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If these three factors have different physiological functions and thermal requirements, then the preferred
temperature may represent a compromise that optimizes these physiological functions. Therefore, the
body temperatures that lizards select in a controlled environment may reflect a temperature that
Keywords: maximizes their physiological needs. The tegu lizard Tupinambis merianae is one of the largest lizards in
Temperature preference South America and has wide ontogenetic variation in body size and sexual dimorphism. In the present
Rep.mdua.we Co.ndltlon study we evaluate intraspecific variability of thermal preferences of T. merianae. We determined the
Tupinambis merianae . . . .
Body size selec.ted body temperature and the‘rate at \/}/l}lch males and females attain the}r sglected temperature;, in
Intraspecific variation relation to body size and reproductive condition. We also compared the behavior in the thermal gradient

between males and females and between reproductive condition of individuals. Our study show that T.
merianae selected body temperature within a narrow range of temperatures variation in the laboratory
thermal gradient, with 36.24 + 1.49 °C being the preferred temperature. We observed no significant
differences between sex, body size and reproductive condition in thermal preferences. Accordingly, we
suggest that the evaluated categories of T. merianae have similar thermal requirements. Males showed
higher rates to obtain heat than females and reproductive females, higher rates than non-reproductive
ones females. Moreover, males and reproductive females showed a more dynamic behavior in the
thermal gradient. Therefore, even though they achieve the same selected temperature, they do it dif-
ferentially.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction females, lizards with different body size may vary in their ther-
moregulatory biology and behavior (Castilla and Bauwens, 1991).
In reptiles, body temperature is a key factor in physiological Reproductive condition may also impose specific requirements on

processes, influencing ecology and performances such as devel- preferred body temperatures (Van Damme et al., 1987; Schwarz-
opment, growth and reproduction (Huey, 1982; Huey and Pianka, ~ kopf and Andrews, 2012). . -
2007; Wapstra et al., 2004; Crane and Greene, 2008). Many studies Body size influences many aspects of an organism’s life history,

such as its energy needs and interactions with abiotic and biotic
components of the environment (Seebacher et al., 1999; Brandt
and Navas, 2011). For instance, small lizards will show a higher
surface-to-volume ratio and will heat and cool faster than larger

examined the importance of body temperature in the ecology of
lizards and determined the optimal temperatures and their effects
on physiology for different species (Angilletta et al., 2002); how-
ever, 1ntrasPec1ﬁc variability r?mams less e{(plored (Van Damme ones (Vitt and Caldwell, 2009). As a consequence, thermal inertia
et al:, 1986; Rock et al.., 2000; Huey and Pianka, 2007) propose s positively correlated with body size in lizards (Cruz et al., 2011;
considering the potential differences between sexes when evalu- Maia-Carneiro and Duarte Rocha, 2013), and may influence the
ating thermal parameters. Besides differences between males and temperature that individuals select and how they achieve it
(Seebacher and Shine, 2004).
T Correspondi In temperate lizards, reproductive events are affected by en-
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Temperature could be considered a life history modeling factor in
lizards (Adolph and Porter, 1993). For example, the offspring
phenotype can be influenced by body temperature selected by
gravid female in both oviparous and viviparous species (Shine,
2004a, 2004b; Lorioux et al., 2012; Lorioux et al., 2013; Paranjpe
et al., 2013). Temperature regulates gonad maturation and re-
productive processes, activating events such as spermatogenesis
(Gribbins et al.,, 2006). Therefore, reproductive condition can
modify the thermal requirements of individuals (Rock et al., 2000;
Labra and Bozinovic, 2002; Shine, 2012).

If gender, body size and reproductive condition are underlying
causes for different thermal requirements, then the preferred
temperature may represent a compromise that optimizes the
physiological functions that are more relevant at a given time
(Castilla et al., 1999, Shine et al., 2000, Huey and Pianka, 2007).
Selected temperature ranges are estimated as preferred body
temperatures in an environment free of ecological costs (Huey and
Slatkin, 1976). Therefore, it is expected that the body temperatures
selected by lizards in a controlled environment reflect a tem-
perature that maximizes their physiological needs.

Lizards regulate their body temperature by modifying aspects
of their behavior, such as alternating between hot and cold heat
sources (Bowker et al., 2013). Some lizards are very active and
quickly move between heat sources, whereas others adjust their
body temperature by making small movements (Pianka, 1966). In a
laboratory thermal gradient, we can also evaluate the thermo-
regulatory behavior (Cowgell and Underwood, 1979; Sievert and
Hutchison, 1989; Brafa, 1993) and the way they achieve the se-
lected temperature by monitoring the body temperatures and how
the animals move along the gradient (Bowker et al., 2013). Body
size and reproductive condition affect the locomotive performance
in lizards (Winne and Hopkins, 2006; Tang et al., 2013; Des Roches
et al.,, 2014) and will determine the rate at which they attain the
preferred temperature.

Tupinambis merianae is an interesting oviparous species for
studying thermal biology, since environmental temperature is an
important factor that determines its distribution and behavior
(Cardozo et al., 2012; Lanfri et al., 2013). The species has seasonal
reproduction, hibernating in the cold months and mating in spring
(Naretto et al., 2014). This lizard also has sexual dimorphism and
wide ontogenetical variation in body size and, as reported by Cury
de Barros et al. (2010), body size and temperature affect its
behavior.

We hypothesize that life history traits influence the thermal
biology of Tupinambis merianae. Therefore, we expect that sex,
body size and reproductive condition determine differences in the
preferred temperatures and/or in the way these lizards achieve
them. In the present study we evaluate intraspecific variability of
thermal biology of T. merianae. We determined the selected tem-
perature and the rate at which the selected temperature is at-
tained by males and females, in relation to body size and re-
productive condition. Moreover we compared the behavior in the
thermal gradient between males and females and considering
reproductive conditions.

2. Material and methods
2.1. Species and study area

Tupinambis merianae is a large diurnal lizard that reaches sex-
ual maturity at 29.5 cm snout-vent length (SVL) for males and
32 cm SVL for females, with reproduction occurring between Oc-
tober and December (Naretto et al., 2014). The specimens used in
this study were captured with the help of local people in the
Espinal region (Brown et al., 2006) of central Argentina (31 °28°'W,

63 °38°S to 31 °45°W, 63 °15°S). All individuals used in this study
were adults collected between October and December (2012-
2013).

2.2. Morphology and reproductive condition

For each individual we measured the SVL to the nearest 0.5 cm
with a ruler and body mass (BM) to the nearest 50 g with a balance
(Pesola Macro Line Spring, Switzerland). Sex and reproductive
condition were diagnosed by inspecting gonads using portable
ultrasound scanning (Sonosite 180 Plus, United State of America).
Females were considered reproductive if they had vitellogenic
follicles bigger than 7 mm (Cardozo et al., 2015). We were able to
determine the reproductive condition in 24 of 26 females eval-
uated (11 reproductive and 13 non-reproductive). Males were
considered reproductive if they had presence of sperm in epidi-
dymis Males were used in spermatology study (Blengini et al.,
2014) and samples of seminal fluid were examined under a phase
contrast Nikon eclipse Ti microscope (Nikon Instruments Inc, To-
kyo, Japan). We were able to determine the reproductive condition
in 22 of 24 males evaluated (15 reproductive and 7 non-re-
productive). We were authorized by the government environ-
mental agencies for scientific capture (Resolucién Cérdoba N° 865/
2012).

2.3. Estimation of selected body temperatures

Body temperature preference experiments were conducted two
days after capture. Individuals were kept at stable room tem-
perature (19-21 °C) before trials. Lizards were placed in an open-
top terrarium (200 cm long, 50 cm wide and 50 cm high) with a
layer of sand cover. Thermal gradient was produced by a line of
four infrared lamps overhead (two 250 W and two 150 W), adap-
ted from Tsai and Tu (2005) and Medina et al. (2009), and the
lamps were adjusted to different heights to make a linear sub-
stratum gradient from 21 to 55 °C. Room temperature ranged from
19 to 21 °C. Lizard body temperatures were measured every 1 min
during 4 h, using ultra-thin (1 mm) catheter thermocouples lo-
cated approximately 20 mm inside the cloaca and fastened to the
base of the lizard's tail. We used a digital thermometer (TES 1302
thermometer, TES Electrical Electronic Corp., Taipei, Taiwan,
+ 0.01 °C). The experiments lasted 4 hours because we observed in
previous trials, that during this period, temperature stabilizes for
most individuals of Tupinambis merianae, and because the same
amount of time was used by other big reptiles to reach their
preferred temperature asymptote (Di Cola, 2012). Lizards were
allowed to habituate for 10 min at the beginning of each experi-
ence; therefore, temperature data obtained during this period
were not considered in statistical analysis. The mean and range of
the selected body temperature (Ts) were estimated for each in-
dividual. The set-point range (Tser) Was considered the tempera-
tures within the interquartile range of the observations (Barber
and Crawford, 1977; Firth and Turner, 1982). For analyses we used
the lower and higher margin of that range (Tset min and Tset max»
respectively). To determine the rate at which they attain the pre-
ferred temperature we calculate the heating rate. This parameter
represents the mixture of behavioral and physical aspects because
the lizards are free to move along the gradient. The data were
reviewed to check the amount of time it took lizards to attain the
Tsel. Then we determined that the period of time for analyzing that
parameter would be from minute 10 to minute 40. Therefore, rates
to obtain heat was calculated with the following formula=(Body
temperature °C at the 40th minute - Body temperature °C at the
10th minute)/30. Additionally, we performed trials of two re-
productive females that were subjected to the thermoregulation
experiment during pregnancy (oviductal calcareous eggs) and
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after laying the eggs. Therefore we described variability of these
trials.

2.4. Evaluation of thermoregulatory behavior

Before the trials we established and marked 5 equal zones of
40 cm long each along the gradient. We obtained the average
temperature of each zone by measuring temperature at different
points of each zone with a thermometer. Those average tem-
peratures ranged from zone 1 (the coldest) to zone 5 (the hottest)
in the following order: 1 (21 °C); 2 (31 °C); 3 (35 °C); 4 (41 °C); and
5 (50 °C). We recorded a video to analyze the behavior of in-
dividuals during the trial. A film recorder (Sony Digital HD,
XR260V) located directly above the terrarium recorded the
movements of the lizards across the gradient during each in-
dividual trial. In the obtained videos, the location of the in-
dividuals in relation to the different zones was recorded once per
minute during the whole experience. We recorded the time spent
by lizards in each zone before they moved to another zone.

2.5. Statistical analyses

The mean and range of Tse; and Tse¢ min and Tser max Were esti-
mated using the values obtained for each individual lizard. The
parameters Tse, Tset min aNd Tser max Were compared between sexes
and between reproductive conditions within each sex with an
ANCOVA using SVL as a covariate, and ANOVA when the covariate
was non-significant. Rate to obtain heat was compared between
sexes and between reproductive conditions within sexes using
ANCOVA, with SVL as a covariate. Thermal parameters were re-
gressed on SVL. Amount of time spent in the different zones of the
gradient was compared between sexes and between reproductive
conditions within sexes by estimating frequency distribution,
using a Chi square test. Finally, the average amount of time spent
on the same zone of the gradient before moving to another zone
was compared between males and females and between re-
productive conditions in each sex. All statistical analyses were
done using the software INFOSTAT, 2012 version (Universidad
Nacional de Cérdoba) and SPSS16.0 (SPSS 16.0 Inc., Chicago, IL,
USA).

Table 1

Thermal preferences of males and females of Tupinambis merianae (Tse1 and Teet,
mean and S.D.). SVL as a covariate was non-significant when compared with
ANCOVA.

Males Females F ANOVA P
Tse1 (°C) = S.D. 36.42 + 1.18 36.07 + 1.73 F145=0.67  0.416
Tset min (°C) +S.D. 3592+137 35.02+291 F143=189  0.175
Tset max (°C) £S.D. 3715+ 1.05 37.27 + 144 F145=0.10 0.758
C.V. 3.16 5.09
N 24 26

Table 2

3. Results
3.1. Selected body temperatures

Tupinambis merianae selected their body temperature between
36.24 + 1.49 °C (N=50). The values of T, did not vary between
males and females (Table 1). Values for Tset min and Tse max Were
not different between sexes (Table 1). Temperature parameters did
not differ between reproductive conditions (Table 2) but we ob-
served higher values in the coefficient of variation in reproductive
females compared to non-reproductive females. Table 3.

We did not find a relationship between T,e; and SVL in T. mer-
ianae (Linear regression: Fj4g=2.53; R>=0.05; P=0.118). The re-
lationship between T, and SVL was also not significant within
each sex (Linear regression: Tse; males vs SVL Fy34=2.15; P=0.155;
Linear regression: Ty females vs SVL F;;,=1.78; P=0.196). Re-
gressions between Tse; min and SVL, and between Tset max and SVL
were not significant (Linear regression: Tse¢ min VS. SVL F148=2.70;
P=0.107; Tset max VS- SVL F145=0.80; P=0.375).

Rate to obtain heat in the gradient was different between sexes,
being higher for males (Males=0.28+0.08 A°C/min;
Females=0.23 +0.09 A°C/min; ANCOVA: sex effect term
F137=38.06, P=0.007; covariate SVL term P < 0.001). We observed
a negative relationship between SVL and heating rate in males and
females, (Males: F;50=19.01; P=0.001; R>=0.49; Females:
F116=5.56; P=0.031; R?>=0.26). The slope was similar between
sexes (ANCOVA: interaction effect F,37=13.38; P<0.001). Larger
lizards had lower rates to obtain heat than smaller ones (Fig. 1).

For males, rate to obtain heat was similar between reproductive
conditions (reproductive males=0.28 + 0.07 A°C/min + S.D.; non-
reproductive males= 0.28+0.11 A°C/min+D.E; ANCOVA
F>17=8.99; P=0.686; Covariate P < 0.001; N=20). Conversely, re-
productive females had higher rates to obtain heat than non- re-
productive females, with values of reproductive females being si-
milar to those found in males (reproductive females=0.28 + 0.04
A°C/min + S.D.; non-reproductive females=0.18 +0.03 A°C/
min + S.D.; ANCOVA F,33=10.03; P=0.012; Covariate P=0.039;
N=16).

The thermoregulation experiment was conducted with two
gravid females (presence of calcareous eggs in the oviduct) before
and after laying their eggs. Even though only one female changed
her T, before laying eggs comparing with after lying eggs, we
highlight the difference (for both females) in the stability of the
selection of temperature while gravid, in comparison with the
post-laying selection (Fig. 2).

In both sexes, frequency distribution of the zones used by li-
zards reach the T, was significantly different between re-
productive conditions (Males: Chi Square Test: X*=183.4; d.f.=4;
P<0.001; Females: Chi Square Test: X° =133.15; d.f=4;
P < 0.001). Reproductive individuals achieved higher frequencies
in the cooler and hotter zones (zones 1 and 5, respectively, 60% of
the time), whereas non-reproductive individuals spent more time
in zones 1 and 2 (60% of the time), showing a similar pattern for
both sexes (Fig. 3).

Thermal preferences for different reproductive conditions in males and females of Tupinambis merianae (Tsel and Tset, mean and S.D.).

Males F ANOVA P Females F ANOVA P
Reproductive Non-Reproductive Reproductive Non-Reproductive
Tse1 (°C) = S.D. 36.28 + 1.40 36.81 4 0.62 F120=0.90 0.353 36.51 + 1.69 35.55+1.77 F12,=181 0.192
Tset min (°C) £S.D. 35.75+£1.57 36.49 + 0.67 F120=138 0.254 35.92+1.76 33,97 £ 3.51 Fi122=2.79 0.109
Tset max (°C) £S.D. 37.02 + 1,26 3743 +0,58 F120=0.65 0.428 37.41 £+ 1.40 37.05+1.53 F122=0.36 0.553
C.V. 3.25 2.69 4.23 6.01
N 15 7 11 13
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Table 3
Heating rates in males and females of Tupinambis merianae.

Males Females F ANCOVA P and
covariate (SVL) P

Heating rate 0.28 +0.08 0.23+0.09 F;37,=8.06 0.007

mean (A°C/min) <0.001

+D.E.
Heating rate Q3 0.33 0.27 F147=0.01 0.932

(A°C/min) 0.408
Heating rate Q1 0.23 0.22 F1.47=3,68 0.061

(A°C/min) 0.039
N 22 18

In both sexes, mean lizard body temperature was similar in all
the occupied zones (ANCOVA Males: Fsg;=2.63; P=0.989; Cov-
ariate SVL P<0.001; ANCOVA Females: F5e5=1.75; P=0.908;
Covariate SVL P < 0.001). The time spent in the same zone before
moving to another was similar for both reproductive condition in
males (reproductive males=5.83 + 6.65 minutes + S.D.; non-re-
productive males=4.01 + 1.21 minutes + S.D.; ANOVA F;17=0.36;
P=0.557; N=19) and females (reproductive females=3.16 + 0.93
minutes + S.D.; non-reproductive females=27.29 +57.34 min-
utes + S.D.; ANOVA F;1,=124; P=0.287; N=14).

4. Discussion

Our results show similarity of thermal preferences with respect
to seX, body size and reproductive condition, suggesting that these
lizards have similar thermal requirements for a broad range of
physiological functions. Tupinambis merianae selected body tem-
perature within a narrow range of variation in a laboratory ther-
mal gradient, the preferred temperature being 36.2 + 1.49 °C.
Moreover, there were no differences in thermal preferences (Tse
and Tg.) between sexes, body sizes and reproductive conditions.
The selected body temperature may be a trade-off among several
conflicting thermal priorities (Huey and Slatkin, 1976). Most as-
pects of the behavior and physiology of lizards are sensitive to
body temperature (Huey and Stevenson, 1979; Huey, 1982), influ-
encing the performance of individuals. For example, in males of T.
merianae, aggression and bite performance are crucial because
more aggressive individuals are often better competitors for
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Fig. 2. Thermoregulation experience of two gravid females of Tupinambis merianae,
before (black) and after laying their eggs (grey). Female of 36 cm SVL (above) and
42 cm SVL (below).

limited resources such as mates (Herrel et al., 2009). Large in-
dividuals of T. merianae are more aggressive and have bigger jaw
muscle and a stronger bite than small individuals at the same
temperature (Herrel et al,, 2009; Naretto et al., 2014). However,
Cury de Barros et al. (2010) found more behavioral differences
between small and large males at body temperatures lower than
36 °C (temperature near the T is obtained in this study). Thermal
preferences are usually related to temperatures at which
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Fig. 1. Relationship between SVL and rate to obtain heat (A°C/min) in males (black) and females (grey) of Tupinambis merianae.
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Tupinambis merianae.

physiological performance is also near optimal (Huey and Bennett
1987; Angilletta 2001). Therefore, differences in performance
among individuals could also be minimized at the preferred
temperature.

Although we did not observe differences in the mean Tse, we
observed a tendency to lower variability in reproductive females
than in non-reproductive. We also observed differences in the
thermal experiment of the same female before and after egg lay-
ing, were the parameter (Tse) was more stable in gravid females
than post-posture condition. Although both results are tentative
due to low sample size, these observations suggest the importance
of stability over thermal preference. New questions arise about the
importance in gravid females of T. meriane to maintain less vari-
able temperature than non-gravid as postulated in viviparous re-
productive mode (Shine, 2004a, 2004b; Lourdais et al., 2004;
Crane and Greene, 2008).

The species distribution models showed that temperature
shapes the ecological niche of Tupinambis meriane (Lanfri et al.,
2013). Similar sized Tupinambis nigropunctatus showed similar
thermal preferences (Bennett and John-Alder, 1984), even though
this species has a more tropical distribution than our study spe-
cies. A comparative study of performance among populations of
species with large distributions such as T. merianae, which inhabits
different latitudes and biogeographic regions, would contribute to
the understanding of the relationship between thermal preference
and environment. Similar thermal preferences were also found in
similar-sized lizards, such as Varanus species in subtropical areas
of Australia (Christian and Weavers, 1996). Curiously, smaller li-
zards inhabiting a completely different habitat, such as the Puna
region or the Patagonia region, highland areas, showed similar

values of Tse (Moreno Azocar et al., 2013; Valdecantos et al., 2013).
Whereas the cost for maintaining body temperature would be very
variable in different species, the preferred temperature of T. mer-
ianae is a usual temperature found in many in lizards. This in-
formation denotes the importance of comparative interspecific
studies to evaluate the influence of the evolutionary history, body
size and environments on thermal preferences and thermo-
regulation behaviors (Moreno Azécar et al.,, 2013).

Rate to obtain heat of T. merianae lizards is negatively related to
body size in both sexes and in both reproductive conditions. Larger
lizards took longer to obtain the selected body temperature, which is
in agreement with the physics of thermal biology, because larger
individuals have less relative available surface than smaller ones and
more body mass to heat (Vitt and Caldwell, 2009; Cruz et al., 2011;
Maia-Carneiro and Duarte Rocha, 2013). On the other hand, re-
productive females presented higher a rate to attain preferred tem-
perature than non-reproductive females. Physiological thermal re-
quirements of reproductive condition affect offspring fitness (Martin
and Huey, 2008); hence, reproductive females could require reaching
Tset @s soon as possible to optimize gonadal development. These
differences in rates to attain the preferred temperature affect basking
behavior in the sense that individuals with lower rates will have to
start basking earlier, for longer periods, or both (Seebacher and
Shine, 2004). Differences in the mode of heating may have ecological
implications, such as greater exposure or less time for activities.
Moreover, the differences in heating rate is correlated with differ-
ences in thermal inertia in the sense that, by the physical properties
of heat dissipation, larger objects will retain heat for longer than
smaller objects (Garrick, 2008). Hence, larger individuals might
maintain values close to T for longer periods. This would allow
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them to spend more time after basking without heat exposure,
which could in turn improve performance in activities such as
competition for mating, making these lizards excellent thermo-
regulators. If smaller males may offset the competition ability by
reaching selected temperature faster, interaction between body size
and strategies of thermoregulation could impose differences in daily
activity and competition.

Lizards are subject to ecologic restrictions that affect thermo-
regulation constantly, such as climatic factors that affect re-
productive cycles in seasonal species (Fitzgerald et al., 1993) and
the structural characteristics of the environment (Crane and
Greene, 2008), which is heterogeneous for T. merianae in our study
area (Cardozo et al, 2012). Moreover, different sizes and re-
productive conditions impose different restrictions on lizards to
obtain the same preferred temperature in the field. Therefore, if
lizards with different constraints need to reach the same tem-
perature, they may appeal to different thermoregulation strategies
in the field (different basking times, differential microsite selection
and different basking behavior). Whereas knowledge of T is
useful for understanding thermoregulation, extrapolating the data
from laboratory measurements to an environmental context is
difficult. Further investigation is required, involving body and
operative temperatures in the field, in order to determine accu-
racy, precision and effectiveness in thermoregulation of males and
females of different reproduction conditions. In this work we have
made an approach to thermoregulation behavior. Regarding time
spent in each zone of the thermal gradient, histograms showed a
similar tendency among reproductive individuals of both sexes to
spend most of the time alternating between the ends of the gra-
dient (the coldest and the hottest). We highlight that this shifting
from one spot of thermal offer to another during the experiment
instead of lizards staying in a heat source close to Tse, suggests
that there might be a more active thermoregulatory behavior in
reproductive T. merianae. Finally, the comparison of time spent in a
zone of the gradient before moving to another showed a tendency
of a more dynamic behavior in males and reproductive females
than in non-reproductive females. The amount of movement is
related to body size and physiology, site choice, and the thermal
characteristics of the zone or environment (Bowker, 1984). This
reinforces the previous observation that, even though they share
Tsel, the way they achieve it is different.

Thermoregulation is a complex process that involves many
variables and is in turn affected by many factors, both internal and
external. This fact proposes new challenges in the study of me-
chanisms used by lizards to obtain and retain body heat. This
study found that intrinsic factors such as sex, body size and re-
productive condition do not influence thermal preference in this
species, but may play a role in lizard behavior to acquire the
preferred temperature.
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