
and photothermal-10h (significant at P < 0.002), and thermal-2h
and thermal-10h (not significant).
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Treatments where lizard body temperatures in the gra-
dient were measured using an infrared laser thermome-
ter showed a pattern deviant from the overall one (Fig. 4).
Here, the higher inferred T e values corresponded to
the thermal-10hL treatment usmg an IR bulb (32.6°C vs.
25.8°C).

Discussion

Our study focused mainly on comparing experimental ap-
proaches that have often been used in lacertid and other
lizards, and to describe the amount of difference found
among the T estimates obtained with these approaches.
Because the selected treatments differ at various confound-
ed levels, i.e. heat source, method of temperature measure-
ment, total experimental time, and interval between mea-
surements, we cannot thoroughly discern the physical,
behavioural and physiological causes underlying the ob-
served differences, and in the following will develop a se-
ries of necessarily speculative but testable hypotheses on
these causes. However, as a main strength of our experi-
mental approach, by subjecting a large number of individu-
al lizards each to the various treatments in randomized tri-
als, and by recovering similar among-treatment differences
for three species, we provide conclusive evidence for actual
differences between often-used approaches of T _estima-
tion in lacertid and other lizards. We found (i) weak dif-

ferences between short-term vs. long-term measurements
under an incandescent bulb, and important and consistent
differences between heat sources, i.e., (ii) between treat-
ments with incandescent vs. IR bulbs. Finally, we also ob-
served strongly different patterns when using (iii) infrared
laser thermometers vs. contact thermometers.

The weak differences between the photothermal-2h vs
photothermal-10h inferred T, values are likely explained
by inherent differences between the treatments, and by be-
havioural factors. We hypothesize that the 2h treatments
targeted lizards in the initial warming-up phase and dur-
ing the first phases of activity in the morning and after-
noon when thermoregulation is usually a priority, given
the known endogenous circadian activity rhythms of liz-
ards (FOA & BERTOLUCCI 2003); our approach in these
treatments was to even exclude lizards staying inactive for
a long time from further analysis, similar to previous stud-
ies (e.g., KIRCHHOF et al. 2017, GARCIA-PORTA et al. 2019).
In contrast, the 10h treatment attempts to capture the pre-
ferred temperature of a lizard over its entire daily cycle,
which typically includes phases of inactivity, and phases
when thermoregulation is not the main priority for the liz-
ards, resulting in lower body temperatures. The 10h treat-
ments may also exacerbate the hydric costs that can con-
strain thermoregulation (SANNOLO & CARRETERO 2019),
thereby favoring periods when thermoregulation is con-
strained by other factors. This mechanism might indeed af-
fect some of our target species, in particular Atlantolacerta
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Figure 2. Field body temperatures (T,) and measured preferred temperatures (T ), separately for three species of lacertids (Atlanto-
lacerta andreanskyi, Podarcis vaucherz, Scelarcis perspicillata) at Oukaimeden, Morocco, for four different experimental procedures
(lizard body temperature measured with contact thermometers, either as thermocouple attached to the venter, every minute for
2 hours; or by cloacal measurements every hour for 10 hours). The boxplots indicate median, quartiles, minimum-maximum values
(not considering outliers), and outliers as dots. Yellow colour indicates experiments where thermal gradients were established with
incandescent bulbs, red colour indicates an infrared bulb as heat source and uniform cold lighting.
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andreanskyi which requires substantial humidity, as sug-
gested by a previous study (SKHIFA et al. 2020).

It is also obvious that both the 2h and the 10h treatments
involve artificial disturbances that may influence the an-
imal’s behaviour in different ways. On one hand, the 2h
treatment involves attaching a thermocouple to the ani-
mal. According to our observations, animals usually bask
very calmly in one particular area of the gradient despite
the attached thermocouple, but it cannot be excluded that
in some cases this setup leads to increased activity to es-
cape from the thermocouple annoyance. This in turn could
lead to a higher variation of measured temperatures, and to
higher average temperature values as the animal would not
undergo resting activity at lower temperatures. On the oth-
er hand, the 10h treatments involve repeated capturing and
handling the animals (once per hour) which may lead to a
less active behaviour over the entire phase, thus to a higher
proportion of time spent in cooler parts of the gradient for
resting, and consequently to lower average body temper-
ature measurements. In agreement with the expectations
from these differences among the approaches, the photo-
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Figure 3. Body temperature measurements of lizards (pooled for
all three species, Atlantolacerta andreanskyi, Podarcis vaucheri,
Scelarcis perspicillata) measured per hour over the 10 hours of
the (A) thermal-10h and (B) photothermal-10h experiments.
Both correlations are statistically significant: (A) r =-0.1304, P =
0.0027; (B) r = 0.2878; P < 0.0001.

thermal-10h treatment resulted in slightly but significantly
lower T, estimates than the photothermal-2h treatment.
In contrast, the magnitude of differences between heat
sources (incandescent vs. IR) observed herein is striking
and may in part reflect differences between thermal and
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Figure 4. Measured preferred temperatures (Tpref), pooled for
three species of lacertids (Atlantolacerta andreanskyi, Podarcis
vaucheri, Scelarcis perspicillata) at Oukaimeden, Morocco, for
two different experimental procedures (lizard body temperature
measured with an infrared laser thermometer every hour for
10 hours). The boxplots indicate median, quartiles, minimum-
maximum values (not considering outliers), and outliers as dots.
Yellow colour indicates experiments where thermal gradients
were established with incandescent bulbs, red colour indicates an
infrared bulb as heat source and uniform cold lighting. The differ-
ences are statistically significant (U-test; P < 0.001). Note that we
here discuss this result as a possible artefact of laser thermometer
results under the specific conditions of our indoor treatments,
although elucidating the causes of this surprising result will re-
quire future testing.
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photothermal preferences. Not considering the results
obtained with laser thermometers, T . values obtained
in photothermal gradients were consistently higher than
those in thermal gradients. We cannot readily explain
these differences, but we speculate that this may reflect that
heliothermic lizards such as lacertids prefer thermoregu-
lating in bright sunlight, even if this leads to body tempera-
tures above their purely thermal preference. On the other
hand, in an IR-thermal gradient with uniform, constant
artificial light, lizards may become less active than they
would normally be, due to the lacking stimulus of a bright
light source emitting at the same time thermal radiation.
Therefore, in such an IR-thermal gradient, they would on
average attain temperatures below their physiological pref-
erence.

Some hints on possible explanations of the observed
pattern are provided by the trends of hourly body tempera-
tures measured in the gradient during the 10h experimen-
tal treatments (Fig. 3). Under such a photothermal treat-
ment over an entire daily period, according to these obser-
vations (data herein and numerous other studies), lizards
in the first hours attain comparatively high body tempera-
tures while basking, and then increasingly become active
across the gradient, with lower body temperatures, or even
become inactive with even lower body temperatures. These
results may be further exacerbated by an endogenous circa-
dian activity rhythms of lizards (FOA & BERTOLUCCI 2003)
which could trigger initially higher activities in the morn-
ing. On the contrary, under a thermal treatment, lizards in
the beginning according to our observations (Fig. 3) oper-
ate under relatively low temperatures and later attain high-
er temperatures, which may be due to our use of artificial
cold light rather than natural light with natural photope-
riod (TOSINI & AVERY 1994, 1996, TOSINI et al. 2001). How-
ever, using purely natural light sources in our experimental
setup was not feasible (e.g., through a large window) due to
constraints in the available rooms at the study site. Perhaps
also, in such a thermal treatment (especially in a setup with
artificial light source) lizards require some time to learn
how to efficiently up-thermoregulate in a purely thermal
gradient, without the visual cues provided by an incandes-
cent bulb, or by the sun in their natural environment where
also the spatial distribution of temperatures is different.

Further hypotheses for the factors influencing T, as-
sessments under different experiments of different dura-
tion in photothermal setups can be derived from growth
experiments in which hours of access to photothermal heat
per day were manipulated to 6, 8, 10, and 12 hours, in Scelo-
porus lizards found across altitudinal and latitudinal gra-
dients (SINERVO & ADOLPH 1989, 1994). The results sug-
gested adaptive differences in thermal “niches”, where the
cool-adapted species may not have the capacity to use long
thermal periods. Additional studies on S. occidentalis from
a warm desert site and a cool site revealed a similar differ-
ence (SINERVO 1990). Lizards from the cooler site did not
use the full 6-hour treatment and were in refugia in 9 and
12 hour treatments, while the populations from the warm-
er site used the entire time in each treatment for thermo-
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regulation. These findings, as well as those of PARANJPE et
al. (2013) are germane in the use of short (2h) versus long
(10h) experimental duration at revealing evolution in ther-
moregulatory behaviour. They explain why in the studied
lizards, short-term methods for T, will give high values,
while long exposure to a photothermal heat will reveal ad-
ditional adaptations related to activity period that might
impose severe constraints on cool-adapted species under
climate change (SINERVO et al. 2018). We hypothesize that
similar mechanisms also explain, at least partly, the differ-
ences between short- and long-duration photothermal ex-
periments in our study.

Presumably, under field conditions, active lizards may
largely operate under their preferred temperatures, and
T, may, therefore, be used as a very approximate yard-
stick to evaluate the accuracy of experimental T _ mea-
surements. In our study, the temperatures from the ther-
mal treatment (i.e., with IR bulb) were similar to field T, of
the lizards. However, it must be considered that active liz-
ards may have been observed during initial phases, or in-
between episodes of basking; and indeed, in these phases
they might be more easily spotted and captured, and will
have lower body temperatures. Our study did not include a
rigorous assessment of operative body temperatures in the
field based on fully randomized sampling across the entire
range of microhabitats used. Still, our results allow for the
preliminary hypothesis that the thermal (IR bulb) T esti-
mates may more closely reflect the average body tempera-
tures of active lizards in the field, which alternate between
basking and being active in thermally suboptimal micro-
habitats, e.g. when foraging.

Lastly, the differences between T estimates from mea-
surements obtained by an infrared thermometer strongly
deviated from the pattern observed with contact thermom-
eters. An obvious and intuitive hypothesis would predict
overall higher temperature measurements obtained from
laser thermometers, as they measure temperature on the
dorsal side of the lizards (exposed to the heating source),
compared to thermocouple measurements on their belly or
cloaca, thus on their ventral side. This prediction was con-
firmed since under an IR bulb the laser thermometer mea-
surements (thermaliohL) were consistently higher than
the cloacal measurements (thermalioh). However, under
an incandescent bulb this trend was inverted and the la-
ser thermometer measurements (photothermaliohL) were
consistently lower than the cloacal measurements (photo-
thermalioh). On the contrary, when using the two types of
thermometer with natural sunlight in the field, very simi-
lar T, measurements were obtained. This suggests that un-
der the experimental conditions of the thermal gradient,
some laser thermometers may suffer from different arte-
facts. Since we did not perform dedicated experiments on
the underlying causes, we can here only speculate on the
nature of these artefacts. One of these may be related to
the substrate materials that we used to build the gradient:
in order to have a lightweight, portable and heat-resistance
field setup, we used silver-aluminium coated foamed plas-
tic with a roughened wallpaper as substrate — and the re-
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maining exposed aluminium coating at the gradient walls
may have caused reflectance influencing the laser ther-
mometer. Other possible biases may have been caused by
a too wide measuring angle (HARE et al. 2007; although
we took great care to keep this uniform across the experi-
ments), possibly excessive measuring distance, and arte-
facts we observed from old, partly discharged to fresh bat-
teries. Furthermore, given that our model of infrared la-
ser thermometer is recommended only for altitudes up to
2000 m above sea level (and our study site was located at
2600 m above sea level), we cannot exclude that using dif-
ferent models of laser thermometer these factors and arte-
facts can be attenuated or avoided. With the data at hand,
it seems impossible to clearly understand what has caused
the counter-intuitive laser thermometer measurements of
lizard body temperature. Given these erratic results, our
study calls for caution when using laser thermometers un-
der experimental conditions rather than natural sunlight.
Overall, our comparisons highlight that experimental
approaches to determine T, can yield substantially differ-
ent results. First and foremost, our experiments confirmed
the existence of important differences between laser and
contact thermometers (CARRETERO 2012), and call for ex-
treme caution and need for careful exclusion of possible
measuring artefacts when using the former instruments
especially in non-natural setups. Second, we obtained sur-
prisingly high differences in median values between setups
with incandescent vs. IR bulbs (photothermal vs. thermal),
with average differences of about 5°C in inferred T . This
differs from empirical differences summarized by GARCIA-
Porra et al. (2019) who found an average difference be-
tween these methods of only 1°C, and applied this value as
correction factor in order to include in their meta-analysis
a few crucial species for which only data from a 10h-ther-
mal setup were available. As discussed above, this may be
due to the use of non-natural light in our thermal setups,
and highlights the need to consider lighting as important
factor when interpreting the results from thermal gradient
T, assessments. Thirdly, it is encouraging that T , data
inferred from different photothermal treatments (2h vs.
10h) under incandescent bulbs, and obtained with contact
thermometers, resulted to be roughly comparable, at least
in the three sympatric lacertids studied herein, with a sug-
gested correction of +2.2°C to make the photothermal-10h
comparable to the photothermal-2h treatment. Yet, given
the known inter- and intraspecific differences in thermo-
regulatory period (see above; SINERVO & ADOLPH 1989,
1994, SINERVO 1990) it is unlikely that such a correction
factor can ever be generally valid for all lacertid species, let
alone for other lizards. As previously recommended for la-
ser and contact thermometers (CARRETERO 2012) and now
extended to the other methods, where detailed and thor-
ough comparisons are needed, a rigorous consideration of
the optimal experimental setup and its consistent use will
remain necessary. Lastly, we envisage that future field and
experimental studies on lizard thermoregulation will in-
creasingly make use of thermographic cameras which al-
low visualizing temperatures even in different lizard body

parts, without disturbance, but require careful calibration
of the equipment for the target species (BARROSO et al.
2016).

Acknowledgments

All sampling and experimental work was performed in accor-
dance with the scientific permit Decision N° 05/2013 HCEFLCD/
DLCDPN/DPRN/CFF provided by the High Commissariat for
Water and Forest, Morocco. Fieldwork was further approved by
an authorization for fieldwork provided by the Faculty of Sciences
Semlalia of Cadi Ayyad University, Marrakech. Experiments were
carried out in agreement with ethical guidelines of Cadi Ayyad
University. M. A. CARRETERO holds an accreditation in animal
experimentation issued by Generalitat de Catalunya (Spain). This
study was supported by the Deutsche Forschungsgemeinschaft
DFG (grant VE 247/11-1/MU 1760/9-1), by the German Ministry
of Science (BMBEF: 01DH13015) and by the Hassan II Academy of
Sciences and Technics (ICGVSA Project, PI T. Slimani).

References

Aguapo, S. & F. BrRANA (2014): Thermoregulation in a cold-
adapted species (Cyren’s Rock Lizard, Iberolacerta cyreni): in-
fluence of thermal environment and associated costs. — Cana-
dian Journal of Zoology, 92: 955-964.

ANGILLETTA Jr., M. J. (2001): Thermal and physiological con-
straints on energy assimilation in a widespread lizard (Scelo-
porus undulatus). — Ecology, 82: 3044-3056.

ARAUjJO, M. B, F. FERRI-YARNEZ, FE. BozINOVIC, P. A. MARQUET, E.
VALLADARES & S. L. CHOWN (2013): Heat freezes niche evolu-
tion. — Ecology Letters, 16: 1206-1219.

BAKKEN, G. S., W. R. SANTEE & D. J. ERSKINE (1985): Operative
and standard operative temperature: tools for thermal ener-
getics studies. - American Zoologist, 25: 933-943.

BARROSO, E M.; G. M. R1aNO, M. SANNOLO, M. A. CARRETERO &
C. RaTO (2020): Evidence from Tarentola mauritanica (Gek-
kota: Phyllodactylidae) helps validate thermography as a tool
to infer internal body temperatures of lizards. — Journal of
Thermal Biology, 93: 102700.

Barroso, E M., M. A. CARRETERO, E SiLvA & M. SANNOLO
(2016): Assessing the reliability of thermography to infer in-
ternal body temperatures of lizards. - Journal of Thermal Bio-
logy, 62: 90-96.

BAUWENS, D., T. GARLAND jr., A. M. CASTILLA & R. VAN DAMME
(1995): Evolution of sprint speed in lacertid lizards: morpho-
logical, physiological, and behavioral covariation. — Evolution,
49: 848-863.

Bouazza, A., T. Stimant, H. EL MouDEN, G. BLOUIN-DEMERS
& O. LoUrDAIS (2016): Thermal constraints and the influence
of reproduction on thermoregulation in a high-altitude gecko
(Quedenfeldtia trachyblepharus). — Journal of Zoology, 300:
36-44.

BOWKER, R. G. & O. W. JOHNSON (1980): Thermoregulatory pre-
cision in three species of whiptail lizards (Lacertilia: Teiidae).
- Physiological Zoology, 53: 176-185.

CAETANO, G. H. O, J. C. SanTOs, L. B. GopiNHO, V. H. G. L.
CAvALCANTE, L. M. DieLE-VieGgas, P. H. CampELo, L. E
MARTINS, A. E S. OLIVEIRA, ]. M. ALVARENGA, H. C. WEIDER-

271



GIANNINA KoZIEL et al.

HECKER, V. N. S1LvA, E P. WERNECK, D. B. MiLEs, G. R. CoLLI
& B. SINERVO (2020): Time of activity is a better predictor of
the distribution of a tropical lizard than pure environmental
temperatures. — Oikos, 129: 953-963.

CALSBEEK, R. & B. SINERVO (2002): An experimental test of the
ideal despotic distribution. - Journal of Animal Ecology, 71:
513-523.

CAMACHO, A. & T. W. RuscH (2017): Methods and pitfalls of mea-
suring thermal preference and tolerance in lizards. - Journal
of Thermal Biology, 68: 63-72.

CAMACHO, A., T. RuscH, G. Ray, R. S. TELEMECO, M. TREFAUT-
RODIGUES, M. J. ANGILLETTA jr. (2018): Measuring behavioral
thermal tolerance to address hot topics in ecology, evolution,
and conservation. - Journal of Thermal Biology, 73: 71-79.

CARNEIRO, D,, E. GArcia-MuRNoz, A. KaLioNzorouLoU, G. A.
LLORENTE & M. A. CARRETERO (2015): Comparing ecophys-
iological traits in two Podarcis wall lizards with overlapping
ranges. — Salamandra, 51: 335-344.

CARRETERO, M. A. (2012): Measuring body temperatures in small
lacertids: Infrared vs. contact thermometers. — Basic and Ap-
plied Herpetology, 26: 99-105.

CARRETERO, M. A. & G. A. LLORENTE (1995): Thermal and tem-
poral patterns of two Mediterranean Lacertidae. — pp. 213-223
in: LLORENTE, G. A., A. MONTORI, X. SANTOS, M. A. CARRET-
ERO (eds): Scientia Herpetologica. — Papers submitted from
the 7 Ordinary General Meeting of Societas Europaea Herpe-
tologica Barcelona, September 15-19 1993. - SEH & Asociacion
Herpetoldgica Espafiola, Barcelona, Spain.

CARRETERO, M. A., E. MARCOS & P. de PRADO (2006): Intraspe-
cific variation of preferred temperatures in the NE form of
Podarcis hispanica. — pp. 55-64 in: CorTl, C., P. Lo CascIo
& M. B1aGGINI (eds): Mainland and insular lacertid lizards: a
Mediterranean perspective. — Firenze University Press, Flor-
ence, Italy.

CLUSELLA-TRULLAS, S. & S. L. CHOWN (2014): Lizard thermal
trait variation at multiple scales: a review. - Journal of Com-
parative Physiology B, 184: 5-21.

COWGELL, J. & H. UNDERWOOD (1979): Behavioral thermoregula-
tion in lizards: a circadian rhythm. - Journal of Experimental
Zoology 210: 189-194.

DieLE-ViEGas, L. M., L. J. ViTT, B. SiNErvVO, G. R. CoLLy, E P.
WERNECK, D. B. MILES, W. E. MAGNUSSON, J. C. SaNTOS, C.
M. SETTE, G. H. O. CAETANO, E. PONTES & T. C. S. AvIiLA-
PIRES (2018): Thermal physiology of Amazonian lizards (Rep-
tilia: Squamata). — PLoS One, 13: €0192834.

FIrTH, B. T. & I. BELAN (1998): Daily and seasonal rhythms in se-
lected body temperatures in the Australian lizard Tiliqua ru-
gosa (Scincidae): field and laboratory observations. — Physi-
ological Zoology, 71: 303-311.

FoA, A & C. BErTOLUCCI (2003): Toward a seasonal model of the
circadian system: the case of ruin lizards. - Frontiers in Biosci-
ence, 8: s236-5242.

Garcia-MuRoz, E. & M. A. CARRETERO (2013): Comparative
ecophysiology of two sympatric lizards. Laying the ground-
work for mechanistic distribution models. - Acta Herpetolog-
ica, 8:123-128.

GARcCIA-PORTA, ., I. IR1SARRI, M. KIRCHNER, A. RODRIGUEZ,
S. KircHHOF, ]. L. BRowN, A. MacLeoDp, A. P. TURNER, E
AHMADZADEH, G. ALBALADEJO, J]. CRNOBRNJA-ISAILOVIC, 1.
DE LA Riva, A. Fawzi, P. GALAN, B. GO¢MEN, D. ]. HAR-

272

RIS, O. JIMENEZ-ROBLES, U. JOGER, O. JovaANOVIC GLAVAS,
M. Karis, G. KozigL, S. KONzEL, M. Lyra, D. MiLEs, M. No-
GALES, M. A. Oguz, P. PariLis, L. RanciLHAcC, N. RODRI-
GUEZ, B. RoDRiIGUEZ CONCEPCION, E. SANCHEZ, D. SaLvr,
T. SLIMANI, A. SKHIFA, A. T. QASHQAEI, A. ZAGAR, A. LEM-
MON, E. MORIARTY LEMMON, M. A. CARRETERO, S. CARRAN-
zA, H. PHILIPPE, B. SINERVO, ]. MULLER, M. VENCES & K. C.
WOLLENBERG VALERO (2019): Environmental temperatures
shape thermal physiology as well as diversification and ge-
nome-wide substitution rates in lizards. — Nature Commu-
nications, 10: 4077.

GVvOZDIK, L. (2002): To heat or to save time? Thermoregulation in
the lizard Zootoca vivipara (Squamata: Lacertidae) in different
thermal environments along an altitudinal gradient. - Cana-
dian Journal of Zoology, 80: 479-492.

HARE, J. R., E. WHITWORTH & A. CREE (2007): Correct orien-
tation of a hand-held infrared thermometer is important for
accurate measurements of body temperatures in small lizards
and tuatara. - Herpetological Review, 38: 311-315.

Huey, R. B. (1974): Behavioral thermoregulation in lizards: im-
portance of associated costs. - Science, 184: 1001-1003.

Hugey, R. B. & E. R. P1aNKA (1977): Seasonal Variation in thermo-
regulatory behavior and body temperature of diurnal Kalahari
lizards. — Ecology, 58: 1066-1075.

HuEy, R. B. & T. P. WEBSTER (1975): Thermal biology of a solitary
lizard: Anolis marmoratus of Guadeloupe, Lesser Antilles. -
Ecology, 56: 445-452.

Hukey, R. B. & T. P. WEBSTER (1976): Thermal biology of Anolis liz-
ards in a complex fauna: the cristatellus group on Puerto Rico.
- Ecology, 57: 985-994.

Kaprsaras, G., I. GavriiLipi, C. ADAMOPOULOU, J. FOUFOPOU-
LOS & P. PAFILIS (2016): Effective thermoregulation in a newly
established population of Podarcis siculus in Greece: a possible
advantage for a successful invader. - Acta Herpetologica, 11:
111-118.

KircHHOE, S, R. S. HETEM, H. M. LEASE, D. B. MiLES, D. MITCH-
ELL, J. MULLER, M.-O. RODEL, B. SINERVO, T. WASSENAAR &
I. W. MURRAY (2017): Thermoregulatory behavior and high
thermal preference buffer impact of climate change in a Na-
mib Desert lizard. - Ecosphere, 8: €02033.

LAILVAUX, S. P, G. J. ALEXANDER & M. J. WHITING (2003): Sex-
based differences and similarities in locomotor performance,
thermal preferences, and escape behaviour in the lizard
Platysaurus intermedius wilhelmi. — Physiological and Bio-
chemical Zoology, 76: 511-521.

LarA-RESENDIZ, R. A., H. GADSDEN, P. C. ROSEN, B. SINERVO &
FE R. MENDEZ-DE LA CRUZ (2015): Thermoregulation of two
sympatric species of horned lizards in the Chihuahuan Desert
and their local extinction risk. — Journal of Thermal Biology,
48: 1-10.

L1, H., Z. WANG, W. B. MEI & X. J1 (2009): Temperature acclima-
tion affects thermal preference and tolerance in three Eremias
lizards (Lacertidae). — Current Zoology, 55: 258—265.

LicHT, P, W. R. DAWSON, V. H. SHOEMAKER & A. R. MAIN (1966):
Observations on the thermal relations of western Australian
lizards. — Copeia, 1966: 97-110.

LicHT, P. (1968): Response of the thermal preferendum and heat
resistance to thermal acclimation under different photoperi-
ods in the lizard Anolis carolinensis. — American Midland Nat-
uralist, 79: 149-158.



Inference of lizard preferred temperatures differ among methods

MARQUEZ, R., D. CEJupO & V. PEREZ-MELLADO (1997): Selected
body temperatures of four lacertid lizards from the Canary Is-
lands. - Herpetological Journal, 7: 122-124.

MEIRI, S., A. M. BAUER, L. CHIrIO, G. R. CorLy, I. Das, T. M.
Doan, A. FELDMAN, E HERRERA, M. NovosoLoV, P. PAFILIS,
D. PiNcHEIRA-DoONOSO, G. POWNEY, O. TORRES-CARVAJAL, P.
UETZ & R. VAN DAMME (2013): Are lizards feeling the heat? A
tale of ecology and evolution under two temperatures. - Glob-
al Ecology and Biogeography, 22: 834-845.

MoORENO AzOCAR, D. L., M. E BoNiNo, M. G. PEroTTI, J. A.
ScHULTE, C. S. ABDALA & F. B. Cruz (2016): Effect of body
mass and melanism on heat balance in Liolaemus lizards of the
goetschi clade. - Journal of Experimental Biology, 219: 1162—
1171.

Muroz, M. M., M. A. StimoLA, A. C. ALGAR, A. CONOVER, A.
J. RODRIGUEZ, M. A. LANDESTOY, G. S. BAKKEN & J. B. Losos
(2014): Evolutionary stasis and lability in thermal physiology
in a group of tropical lizards. - Proceedings of the Royal Soci-
ety B, 281: 20132433.

ORTEGA, Z., A. MENCIA & V. PEREZ-MELLADO (2016): Are moun-
tain habitats becoming more suitable for generalist than cold-
adapted lizards thermoregulation? — Peer], 4: e2085.

OsOJNIK, N., A. ZAGAR, M. A. CARRETERO, E. GARCIA-MUROZ &
A. VReZEC (2013): Ecophysiological dissimilarities of two sym-
patric lizards. - Herpetologica, 69: 445-454.

PARANJPE, D. A, E. BASTIAANS, A. PATTEN, R. D. COOPER & B.
SINERVO (2013): Evidence of maternal effects on temperature
preference in side-blotched lizards: implications for evolu-
tionary response to climate change. - Evolutionary Ecology,
3:1977-1991.

RISMILLER, P. D. & G. HELDMAIER (1982): The effect of photope-
riod on temperature selection in the European green lizard,
Lacerta viridis. — Oecologia, 53: 222-226.

SANNOLO, M. & M. A. CARRETERO (2019): Dehydration con-
strains thermoregulation and space use in lizards. - PLoS One,
14: €0220384.

SANNOLO, M., M. MANGIACOTTI, R. SACCHI & S. SCALI (2014):
Keeping a cool mind: head-body temperature differences in
the common wall lizard. - Journal of Zoology, 293: 71-79.

SIEVERT, L. M. & V. H. HuTCHISON (1988): Light versus heat: ther-
moregulatory behavior in a nocturnal lizard (Gekko gecko). -
Herpetologica, 44: 266-273.

SIEVERT, L. M. & V. H. HuTcHISON (1989): Influences of season,
time of day, light and sex on the thermoregulatory behaviour
of Crotaphytus collaris. — Journal of Thermal Biology, 14: 159—
165.

SINERVO, B. (1990). The evolution of thermal physiology and
growth rate between populations of the western fence lizard
(Sceloprus occidentalis). — Oecologia, 83: 228-237.

SINERVO, B. & S. C. ADOLPH (1989): The thermal sensitivity of
growth in hatchling Sceloporus lizards: environmental, behav-
ioral and genetic aspects. — Oecologia, 78: 411-419.

SINERVO, B. & S. C. ADOLPH (1994): Growth plasticity and ther-
mal opportunity in Sceloporus lizards. — Ecology, 75: 776-790.

SINERVO, B., E MENDEZ-DE-LA-CRUZ, D. B. MILES, B. HEULIN,
E. BASTIAANS, M. VILLAGRAN-SANTA CRUZ, R. LARA-RESEN-
D1z, N. MARTINEZ-MENDEZ, M. L. CALDERON-ESPINOSA, R.
N. MEzA-LAzARO, H. GADSDEN, L. ]J. AviLA, M. MORANDO,
L. J. DE LA Riva, P. VIcTORIANO SEPULVEDA, C. FE. RocHa, N.
IBARGUENGOYTIA, C. AGUILAR PUNTRIANO, M. MASSOT, V.

LerETZ, T. A. OKSANEN, D. G. CHAPPLE, A. M. BAUER, W. R.
BRANCH, J. CLOBERT & J. W. SITES JR (2010): Erosion of lizard
diversity by climate change and altered thermal niches. - Sci-
ence, 328: 894-899.

SINERVO, B., D. B. MiLEs, Y. Wu, E R. MénDEz-DE La Cruz, S.
KIRCHHOF & Y. Q1 (2018): Climate change, thermal niches,
extinction risk and maternal-effect rescue of toad-headed liz-
ards, Phrynocephalus, in thermal extremes of the Arabian Pen-
insula to the Qinghai-Tibetan Plateau. - Integrative Zoology,
13: 450-470.

S’KHIFA, A., G. KoziEL, M. VENCES, M. A. CARRETERO & T. SLI-
MANI (2020): Ecophysiology of a lacertid community in the
high Moroccan mountains suggests conservation guidelines.
- Journal of Thermal Biology, 94: 102743.

TosiNI, G. & R. A. AVERY (1994): Occlusion of the parietal eye
induces a transient wavelength-dependent shift in lizard ther-
moregulatory set points. — Journal of Experimental Zoology,
269: 84-87.

TosiNg, G. & R. A. AVERY (1996): Photoperiod affects thermoreg-
ulatory set point temperatures in the wall lizard Podarcis mu-
ralis. - Amphibia-Reptilia, 17: 86-88.

Tosini, G., C. BERTOLUCCI & A. FOA (2001): The circadian system
of reptiles: a multioscillatory and multiphotoreceptive system.
- Physiology and Behavior, 72: 461-471.

VERfssIMO, C. & M. A. CARRETERO (2009): Preferred tempera-
tures of Podarcis vaucheri from Morocco: intraspecific varia-
tion and interspecific comparisons. - Amphibia-Reptilia, 30:
17-23.

WANG, Z., H. L. Lu, L. MA & X. J1 (2013): Differences in thermal
preference and tolerance among three Phrynocephalus lizards
(Agamidae) with different body sizes and habitat use. - Asian
Herpetological Research, 4: 214-220.

YANG, ], Y. Y. SuN, H. AN, & X. J1 (2008): Northern grass lizards
(Takydromus septentrionalis) from different populations do
not differ in thermal preference and thermal tolerance when
acclimated under identical thermal conditions. - Journal of
Comparative Physiology B, 178: 343-349.

ZAMORA-CAMACHO, E ], S. REGUERA & G. MORENO-RUEDA
(2014): Bergmann’s Rule rules body size in an ectotherm: heat
conservation in a lizard along a 2200-metre elevational gradi-
ent. — Journal of Evolutionary Biology, 27: 2820-2828.

Supplementary data

The following data are available online:

Supplementary Table S1. Matrix of Spearman rank correlation
coeflicients for median T values obtained from different meas-
uring methods, and field body temperatures (T,), for 30 male
lizard individuals of Atlantolacerta andreanskyi at Oukaimeden.

Supplementary Table S2. Matrix of Spearman rank correlation
coefficients for median T values obtained from different meas-
uring methods, and field body temperatures (T,), for 23 male
lizard individuals of Podarcis vaucheri at Oukaimeden.

Supplementary Table S3. Matrix of Spearman rank correlation
coefficients for median T values obtained from different meas-
uring methods, and ﬁelcpi body temperatures (T,), for 12 male
lizard individuals of Podarcis vaucheri at Oukalmeden
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Supplementary Table S1. Matrix of Spearman rank correlation coefficients for median T o values obtained from different measuring
methods, and field body temperatures (T,), for 30 male lizard individuals of Atlantolacerta andreanskyi at Oukaimeden. Correlations
with an asterisk in parentheses were significant at P < 0.05, but not significant after Bonferroni correction over all analyses.

thermal-10hL IR photothermal-10hL thermal-10h photothermal-10h  thermal-2h  photothermal-2h
photothermal-10hL -0.214396

thermal-10h 0.322443 -0.303369

photothermal-10h -0.247018 0.414855 (*)  -0.447865 (*)

thermal-2h 0.241558 0.042235 0.218018 -0.350649

photothermal-2h 0.369162 0.324431 0.131974 0.009881 0.350649

Tb (field) 0.109924 -0.322847 -0.046537 0.186325 -0.188735 0.120684

Supplementary Table S2. Matrix of Spearman rank correlation coefficients for median T values obtained from different measuring
methods, and field body temperatures (T,), for 23 male lizard individuals of Podarcis vaucheri at Oukaimeden. Correlations with an
asterisk in parentheses were significant at P < 0.05, but not significant after Bonferroni correction over all analyses.

thermal-10hL IR photothermal-10hL thermal-10h photothermal-10h  thermal-2h  photothermal-2h
photothermal-10hL -0.082769

thermal-10h 0.234387 -0.012346

photothermal-10h -0.007522 0.250731 -0.022028

thermal-2h 0.208977 0.358824 -0.297977 0.264706

photothermal-2h 0.282036 0.183936 0.083333 -0.303922 -0.186813

Tb (field) -0.001129 -0.462138 (*) 0.015824 0.067232 -0.196281 -0.463804

Supplementary Table $3. Matrix of Spearman rank correlation coefficients for median T values obtained from different measuring
methods, and field body temperatures (Tb), for 12 male lizard individuals of Podarcis vaucheri at Oukaimeden. Correlations with an
asterisk in parentheses were significant at P < 0.05, but not significant after Bonferroni correction over all analyses.

thermal-10hL IR photothermal-10hL  CarreterolR ~ Carreterol00W SinervolR Sinervol00W
photothermal-10hL 0.378133

thermal-10h 0.145455 0.164010

photothermal-10h 0.409091 0.387245 0.388792

thermal-2h 0.445455 0.710708 (*) 0.345455 0.800000 (*)

photothermal-2h 0.078788 0.097265 0.378133 0.281818 0.333333

Tb (field) -0.078788 -0.248485 0.095672 0.190909 0.127273 0.030303
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