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A B S T R A C T

Studies on ectothermic vertebrates generally lead to average indicators of thermal preferences measured in the
laboratory, which do not say about responses to natural environmental change and may not inform about in-
dividual variation and its triggering mechanisms. We studied whether and how changes in costs of thermo-
regulation influence the preferred temperature (Tp) of individual lizards and their energetic investment in
thermoregulation by exposing specimens to three treatments of increasing costs, recording body temperature
(Tb) and distance walked (energetic investment). Moderate costs induced an investment trade-off between en-
ergy-investment in thermoregulation and Tb, and highlighted individual variation that decreased with higher
costs. Lower average Tp’s were observed in the high costs trials as a result of the decreased values of the lower
and upper voluntary Tb's. As costs increased, lizards walked a shorter overall distance and accepted lower Tb’s,
but lizards still engaged in costly thermoregulation. Individual variation resulted in two main thermoregulatory
patterns that in certain ecological contexts may have an important role in decision-making and adjusting to
temperatures that are far from optimal temperatures for performance and physiological processes.

1. Introduction

The thermal ecology of ectothermic tetrapods emerged as a dis-
cipline with the remarkable discovery that several reptile taxa could use
behaviour to maintain body temperature (Tb) within narrower ranges
than those of air temperature (Ta; Cowles and Bogert, 1944). Further
theoretical progress led to the expectation that, during activity, field
Tb’s should fit the range of temperatures optimizing behavioural and
physiological performance (To; Dawson, 1975; Huey and Slatkin, 1976).
A later and more general proposition was that, among taxa that ther-
moregulate behaviourally, co-adaptation should exist among the var-
ious traits of ecological significance in thermal biology (Huey and
Bennett, 1987; Garland et al., 1991; Angilletta et al., 2006), including
those related to thermoregulatory behaviour. The ecological sig-
nificance, repeatability, and variation of thermal preferences under
laboratory conditions may differ among lineages, yet such preferences
have been demonstrated in numerous studies with various fish species
(Beitinger et al., 1975; Williams and Brauer, 1987), amphibians com-
prising both anurans (Lillywhite, 1971; Bradford, 1984; Freidenburg
and Skelly, 2004) and salamanders (Feder, 1982), crocodiles (Johnson
et al., 1976), amphisbaena (López et al., 2002), and squamates. Among
the last mentioned, comparatively fewer examples exist on snakes

(Blouin-Demers et al., 2000; Lelièvre et al., 2011) and many exist
among lizards (Huey, 1982; Angilletta, 2009; Qu et al., 2011). For some
small heliothermic lizards, the evolutionary and ecological significance
of preferred body temperature (Tp) is well established. Under no eco-
logical restrictions, such lineages are expected to display a strong
thermoregulatory drive in the field, and a Tp matching typical activity
Tb and To (Angilletta et al., 2006).

Because Tb's are usually measured under experimental conditions,
recent studies have delved into the extent, scope and conditions under
which thermal preferences measured in the laboratory become realized
in the field (Sears and Angilletta, 2015; Sears et al., 2016; Camacho and
Rusch, 2018), as to better understand the significance of thermal pre-
ferences as a component of thermal co-adaptation in heliothermic li-
zards (Vanberkum et al., 1986; Van Damme et al., 1990; Bauwens et al.,
1995). Whereas laboratory studies show that short-time thermal pre-
ferences may be population-specific and repeatable, and possibly at-
tributable to natural selection (Gilbert and Miles, 2017), preferred body
temperatures may also vary within days among individuals within a
population, and may display low repeatability (Clusella Trullas et al.,
2007). Thus, the role of natural selection on thermal preferences ap-
parently varies among lineages, and not necessarily the values ex-
pressed under certain laboratory conditions reflect dominant
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behavioural drives in the field. Given the patterns reported, extreme
care is needed before generalizing about the evolutionary role of pre-
ferred temperatures as normally measured. Understanding both the
sources of variation in thermal preferences and the nature of such
variation seems an essential demand of the field.

Several sources of variation in the thermal preferences in squamates
have been identified. Thermal preferences are prone to physiologically
adjustment (Seebacher, 2009) and may change with season (Christian
and Bedford, 1995; Truter et al., 2014; Baez and Cortes, 1990), oxygen
availability (Cadena and Tattersall, 2009a), health (Kluger et al., 1975)
or exercise status (Wagner and Gleeson, 1997), feeding condition (Wall
and Shine, 2008; Schuler et al., 2011), thermal history (acclimation;
Corn, 1971), and quality of the thermal environment (Row and Blouin-
Demers, 2006). Indeed, from a neurotheological viewpoint the quality
of the thermal environment matters, for individual lizards may respond
to integrated field information (Heath, 1970). This premise gained early
empirical field support derived from population trends seemingly based
on individual decisions. Early examples include the observation that
Anolis oculatus is both eurytopic and eurythermic, and that their Tb
differ among populations and according to weather (Ruibal and
Philibosian, 1970); and that A. sagrei exhibit lower field temperatures in
environments considered more costly for thermoregulation (Lee, 1980).
Likewise, habitat quality, possibly in terms of food availability or pre-
dation, influences the Tb of conspecific lizards (Psammodromus algirus)
across environmental gradients (Diaz, 1997).

The notion that field differences in thermal ecology reflect in-
dividual thermoregulatory decisions is supported by experimental and
mechanistic approaches. Several cases of lizard thermoregulation fit
what was termed as the coupled on-off model (Heath, 1970; Cadena and
Tattersall, 2009b) under which two voluntary temperatures, lower (Tsl)
and upper (Tsh) escape temperatures, signal the voluntary extremes of a
thermoregulation range. This model received empirical backing with
the findings that, in Dipsosaurus dorsalis, the statistically compared
variance (by level of confidence) in Tsl is higher than in Tsh, and that
these two extremes act as interacting, yet independent systems (Berk
and Heath, 1975). For example, lizards exposed to enhanced costs of
thermoregulation (progressively shorter heating time after a minimum
displacement of 1m), display lower Tp paralleled by decreased preci-
sion of thermoregulation, with dramatic effects in experiments per-
formed at low environmental temperatures (Withers and Campbell,
1985). Contrasts between field and laboratory behaviour lend further
support to this view, for example in the lizard Elgaria multicarinata, who
thermoregulates precisely under controlled conditions but may display
eurythermy in the field (Kingsbury, 1993). Additionally, experimental
manipulation of the thermal environment can induce thermoregulation
or thermoconformity in some lizard species, including Zootoca vivipara
(Herczeg et al., 2006), not only when facing changes in the thermal
environment, but also under conditions reproducing predation risk
(Herczeg et al., 2008). These findings generally suggest enhanced be-
havioural thermoregulation in cost-benefit favourable environments
(Huey and Slatkin, 1976). Furthermore, the accuracy of thermo-
regulation may also be determined by the thermal environment, which
generally varies along the distribution range of a species (Sears and
Angilletta, 2015; Sears et al., 2016). However, the experimental study
of individual lizard thermoregulation has received comparatively less
attention in the context of individual variation and responses.

A few experimental studies have already demonstrated that loco-
motory costs, a proxy for energy cost, influence the thermoregulatory
behaviour of lizards in laboratory settings. Experimental changes in the
thermal environment causes lizards to escape from thermal extremes
more or less often, according to conditions (Campbell, 1985; Withers
and Campbell, 1985; Cadena and Tattersall, 2009b). These studies
prove that extreme temperature conditions impact thermoregulation,
yet they lack details on individual variation on thermoregulatory be-
haviour. Such details are needed for a full understanding of lizard
thermoregulation, and as a link between natural selection on

thermoregulation leading to broad evolutionary trends. Given this
scenario, we investigated whether and how changes in the cost of
thermoregulation influence the Tp of individual lizards, and their en-
ergetic investment in thermoregulation under various treatments. We
manipulated cost of thermoregulation in a system inspired in the
shuttle-box approach, which offered access to intermittent sources of
heat to the experimental animals. By changing the timing, the minimum
distance a lizard had to move for effective thermoregulation could be
manipulated between low and moderate costs (the latter requiring more
movement in the oval to access heat sources). In an additional experi-
ment, we enhanced cost further by increasing the drag of locomotion.
Therefore, in the context of our design, distance moved becomes a
quantifiable indicator of energetic investment in thermoregulation. As a
study animal we selected the heliothermic lizard Tropidurus torquatus
(Squamata, Tropiduridae), a lizard known to thermoregulate under
both laboratory (Ribeiro et al., 2008; Piantoni, 2015) and field condi-
tions (Kohlsdorf and Navas, 2006; Arruda et al., 2008; Piantoni, 2015;
Piantoni et al., 2016). In addition, their thermoregulation behaviour is
resilient to minor experimental manipulations: when granted access to
energy sources, specimens show a similar Tb to the Tp registered in the
laboratory, and their Tp in thermal gradients surpass 34 °C in all studies
to date (for example Kohlsdorf and Navas, 2006; Ribeiro et al., 2008).

Because T. torquatus display precise thermoregulation under sunny
conditions and laboratory conditions (see citations in previous para-
graph), we anticipated that enhanced cost of thermoregulation would
elicit precise, yet more costly thermoregulation (same Tp and increased
distances). Although this hypothesis was supported by the theory and
field observations presented in this Introduction, alternative responses
could emerge, particularly at very high costs of thermoregulation. For
example, even in the context of unknown aspects of thermoregulatory
drive and individual variation in this species (and in small heliothermic
lizard in general), we anticipated that thermoregulatory effort would
decreased if the costs associated with thermoregulation became too
high. However, we could neither determine an a priori threshold, nor
could we know whether or not such a threshold would be attained in
the planned experiment.

2. Materials and methods

2.1. Natural history and care of study animals

Tropidurus torquatus is a common lizard that inhabits in different
types of environments across Brazil, Argentina and Uruguay (de
Carvalho et al., 2013). They feed on invertebrates and plant material,
and exhibit sexual dimorphism so that adult males are larger than fe-
males (Pinto et al., 2005). We must emphasize that the name T. tor-
quatus applies to several populations widely distributed in South
America, and comprehensive ongoing phylogenetic studies suggest that
it represents a species complex embracing several independent lineages.
Thus, we herein take refuge under the name T. torquatus for the po-
pulations approached in our work, identified with the aid of experts;
nonetheless, future studies may provide arguments in order to revise
our nomenclatural decision. For this study six individuals (five females
and one male) were captured in Piracicaba, SP, Brazil (22°43′30″ S,
47°38′56″ W, April 2011) and 13 (eight females and five males) in
Arinos, MG, Brazil (15°55′01″ S, 46°06′21″ W, March 2012). All in-
dividuals were maintained in plastic boxes (60–70 l, 66× 40 x 33 cm)
fit as terraria and placed at the Ectothermic Animals Facility at the
Biosciences Institute, University of São Paulo. Each terrarium had
vermiculite as substrate and bricks as shelters, and housed four to five
lizards with ad libitum sources of water and food (cockroaches and
crickets). To facilitate thermoregulation, terraria were also fit with both
a UV lamp and a 100W incandescent spotlight placed at 25–30 cm
above substrate level. The room photoperiod was set on from 8:00 h to
18:00 h and the room temperature was not controlled varying between
20 and 30 °C. The experiments were run between February 2nd, 2012
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and July 19th, 2012. Posterior to the experiments the specimens were
required for alternative studies, after which they will be donated to the
Museum of Zoology of the Universidade de São Paulo (MZUSP) after the
systematic status is once defined.

2.2. Experimental cost of thermoregulation

Our procedure included one experimental situation aimed the sole
analysis of behaviour in the absence of thermal gradients (e.g., without
sources for thermoregulating) and three treatments that were applied to
all tested lizards in a custom designed transparent oval track
(120 X 80 cm) with a sandy substrate. The entire set-up was placed in a
walk-in thermal chamber permanently set at 20 °C ± 1 °C. The track
had two 150W incandescent lamps positioned at 25 cm above the track
floor at opposite sides of the oval (Fig. 1). These lamps, when perma-
nently on, generated a temperature gradient ranging from 40 °C (sub-
strate under the lamps) to 20 °C (farthest point from the lamps within
the track). This set-up, together with further manipulations, allowed for
four experimental treatments differing in cost of thermoregulation:

Treatment 1: Minimum experimental cost of thermoregulation (L):
Both spotlights were permanently on, so that lizards had access to a
stable gradient between 20 °C and 40 °C. This treatment mimics typical
conditions offered to lizards in thermal gradients where the cost of
thermoregulation is minimal.

Treatment 2: Moderate cost of thermoregulation (M): Spotlights
alternate between on and off, every 20min, and never simultaneously.
According to preliminary tests, the 20min lapse allowed episodic rising
of Tb. However, maintaining elevated Tb required periodic movement
through the oval track.

Treatment 3: High cost of thermoregulation (H): Same M protocol
applied, but an additional weight was attached with an adhesive stripe
to the abdomen of the lizard by a 5 cm cut of thread. The extra mass
consisted of a piece of dry epoxy weighing as much as each lizard. For
this, lizards were weighted two days before the first treatment using a
Pesola spring scales of 10 and 100 (± 0.5) g. Body mass was con-
tinuously measured during the five months of experiments. This load
and design were chosen after diverse preliminary tests because lizards
so treated displayed seemingly normal behaviour despite clear increase
in the cost of locomotion. Under treatments L, M and NT (see below)
lizards were also fit with a 5 cm thread tied to the abdomen (as an
additional control to guarantee that observations under the H treatment
were explained only by the extra mass added).

Treatment 4: No thermoregulation (NT): No spotlights were on and
lizard Tb was 20–26 °C. Thermoregulation at such low temperature was
not possible but Tb did not impair activity nor alter locomotion of the
individuals during the trials.

We opted to replicate each treatment for any given individual, as to

reduce the impact of technical problems, changes in lizard condition or
obviously abnormal behaviours (none of which turned out to be ob-
served), and to evaluate possible impact of a previous experiment in the
system. For this, we compared the highest and lowest values of Tb of
both replicates for each treatment. Given this design, a full experi-
mental cycle for each individual lizard consisted of eight tests, two for
each treatment listed above. However, the final analyses included only
the data from the replica generating the highest mean Tb for an in-
dividual under a given treatment. All tests started with lizards placed at
a marked point in the track, at the midpoint between spotlights (coldest
part of the track). A previous study with T. torquatus demonstrated that
this species remains active and bold since the start of the trials and that
after a few hours the animals would become more inactive, particularly
after reaching a suitable Tb (Piantoni, 2015; Piantoni et al., 2016).
Therefore, in order to obtain more accurate results, the duration of the
trials was set to last100min, and the order of treatments was rando-
mized for each individual. Lizards were tested only once a day, and
never two days in a row.

2.3. Thermal preferences

All experiments were performed from 8:00 h and 18:00 h which
corresponds to the activity hours of the lizards in the field (Piantoni,
2015). The Tb was recorded every minute using an ultra-thin catheter
thermocouple (1 mm, Omega Engineering Inc., Product code: 5SC-TT-T-
40-72) inserted into the cloaca of the experimental lizards. Previous
experience with this method, and preliminary tests on the specific set-
up here described, confirmed that such thin wire did not cause any
perceivable alteration of behaviour during the experimental period.

The Tp was calculated as the mean of the Tb values for each in-
dividual lizard/treatment. Additionally, Tsl and Tsh were defined as the
lower and higher “escape” Tb values registered for each individual li-
zard within a given treatment. The temperature of NT lizards did vary
from a maximum (pre-experimental room temperature ˜26 °C) to a
minimum (experimental chamber temperature ˜20 °C), and this varia-
tion was unavoidable by behavioural responses. Therefore, these Tb
bear no relationship with Tsl and Tsh, and are referred to as maximum
(Tb max) and minimum (Tb min), a nomenclature used only for the NT
treatment.

2.4. Locomotion

To quantify locomotion under the diverse treatments we used an
observational approach under which an observer recorded the distance
of shuttling in individual lizards every time the animal moved. For
these records, any possible care was taken not to influence animal be-
haviour, including a location where the observer would be barely
perceptible to test animals. A folding ruler with large numbers was
fixed around the track and aided in the estimation of distances moved.
Although formally we measured distance over time, we report only
distances given that all observation periods were of the same duration.

2.5. Statistical analyses

We used multivariate generalized linear mixed effects models in R
statistical environment (R Development Core Team, 2011) to analyse
the variation of Tp, Tsl and Tsh and walked distances across treatments
and using as fixed predictors the order in which the treatment took
place, the sex, and site where the lizards was collected with “LizardID”
as a random intercept. To analyze differences of Tp, Tsl, Tsh and walked
distance across treatments we calculated the lower and upper values for
the confident intervals using the emmeans package in R as post-hoc test.
We further explored inter-individual variation in thermoregulatory re-
sponses for Tp, Tsl e Tsh via a cluster analysis using the hierarchic
clustering algorithm in Excel (cluster add-in). For the graphical models,
the best-fit curves for the data were chosen based on the number of

Fig. 1. Sketch of the oval track used to perform the experiments. The tem-
perature varies from 40 °C (under the 150W lamps) to 20 °C (farthest from the
lamps). This particular drawing represents the state with both lamps on; when
only one of the lamps was on, the opposite side of the track was at 20 °C. Lizards
were always placed at the mid-distance between lamps.

L. Leirião, et al. Behavioural Processes 164 (2019) 17–24

19



parameters and AIC values of all possible curves obtained with the
software TableCurve.

3. Results

3.1. Body temperature and cost of thermoregulation

Only cost of thermoregulation had a significant effect on lizards
(Table 1). Neither the order in which the treatments were performed,
the sex or the site of the lizards were significant predictors for Tb and
distance (Table 1). A predominant response of T. torquatus was to re-
duce Tb Tsl and Tsh, and walked distance with enhanced cost of ther-
moregulation (Fig. 2; Tables 1 and 2) but significant differences existed
only when comparing the values between the treatments L and H, in-
cluding overall range and quartile distribution of Tp (Q3-Q1; L: 4.2 °C,
M: 7.1 °C, H: 5.2 °C; Fig. 2; Tables 1 and 2). In contrast, all three vari-
ables were similar when comparing treatments M and H (Fig. 2; Tables
1 and 2).

3.2. Graphical models

Only for heuristic purposes, we built graphic models presenting
alternative scenarios of thermoregulatory behaviour that could emerge

Table 1
Type III Analysis of Variance table with Satterthwaite's method for the variation of Tp, Tsl, Tsh and walked distances of lizards across the treatments with low (L),
moderate (M), high (H) and no thermoregulation (NT) cost.

Variables Sum Sq Mean Sq NumDF DenDF F value Pr (> F)

Tp order 0.02 2.21 1 129 0.0029 0.9570
sex 0.42 0.1 1 16 0.0531 0.8208
site 2.74 40.19 1 16 0.3430 0.5663
treatment 1890.34 630.11 3 129 78.7608 < 2e-16

Tsl order 0.44 0.435 1 129 0.1415 0.7074
sex 0.02 0.02 1 16 0.0066 0.9364
site 0.73 0.732 1 16 0.2379 0.6324
treatment 401.06 133.688 3 129 43.4579 < 2e-16

Tsh order 2.21 2.21 1 129 0.1395 0.7094
sex 0.1 0.1 1 16 0.0065 0.9367
site 40.19 40.19 1 16 2.5365 0.1308
treatment 1925.71 641.9 3 129 40.5094 < 2e-16

Walked distance order 364273 364273 1 53.868 1.1382 0.2907
sex 97408 97408 1 15.988 0.3044 0.5888
site 183907 183907 1 16.007 0.5746 0.4594
treatment 7274874 2424958 3 53.067 7.577 < 2e-16

Fig. 2. Box-plot of the variation of the mean (Tp), lower (Tsl) and higher (Tsh) escape temperatures (°C) across the treatment where no thermoregulation is needed
(NT) and where cost is low (L), moderate (M) and high (H).

Table 2
Values for the preferred (Tp), the lowest (Tsl) and highest (Tsh) body tempera-
ture (°C) and moved distances (cm) for overall specimens exposed to the control
(NT), low (L), moderate (M), and high (H) costs of thermoregulation treat-
ments. Thermal data are expressed as means ± SD and lower and upper CL
whereas distance data is expressed as median (interquartile range).

Variables Treatments Mean ± SD / Mean (range) lower CL upper CL

Tp NT 21 ± 0.6 19.4 28.4
L 32.7 ± 3.7 29.8 32.9
M 29.7 ± 4 26.7 29.8
H 28.1 ± 3.3 25.3 28.4

Tsl NT 19.6 ± 0.5 18.7 20.7
L 25.3 ± 2.8 23.5 25.4
M 23.6 ± 2.8 22 24
H 23 ± 2.2 21.5 23.5

Tsh NT 26.8 ± 2.2 25.4 28.5
L 38.1 ± 3.3 35.5 38.5
M 36.7 ± 3.9 33.8 36.9
H 35.4 ± 3.8 32 35.1

Distance NT 315 (0-1330) 35.4 755
L 525 (0-4095) 664 1372
M 595 (140-3500) 596.3 1332
H 210 (70-980) −100.8 613
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in an experimental system such as ours (Fig. 2A–D). Fig. 2 represents
the actual data relating thermoregulation variables to and distance
moved at the three costs of thermoregulation high (H), moderate (M)
and low (L), and reflects the graphical model in 2B: At L all individuals
maintained Tp around a mean (˜33 °C, Fig. 2E). At M diverse responses
occurred given individual variation in thermoregulating behaviour.
Some individuals moved long distances to enhance thermoregulation,
thus approaching a Tb higher than 30 °C with only a slight reduction in
Tp (highest values ˜30 °C) relative to L. In a continuum of responses,
other individuals remained stationary or moved over short distances,
thus displayed Tb well below L Tp’s. At the highest cost of thermo-
regulation (H) the overall range of distances moved decreased sharply,
and consequently, Tb varied among individuals according to lizard
position in the track. However, some individuals did move over slightly
longer distances than others, which granted them comparatively higher

Tb within the H treatment. Particularly at M and H, the overall ranges of
Tsl, Tp and Tsh (i.e., ranges between the minimum and maximum va-
lues), and the mean Tp values decreased as lizards walked over shorter
distances (Table 1) (Fig. 3).

3.3. Impact of cost of thermoregulation on voluntary thermal extremes

Voluntary thermal extremes varied independently among treat-
ments. The observed decrease in Tp under H and M (relative to L) was
mainly due to the reduced Tsl (Table 1). Under L, all lizards maintain Tsl
and Tsh closely around the general mean, independently of the distances
moved by lizards (Fig. 2E–G). Under M, lizards approached the Tsh
reached under L (Fig. 2G), but the individuals that relaxed thermo-
regulation displayed lower Tsh and moved less, as most individuals
under H. Therefore, although the maximum Tsh was similar under the

Fig. 3. (A–D) Graphical models exploring pos-
sible scenarios of response to cost of thermo-
regulation (H=high, M=moderate and
L= low) in the system used. These models are
used for heuristic purposes and have no theo-
retical pretention. Scenario 1A: consistent be-
haviour among individuals. At L lizards move
less and maintain typical Tp, whereas at M li-
zards also attain Tp, but at a cost in movement.
At H movement is reduced with a toll on Tp.
Scenario 1B: Enhanced variation among in-
dividuals. Thermoregulation under L remains
the same but under M lizards vary the response
across a continuum. H lizards tend to abandon
thermoregulation. Scenario1C: Weak thermo-
regulatory responses. Only at L thermoregula-
tion is preserved, but lizards tend not to ther-
moregulate actively at either M or H. Scenario
1D: Moderate thermoregulatory response in all
individuals. Similar to 1B, but all lizards under
M attain typical Tp enhancing distance moved.
Figs. 2(E–H): Observed variation of the mean
(Tp, A), lower (Tsl, B) and higher (Tsh, C) se-
lected temperatures and range between the
lower and higher selected temperature (Tsl and
Tsh; D) as a function of distance moved (m)
under L, M and H conditions.
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three treatments, within-treatment variation in Tsh was particularly
high at L, and to a lower extent, at M (Fig. 2G). Thermoregulating li-
zards under M treatment moved more and maintained higher Tsl that
those that did not thermoregulate, which moved less and displayed low
Tsl (Fig. 2F). At high cost of thermoregulation lizards maintained Tsl’s
near the lowest range of the M treatment, yet with a tendency to further
decrease Tsl even in lizards that moved within the treatment (see
Fig. 2F). In other words, overall, when costs were high lizards moved
more and reached elevated Tsh, but their Tb dropped significantly when
experiencing the thermoregulation extremes challenge. This trend was
conspicuous when analyzing the total range of Tb under experimental
conditions (Fig. 2H): L and most M lizards varied Tb (Tsh-Tsl) by some
13 °C, whereas few M and more H lizards presented ranges of Tb above
17 °C. The observed increase in range was due mainly to a reduction in
Tsl.

3.4. Movement in the absence of thermal gradients

Lizards in the “no thermoregulation” (NT) treatment shuttled
comparatively shorter distances than thermoregulating lizards
(Table 2).

3.5. Individual variation in responses to enhanced cost of thermoregulation

Our cluster analyses did not define any fix number of clusters, so
that the split of lizards into two a posteriori groups based on thermo-
regulatory traits was itself a finding. The hierarchical algorithm used by
the cluster analysis estimated the degree of separation among the li-
zards (considering the individual Tsl, Tp and Tsh for each treatment)
creating a dendogram (Figure S1). Based on the overall traits observed,
we named these groups "Relaxed Thermoregulators” (RT, n = 8) and
“Precise Thermoregulators” (PT, n = 11). Both groups included lizards
from Arinos and Piracicaba as well as females and males. With the
exception of Tsh under the L treatment, all main thermal variables Tsl,
Tp and Tsh differed between these two groups (Fig. 1E). RT thermo-
regulated with high variance in Tp, reached high Tb only at the lowest
thermoregulation cost, displayed very low Tsl, and dropped Tsh sub-
stantially at higher thermoregulation costs (Table 3). In contrast, PT
grouped individuals that thermoregulated with high precision, reached
high Tb at any thermoregulation cost, and responded to enhanced cost
of thermoregulation with a small and symmetrical drop in both Tsl and
Tsh (Table 3). RT and ST lizards also differed in distances moved, with
RT lizards moving over longer distances at all treatments (Table 3).

4. Discussion

Huey and Slatkin (1976) suggested that costs and benefits de-
termine optimal thermoregulatory behaviour in lizards and that this
trade-off generates predictions applicable at various levels of biological
organization. These predictions can be tested experimentally. For ex-
ample, prediction II breads “Depending on the shape and the position of the
composite functions, the optimal amount of thermoregulation can increase,
decrease, or switch abruptly along a gradient of ambient temperatures”. Our
data matter for they support this prediction and add a notion of intra-
and inter-individual variation in responses. So, the “optimal amount of
thermoregulation” varies with cost and thermal environments, but may
vary also among individuals within a population. Our laboratory ex-
periments show unequivocally that lizards in the same population may
take different thermoregulatory decisions under similar circumstances,
and that this individual variation is not linked to sex, size or locality of
origin. A strong thermoregulatory drive, evident by the longest dis-
tances travelled by individual lizards, was evident only at moderate
costs of locomotion. At highest costs, some individuals do not make
thermoregulation a priority, and reduce movement at the cost of body
temperature. This strongly suggests that, even for small heliothermic
lizards, the individual drive to thermoregulate is heavily influenced by

cost of thermoregulation. We acknowledge that multiple and non-ex-
clusive neurophysiological mechanisms may be involved. For example,
one reviewer of this paper has posed that differential learning about the
system may enhance individual differences in thermoregulatory re-
sponses. We cannot formally discard this or other possible factors, but
hypothesize that the dominant basis underlying this pattern root from
intrinsic neurophysiological differences among individuals. We propose
that when thermoregulatory conditions are challenging, neural phy-
siology, expressed as behaviour in the context of environmental per-
ception and decision-making, may generate a type of thermoregulation
that, even if active and unambiguous, may convey Tp’s lower than those
regarded as optimal (usually those obtained at low cost of thermo-
regulation). We shall discuss, then, how this modified Tp’s are attained.

The problem of how lizard thermoregulation adjusts to environ-
mental factors was first analysed from the perspective of precision of
thermoregulation (DeWitt, 1967). DeWitt exposed Dipsosaurus dorsalis
to a concentric thermal gradient and noticed individual variation with
“low and high extremes of thermoregulatory precision”, with consistency
among individuals. A crucial aspect of DeWitt’s data is that the Tb
distribution was skewed, so that low Tb displayed a wider range and,
importantly, occurred at various times of the day. So, DeWitt’s data
compares to ours in that the voluntary minimum temperatures are more
variable than the maxima counterparts. This may be a general pattern
for thermoregulating lizards, according to a later compilation (DeWitt
and Friedman, 1979). On this matter, and based on studies in the same
species (D. dorsalis), Withers and Campbell (1985) investigated Tp in
relationship with the metabolic cost of thermoregulation and proved
that lizard shuttling relates negatively with precision of thermo-
regulation. Similarly, as the costs of thermoregulation increase, T. tor-
quatus allows for lower body temperatures before seeking energy
sources, and the modified thermoregulatory pattern is based chiefly on
longer and deeper thermal drops. Wither and Campbell (1985) describe
somewhat consistent drops in lower and upper Tp's, whereas in T. tor-
quatus the temperature triggering heat-seeking behaviour ("Tbask",
analogous to the “minimum voluntary temperature” - herein Tsl - de-
scribed by Cowles and Bogert, 1944) seems comparatively more flex-
ible. Additionally, Cadena and Tattersall (2009b) reporting on bearded
dragons Pogona vitticeps showed that high shuttling environments lead
to lower Tp and lowered Tsl and Tsh, with stronger effects on Tsl. Care is
needed comparing studies because of methodological differences, and
because seemingly minor details may modify lizard thermoregulatory
responses in experimental settings. However, a common denominator
of these papers is higher variability on the low range of thermo-
regulating temperatures and a decrease in the minimum temperature
achieved.

We recognise that laboratory results require careful considerations
before a conceptual expansion to field conditions, but identify two
contexts in which our data may help to understand field observations.
First, the findings here reported are compatible with the idea that
disparity in the thermal environment may lead to differences among
populations in thermoregulatory behaviour. Such differences among
populations do exist and may be partially explained by individual re-
sponses. For example, in Tropidurus (Piantoni et al., 2016), some po-
pulations show a higher efficiency of thermoregulation in open and
heterogeneous sites preliminarily judged as less costly for thermo-
regulation relative to forests and other thermally homogeneous en-
vironments. An analogue notion applies to temporal variation in ther-
moregulatory responses within a population such as seasonality (see
references in Huey, 1982, p.38). For example, the major source of
variation in panting threshold in the agamid lizard Amphibolurus mur-
icatus is day-to-day change within individuals (Heatwole et al., 1973).
Further studies found that individuals of this species also have a higher
voluntary maximum temperature in spring and summer than in autumn
(Heatwole and Firth, 1982), and that the Tp of the cordylid Ouroborus
cataphractus varies between 26.8 °C and 32.6 °C across seasons (Truter
et al., 2014). Furthermore, during the Kalahari winter more individual
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lizards of this species perch under the sun, and do so during longer
periods of time (Huey and Pianka, 1977). The mechanisms responsible
for such variation may involve cyclic shifts in decision-making, but also
day-to-day adjustment in the Tp of lizards. The latter response would be
related to what is reported in this study.

For what has been exposed, a key element of lizard thermoregula-
tion is the minimum voluntary temperature (Cowles and Bogert, 1944),
Tbask, which must have some independence from its maximum coun-
terpart. If we conceive thermoregulation as based on a neurophysiolo-
gical control system, and such a system generates distributions of upper
and lower volunteer limits that are skewed; then the system cannot
have basis on a single and proportional set-point structure (Barber and
Crawford, 1977). Then, the data here presented are compatible with a
lizard thermoregulatory system that, on its neurophysiological basis,
requires either a non-linear control mechanism (DeWitt and Friedman,
1979) or two independent controllers respectively associated to
minimum (Tsl) and maximum (Tsh) voluntary temperatures, with a non-
thermoregulatory zone in the middle (Heath, 1970). More specifically,
our data offer strong empirical support to the two fully independent
systems view, because both symmetrical and skewed thermoregulatory
shifts were induced by increased cost of thermoregulation.

Finally, our study was not originally designed to tell apart intra- and
inter-individual variation, although certainly, both contribute to ex-
plain the findings here reported. The patterns found are compatible
with the notion of stochastic elements in lizard thermoregulation. The
addition of stochastic elements to a dual set point system would allow
for both thermoregulatory and non-thermoregulatory phases, even-
tually favouring alternative activities in a single population (Barber and
Crawford, 1977).

5. Conclusions

When thermoregulation is hindered (i.e., as the distance from heat
resources increase) lizards may accept lower temperatures or en-
deavour to keep themselves warm, but responses may vary among in-
dividuals. When the latter response occurs, thermoregulation may be-
come less precise and more energetic. Alternatively, lizards may cover
shorter distances and relax thermoregulatory behaviour even to the

point of becoming non-existent. Both responses may occur under same
circumstances, thus a full spectrum of energy investment in thermo-
regulation may coexist in a population. This individual variation may
have important repercussions given ecological scenarios where deci-
sion-making and adjustment to new or changing environments are ne-
cessary.
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