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A B S T R A C T   

Infrared (IR) thermal imaging has become an increasingly popular tool to measure body temperature of animals. 
The high-resolution data it provides with short lag and minimum disturbance makes it an appealing tool when 
studying reptile thermal ecology. However, due to the common phenomenon of regional heterothermy and 
surface-to-core temperature gradients, it is essential to select the appropriate body part to measure and provide 
calibrations to accurately infer internal body temperatures. This work follows from a previous study on lacertid 
lizards to assess the reliability of thermography-measured body temperatures, from several body locations, as a 
proxy for internal body temperature in lizards. This study focuses on the Moorish gecko, Tarentola mauritanica, 
due to its distant phylogenetic relationship and its different ecology and morphology from the previously tested 
species. A total of 60 adult geckos of both sexes and of a range of sizes were tested in thermal gradients and 
subjected to a sequence of randomly assorted treatments of heating and cooling. The temperatures of the animals 
were periodically measured with a thermal camera at six different body parts and, immediately after, the cloacal 
temperature was then measured with a thermocouple probe. Body parts’ temperatures, obtained thermo-
graphically, were regressed against cloacal temperature using OLS regression and the pairwise correlations were 
tested using Spearman coefficients. Relationships among all body parts and between all body parts and the cloaca 
were strong in all cases (R2 > 0.87, Spearman Correlation > 0.95). The observed pattern was very similar to those 
previously obtained from lacertid lizards. Ultimately, the eye proved to provide the best overall proxy for in-
ternal temperature, when accounting for both the slope and intercept of the regression. Hence, this study pro-
vides further support for the establishment of the eye as the standard location to infer internal body temperatures 
of lizards through thermography.   

1. Introduction 

The field of thermal ecology has, through the years, provided 
abundant important insights into the ecology, physiology and diversity 
of reptiles (Angilletta et al., 2002; Huey and Stevenson, 1979; Savage 
et al., 2004). The literature is laden with studies demonstrating the 
fundamental role of temperature for the ecophysiology of reptiles (e.g. 
Seebacher and Franklin, 2005) and on how body temperatures are 
maintained through behavioural adjustments, physiology and 

microhabitat selection (Angilletta, 2010; Brown et al., 2004; Goller 
et al., 2014). This ability allows reptiles to optimise a range of metabolic 
functions (Angilletta et al., 2004; Angilletta, 2010; Huey and Stevenson, 
1979) such as locomotion, digestion, growth and reproduction, without 
the high costs of endogenous heat production endured by endotherms 
(Huey and Slatkin, 1976). 

The pivotal role that temperature plays in the ecology of reptiles led 
to the early origin of now well-established protocols for measuring in-
ternal body temperatures. Cloacal probes, in use since the onset of this 
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area of research (Angilletta, 2010), are a reliable tool that provide easily 
reproducible data with great accuracy and precision (e.g. Hibok 18 
thermometer and thermocouple probe, used in this study, has an accu-
racy of ±0.2% and precision of 0.1 ◦C). However, as technology pro-
gresses, there has been an increasing reliance on new tools and protocols 
such as temperature-sensitive RFID (radio) tags (Roark and Dorcas, 
2000), implantable data loggers (Campos and Magnusson, 2013), 
infrared thermometers (pyrometers) (Carretero, 2012; Chukwuka et al., 
2019; Hare et al., 2007) and infrared thermal imaging (Bosch, 1983; 
Burns et al., 2015; Jones and Avery, 1989) to measure body tempera-
tures. These allow high-resolution temperature data to be recorded with 
great speed and short lag while also minimising the animal disturbance 
(Barroso et al., 2016; Sannolo et al., 2014; Tattersall and Cadena, 2010). 

Several studies have described the potential uses and advantages of 
said tools (Berg et al., 2015; Tattersall and Cadena, 2010; among others). 
Such is the case for infrared thermal imaging (hereafter referred to as 
thermography) where authors like Kastberger and Stachl (2003), Luna 
et al. (2013), Tattersall and Cadena (2010), and Virens and Cree (2019) 
demonstrated the potential uses of thermography for a range of studies 
in several taxa. However, few are the studies which evaluate the reli-
ability of the data collected by this technology or its comparability to 
temperature data collected by other tools. An example would be the 
study by Carretero (2012) who demonstrated that temperatures of small 
lacertid lizards measured at a distance of 20 cm using a pyrometer 
(infrared thermometer) showed a non-isometric bias and a weak cor-
relation to those obtained by cloacal probe, thus showing that pyrometry 
may not be a very reliable method of inferring internal body tempera-
ture. A more recent study by Chukwuka et al. (2019) with geckos ob-
tained contrary conclusions to those reported by Carretero (2012) 
regarding the reliability of pyrometers but, in this case, measurements 
were taken at a distance of 5 mm, which required the animals to be 
handled. Indeed, these new tools are now widely used to produce 
increasingly complex results (e.g. Tattersall et al., 2016). As such, there 
is an urgent need to validate the use of these new instruments, as well as 
to develop up-to-date, standardized methodologies in order to provide 
reliable as well as comparable results. 

Two previous studies, by Barroso et al. (2016) and Sannolo et al. 
(2014), have shown that thermography can be reliably used to infer 
internal body temperature of small to large lacertid lizards. In Barroso 
et al. (2016), the authors capitalised on the phenomenon of regional 
heterothermy - a widespread phenomenon among lizards, initially 
described by Heath (1964) - to investigate which body part would 
consistently provide the best direct proxy for the internal body tem-
perature (taken as the cloacal temperature). Barroso et al. (2016) 
concluded that the eye provides such opportunity and suggested 
possible explanations. These include the presence of large venous si-
nuses behind the eye, a common feature among many squamate groups 
including lacertids (Bruner, 1907), iguanids (Porter and Witmer, 2015) 
and even snakes (Bruner, 1907). As a result, lizards may in fact show 
particular care and precision in regulating head/brain temperature 
(King and Green, 1999; Porter and Witmer, 2015; Tattersall et al., 2006). 
Hence, if such a pattern was maintained across a range of phylogeneti-
cally distant reptile groups, the eye could prove to be a strong candidate 
to be set as a new standard location to measure internal body temper-
ature of squamates through thermography. 

Therefore, this study aims to further validate the use of thermog-
raphy to infer internal body temperature and provide appropriate 
guidelines, now using the Moorish gecko Tarentola mauritanica (Gek-
kota, Phyllodactylidae) as a model. This is a small-sized species 
(maximum recorded snout-vent length of 86 mm in the Iberian Penin-
sula), resulting in small thermal inertia (Bell, 1980) while, being a 
gecko, it is also phylogenetically distant from lacertids, iguanids and 
snakes (Pyron et al., 2013). As with most geckos, it also lacks eyelids, 
having a scale over the eye (the brille) instead (Bellairs, 2009) and it 
shows less marked occurrence of regional heterothermy (see Results). 
All these characteristics, along with the combination of diurnal and 

crepuscular activities and thus, alternating between heliothermic and 
thigmothermic strategies (Arad et al., 1997; Gil et al., 1994; Rato and 
Carretero, 2015; Simbula et al., 2019), makes it as distant as possible to a 
lacertid and hence, a good model to further test whether the pattern 
observed by Barroso et al. (2016) could potentially be ubiquitous among 
lizards. 

Ultimately, the main goal of this study is to provide yet another 
stepping-stone towards the development of a unified protocol for the use 
of thermography as a non-invasive tool to measure body temperatures in 
reptile thermal ecology studies. 

2. Methods 

2.1. Sampling and animal maintenance 

A total of 60 adults of T. mauritanica were tested in this study with a 
ratio of 31 males to 29 females, representing distinct body lengths (mean 
male SVL ± SD = 67.64 ± 7.99 mm; mean female SVL ± SD = 63.69 ±
4.62 mm) and body masses (mean male mass ± SD = 7.53 ± 2.18 g; 
mean female mass ± SD = 5.78 ± 0.92 g). Tarentola mauritanica was 
chosen due to its crepuscular and diurnal pattern of activity as well as its 
bimodal thermoregulatory strategy (i.e. heliothermy and thigmothermy, 
both observed in this species) (Rato and Carretero, 2015). 

Animals were captured from four different populations (Torres 
Vedras: 39.09◦N, 9.25◦W; Évora: 38.56◦N, 7.91◦W; Portimão: 37.13◦N, 
8.54◦W; Ayamonte: 37.21◦N, 7.38◦W) all belonging to the same mito-
chondrial lineage in order to avoid phylogenetic effects (Rato et al., 
2012, 2016), but encompassing a wide array of environmental condi-
tions from the Iberian Peninsula (Rato and Carretero, 2015). Geckos 
were collected in spring 2019 and kept in captivity in couples with water 
and food provided ad libitum throughout the period of captivity. The 
experiments were performed several months before the onset of the 
reproductive season to ensure all females were not in oogenesis or 
gravid. 

2.2. Experimental settings 

Between the 25th of November and the December 13, 2019, six 
experimental sets were carried out. For each one, a total of seven ther-
mal gradients (±16-55 ◦C) set up in acrylic tanks (100 × 30 × 40 cm) 
with one 150 W heat lamp placed at one end about 25 cm from the 
bottom and with an elevated aluminium plate running the full length of 
the terrarium as a refuge were set up following Rato and Carretero 
(2015). The heat lamp provided the opportunity for the animals to heat 
up heliothermically while also heating up the aluminium plate which in 
turn provided the opportunity for the animals to heat up thigmo-
thermically. Therefore, with this set up, animals were able to vary be-
tween the two heating strategies as they have been reported to do in 
natural conditions (Arad et al., 1997). 

Water was sprayed in the cold area before each experimental set 
started. This had the dual purpose of helping cool down the cooler side 
of the gradient, while also providing access to water as the level of hy-
dration has been shown to affect thermoregulatory behaviour in some 
lizards (Sannolo and Carretero, 2019). 

Males and females were previously labelled with dental floss loosely 
tied around the waist, and one couple was released per thermal gradient. 
The floss facilitated capture of the animal while minimising direct 
contact with it, which could interfere with the individual’s temperature. 
Additionally, markings on the floss allowed the male and female in-
dividuals to be easily identified without the need to manipulate the 
animal. Order of individuals in the whole experimental setup was ran-
domized, so individuals from different populations were tested in the 
same experimental set. Once all animals were in the thermal gradients, 
and in order not to just have warm or cold measurements, but to also 
ensure intermediate body temperatures were obtained, we used the 
android app True Random Generator® (downloaded from Google 
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Appstore, 2019) to randomize the heat lamp state (on or off). In pre-
liminary tests, it was observed that T. mauritanica heated up or cooled 
down quickly (from 18 ◦C to 30 ◦C in less than 3 min, from 30 ◦C to 23 ◦C 
in less than 4 min; authors, pers. obs.). Hence, 1 min before the mea-
surement each heat lamp was switched on or off according to the 
randomization. Heat lamp state was maintained until the following 
randomization event. This was done in order to obtain a uniform dis-
tribution of body temperatures over the widest possible temperature 
range. Measurements were carried out every 20 min until six recordings 
per individual were achieved. The experiments were performed in a 
large, air-conditioned room with air temperature set to 18 ◦C. 

For the thermal pictures, a FLIR T335 thermal camera (sensitivity: <
0.05 ◦C; accuracy: ± 2%; IR image resolution: 320 × 240 pixels; Flir 
Systems Inc., Wilsonville, Oregon, USA) was used to simultaneously take 
an IR and a regular photo of each lizard’s entire body (assuming a skin 
emissivity = 0.96). IR camera was handheld and photos were shot at 
30–40 cm distance from the animals. This approach allowed maintain-
ing the same resolution in every IR image, irrespective of body size. 
Immediately (<20 s) after photographing each animal, the subject was 
captured and its cloacal temperature measured with a contact ther-
mometer (Hibok 18, precision: 0.1 ◦C, accuracy: ± 0.2%) fitted with a k- 
type thermocouple probe. The reading was obtained by inserting the 
probe a few millimetres into the cloaca of the animal. 

In order to reduce possible measurement biases, FMB took the 
thermal pictures and GMR the cloacal temperatures, using the floss to 
catch the individual, avoiding direct contact as much as possible to 
prevent heat exchange between the animal and the measurer. At the end 
of each set of gradients, all subjects were weighed in a precision balance 
(Sartorius M-Pact AX224, Sartorius AG, Goettingen, Germany). After all 
the experiments, snout-vent length (SVL) was measured for each 
individual. 

All IR images were processed using the software FLIR Tools 2.1 
(Copyright, 2014 FLIR Systems, Inc; Error! Hyperlink reference not 
valid. www.flir.com). The Spotmeter tool was used to extract the tem-
perature dorsally at the centre of six body locations (Fig. 1): snout, eye, 
head, dorsum (centrally), leg (right hind knee articulation) and base of 
the tail (above the cloaca), as in Barroso et al. (2016). Whenever a body 
location was isothermic with the background (i.e. indistinguishable 
from the surroundings in the IR photo), the corresponding regular photo 
was used to try to locate the body part. The emissivity was set to 0.96 
and the distance of measurement to 30 cm, while the ambient temper-
ature and humidity were measured by the camera at the time of 
recording. For consistency, FMB processed all IR photos. 

2.3. Statistical analysis 

We investigated the potential effect of trial number (six repetitions) 
and heating status (on or off) using a two-way interaction mixed-effects 
model (Mod1), with the gecko’s individual identity set as random factor 
to account for the repeated measures and trial and heating status as fixed 
factors (nlme R package, Pinheiro et al., 2019). To investigate the effect 
of individual variables on geckos’ body temperature, we fitted a 
mixed-effects model (Mod2) with body temperatures as the dependent 
variable, and the first-order interaction of body position (seven levels) 
and sex (two levels) as fixed effects. Individual identity was used as the 
random effect. In both models, body mass was used as a covariate to 
account for the potential effect of body size (i.e. thermal inertia) on body 
temperatures. The statistical significance of single-level fixed factors 
was evaluated using ANOVA tables, while both random and fixed effects 
were evaluated using likelihood ratio tests (LRT) and by examining the 
summary tables of the models (t-value). Post hoc tests on multilevel 
factors were carried on using the lsmeans R package (Lenth, 2016). 

Given the non-linearity of body temperature data (Shapiro-Wilkin-
son test = 0.9, P < 0.0001) and the repeated measure design of the 
experiment, we analysed the relationship between cloacal temperatures 
(contact thermometer) and the temperatures of other body parts 

(infrared camera) following the method of Barroso et al. (2016). Hence, 
the relationship between the cloacal temperature and each of the other 
body parts temperatures was investigated using OLS with resampling 
(lmodel2 R package, Legendre, 2018, 999 resampling). Calibration pa-
rameters and functions values were extracted to compare the relation-
ship between cloacal temperatures and the other body parts’ 
temperatures. 

Finally, in order to better represent the relationships between the 
different body temperatures and to allow comparisons between geckos 
and lacertids, Spearman correlation and Multidimensional Scaling 
(vegan R package, Oksanen et al., 2019) were performed for 
T. mauritanica’s temperatures. The same analyses were also applied to 
the data from Barroso et al. (2016) for lacertids and compared with the 
results obtained for this study. All analyses were performed using the R 
software, version 3.6.0 (R Core Team, https://www.r-project.org). 

3. Results 

Regarding the potential effects of procedures on body temperature 
(Mod1), we found significant differences in body temperatures 
depending on the trial (chi-squared = 286.2, P < 0.0001), while the 
heating status was not significant (P > 0.05). More specifically, post hoc 
tests with Tukey correction for multiple comparisons showed that 
average body temperatures significantly differed between the first trial 
and all others, and between the last trial and all others (Supplementary 
Table S1), showing that the first and last trial tended to underestimate 
geckos’ body temperature. 

In the second model, in which we tested for the effect of individual 

Fig. 1. Infrared thermal photos of T. mauritanica showing the body parts 
measured and the low regional heterothermy observed both during heating 
(top) and cooling (bottom). 
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variables (sex, mass and body position) on body temperature, we found 
a significant contribution of individual variability, as expressed by the 
random effect (LRT = 502.4, P < 0.001). Contrarily, body mass was not 
significant (P = 0.42), despite the fact that males were heavier than 
females (mean M = 7.587 g, mean F = 5.769 g; Mann-Whitney test =
35455, P < 0.0001). There was also no significant difference between 
sexes (P = 0.66; Fig. 2) in body temperature for any of the body parts 
considered (mean ± SD cloacal temperature M = 22.9 ± 5.01 ◦C; F =
22.4 ± 4.80 ◦C; see Table 1 for mean temperatures of remaining body 
parts and Fig. 2 for graphical representation). 

Body temperature significantly differed depending on the position 
considered (chi-squared = 16.27, P = 0.012). However, statistically 
significant differences were detected only between the snout and cloaca 
(t-ratio = 3.446, P = 0.0104) and between the snout and dorsum (t-ratio 
= 3.016, P = 0.041). 

Nonetheless, when comparing regressions between cloaca and the 
other body parts, the leg provided the best R2 (0.97) (Table 1 and Fig. 3) 
which also showed the lesser line angle with cloacal temperature 
(0.84◦). Slope values tended to increase from snout to tail, while inter-
cept was less predictable (Table 1, Fig. 3). The best (i.e. closer to zero) 
average intercept was provided by the eye which, however, showed also 
the second widest 95% confidence interval for this parameter (Table 1). 
Similarly, the eye also provided the best (i.e. closer to 1) slope values 
(Table 1), but again was affected by the second greatest variability 
(Table 1, Fig. 3). Nonetheless, despite the comparatively wide 95% CIs 
of the eye’s slope and intercept, a strong association (R2 = 0.924) for this 
regression was still obtained. 

Results from the OLS regression and from the correlation analysis for 
T. mauritanica showed strong association between all measured vari-
ables (Table 1, Fig. 3 and Supplementary Table S2), with the lowest 
value having an R2 of 0.871 and a correlation score of 0.956 (Table 1 and 
Supplementary Table S2). Interestingly, both the correlation analysis 
and MDS plots were congruent with cloacal temperature as the most 
different measurement and with all the other temperature measure-
ments clustered together (Supplementary Fig. S1). However, in the 
correlation analysis head and dorsum were clustered the closest, fol-
lowed by tail and leg, with eye and snout forming another cluster, whilst 
in the MDS (stress value = 0.1144) dorsum was closer to tail and to 

similar distances from leg and head (Supplementary Fig. S1). Remark-
ably, eye and snout, respectively, were the most different measurements 
within that cluster. 

On the other hand, data on three lacertid species from Barroso et al. 
(2016), here subjected to Spearman correlation and MDS analyses, 
showed a different pattern from T. mauritanica. Namely, while cloacal 
temperature was the most differentiated measurement for both 
methods, the rest of measurements showed more heterogeneity in the 
lacertids (Supplementary Figs. S2–S4). In the correlation analysis, all 
measured variables were similar, with strong correlation scores (Sup-
plementary Tables S3–S5). However, eye and especially snout showed 
consistently lower scores than the rest. The difference is only slight and 
the correlation scores are high nonetheless (>0.87), hence the biological 
significance of this difference is arguable especially in light of the OLS 
results reported by Barroso et al. (2016). 

4. Discussion 

An increasing number of studies now acknowledge the need to 
validate the use of infrared thermography to measure body temperature 
of reptiles (Barroso et al., 2016; Luna et al., 2013; Sannolo et al., 2014). 
Nonetheless, most are focused on phylogenetically closely related liz-
ards (e.g. belonging to the Family Lacertidae), with similar body shape 
and anatomy, physiology and ecology. Hence, devising a generalized 
validation of this tool for all lizards, from a small subset of species, is 
unreliable at best. Thus, the need has arisen to test thermography over a 
broader range of squamate groups moving towards a unified standard 
methodology for the use of thermography to measure body temperature 
of reptiles. 

The present study found very strong correlations (OLS regression R2 

> 0.87, Spearman Correlation > 0.95) between the cloacal temperature 
and the thermography-measured temperatures of several body locations 
in T. mauritanica, as also described for lacertids in Barroso et al. (2016). 
In fact, this study found stronger correlations than those obtained for the 
lacertids, data of which were also analysed further in this study (Sup-
plementary Tables S2–S5) (OLS regression R2 > 0.83, Spearman Cor-
relation Scores > 0.91). 

Furthermore, when the R2 of the OLS models are compared between 

Fig. 2. Graph showing the scatter of the temperatures obtained for each body position for both males and females. The mean and standard deviation of the tem-
perature of each body part are also shown further emphasizing the reported similarity between the sexes as well as between the different body parts (i.e. low regional 
heterothermy). 
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those of T. mauritanica to the more closely sized lacertid, Podarcis vir-
escens, in Barroso et al. (2016), the increased strength of correlations 
found here becomes even more obvious. The similar size and mass of 
these two species should mean a similar degree of thermal inertia as well 
as a similar distance between the different body parts tested. This result 
is, nonetheless, contrary to what could be expected based on the 
behaviour and ecophysiology of these species. Tarentola mauritanica’s 
apparently more flexible approach at thermoregulation, perhaps due to 
its diurnal, and crepuscular habits, would indicate a lesser concern to-
wards very precise control of body temperatures. This, in theory, results 
in less evident regional heterothermy leading to less consistent and more 
unpredictable body temperature gradients (Webb et al., 1972). The 
latter should have produced weaker correlations between temperatures 
of different body parts of T. mauritanica, contrary to what is found here. 

For the previously outlined reasons, regional heterothermy in 
T. mauritanica should be less marked than what was observed in 
P. virescens. This pattern was clear when observing a specimen through a 
thermal camera (Fig. 1). This is further supported by the strong corre-
lations found between the temperatures of all body parts (Supplemen-
tary Table S2). 

Perhaps T. mauritanica does in fact thermoregulate precisely but 
dedicates less resources to maintaining body temperature gradients, 
aided by its low thermal inertia. A different experimental set up would 
be necessary to test this. Alternatively, the morphological and physio-
logical mechanisms responsible for maintaining body temperature gra-
dients, found in many other lizard groups, may simply be absent or less 
prominent in geckos (Webb et al., 1972). Many of these mechanisms, 
such as heart rate hysteresis and peripheral circulation controls, are 
widely studied among lacertids, agamids and iguanids (Bruner, 1907; 
Heath, 1966; Porter and Witmer, 2015) yet there is a lack of literature 
regarding these conditions in geckos (Bauer, A., pers. com.) (but see 
Grimmond and Evetts, 1981; and Webb et al., 1972). 

Most of such phenomena rely, to some extent, in adaptations of the 
circulatory system. The work of Mahendra (1942) on the anatomy of the 
gecko Hemidactylus flaviviridis (Family Gekkonidae) hypothesizes about 
geckos having a more basal form of circulatory system among squamates 
(but see Porter and Witmer, 2020). If also applicable to Tarentola, this 
could explain the apparent lack of precise control over surface body 
temperature gradients observed. However, the otherwise extensive 
study lacks a description of the cephalic and peripheral circulation, such 
as what is available for other groups as lacertids (Bruner, 1907) and 
iguanids (Porter and Witmer, 2015). Blood circulation would be a major 
factor influencing the control of regional heterothermy (Heath, 1966; 
Webb et al., 1972), along with thermal inertia. Furthermore, other 
studies have also shown the presence of complex vascularization pat-
terns in the feet of geckos (Russel, 1981) which may prove relevant for 
the control of thigmothermic heat transfer. 

Despite the strong correlations observed between temperatures of all 

body parts, the MDS plots and the correlation matrices of the 
T. mauritanica clusters the surface temperatures together and the cloacal 
temperature appears as an outgroup (Supplementary Fig. S1). The same 
is partially true for the different lacertid species, with the exception of 
Timon lepidus, the largest species tested (Supplementary Figs. S2–S4). 
Furthermore, for T. mauritanica the observed arrangement of relation-
ships follows a geographic pattern with the physically closer points 
having more similar temperatures amongst themselves than to more 
distant body parts. This non-arbitrary pattern of temperature gradients 
does support the presence of some regional temperature control, albeit 
the very small absolute differences observed in T. mauritanica (Fig. 2; 
Table 1) would suggest this control may not be very precise. 

At a broader scale, this study found that the first and last trials of 
each experimental set significantly lower body temperatures than the 
others. However, caution must be taken to allow for sufficient time for 
the animal to acclimate to the experimental set up as this may have been 
the cause for the lower temperatures observed in trial 1. Equally, 
attention must also be paid not to overexpose the animals to very long 
periods in the gradients as they may become stressed (e.g. over handling, 
dehydration, too much energy spent thermoregulating) and decrease 
their thermoregulatory precision or set point, which could explain the 
lower temperatures observed in trial 6. 

In the case of T. mauritanica, the relatively large size of its eyes, 
compared to that of other lizards, should have made this structure a 
relatively easy one to target in IR photos. However, this was not always 
the case. Likely due to the presence of a scale covering the eye - the brille 
- a structure common to most geckos (Bellairs, 2009), eyes were often 
isothermal with the surrounding area and thus difficult to distinguish. 
Furthermore, we were unable to find any literature on the detailed 
vascularization of gecko’s cephalic region, thus we are not certain how 
well the eye is vascularised and whether there is a large storage of blood 
(i.e. sinus orbitalis), and thus of temperature, coming from the brain, as 
is common in many other squamate groups (Bruner, 1907; Porter and 
Witmer, 2015). Further research should dedicate some effort towards 
describing the pattern of cephalic circulation of geckos and its impor-
tance to thermoregulation as well as to investigate whether the presence 
of the brille or the fact that geckos frequently lick their eyes (Bustard, 
1963) would significantly affect heat exchange with the environment (e. 
g. through evaporative cooling). 

Ultimately, the results obtained show that body surface temperatures 
of T. mauritanica measured through thermography can reliably be used 
to infer internal body temperature. The minute differences in tempera-
tures between all body parts (Fig. 2) and the high R2 values obtained by 
all the OLS regressions (Table 1), suggest that any body part could be 
used to infer internal body temperature with equivalent results, given 
the appropriate correction is applied. Nonetheless when also consid-
ering the intercept and degree of slope of the models (Table 1, Fig. 3), to 
account for the presence of biases in the subsequent inferences, as well 

Table 1 
Results of the OLS regressions between cloacal and the other body parts of Tarentola mauritanica. Bold values indicate the body position that provided the best fit 
(highest R2; slope closer to 1; intercept closer to 0). Underlined values indicate the narrowest 95% confidence intervals. A column with the mean ± SD temperature was 
also included to emphasize the similarity of average temperatures between sexes as well as between body parts. For reference and ease of comparison, the mean ± SD of 
cloacal temperatures of male and female geckos were 22.9 ± 5.01 ◦C and 22.4 ± 4.80 ◦C respectively.  

Fig. 3 Graph Body Part R2 Slope Slope 95% CI Intercept Inter. 95% CI Temperature Mean ± SD (◦C) 

A Eye 0.924 1.087 1.054 
1.120 

-2.689 -3.462 
-1.917 

M: 22.71 ± 4.83 
F: 22.22 ± 4.73 

B Snout 0.871 0.879 0.844 
0.915 

3.817 3.022 
4.611 

M: 22.16 ± 4.58 
F: 21.77 ± 4.4 

C Head 0.948 1.176 1.147 
1.205 

-4.351 -5.026 
-3.677 

M: 23.11 ± 5.17 
F: 22.6 ± 5.05 

D Dorsum 0.964 1.208 1.184 
1.232 

-4.944 -5.515 
-4.374 

M: 23.27 ± 5.29 
F: 22.72 ± 5.12 

E Leg 0.970 1.242 1.219 
1.265 

-5.827 -6.361 
-5.293 

M: 22.99 ± 5.26 
F: 22.45 ± 4.95 

F Tail 0.940 1.172 1.141 
1.203 

-4.384 -5.111 
-3.658 

M: 23.17 ± 5.42 
F: 22.65 ± 5.25  
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as the results obtained by Barroso et al. (2016), then the eye presents as 
the most ubiquitously suitable candidate body location to infer internal 
temperature. 

5. Conclusion 

From this study we further emphasize the validity of IR thermog-
raphy as a tool to obtain high-resolution temperature data which, given 
the appropriate calibrations, may still provide comparable results to 
those obtained by traditional, more invasive methods. Hence, we sug-
gest this tool will prove increasingly useful in the field thermal ecology 
of ectotherms. 

Furthermore, this study has also shown that, through a simple set-up 
and randomization of heating treatment, it is relatively simple and fast 
to obtain a sample of temperature data, over a representative thermal 
range, which can then be used to calibrate the tool for the species of 

interest. Further studies should focus on testing this tool over a wider 
variety of squamates, particularly in those groups with larger body size 
ranges (e.g. varanids) and/or with larger distances between the eye and 
the cloaca (e.g. snakes) in order to fully validate the proposed meth-
odology. Furthermore, future work is needed to determine the impor-
tance of evaporative cooling from the chosen body part and its 
subsequent effect on the temperature readings while some efforts should 
also be diverted towards establishing appropriate emissivity values for 
the tissues from which readings are taken (e.g. skin types, osteoderms, 
eye, etc). 

Ultimately, this study provides further support towards establishing 
the eye as the standard location to infer internal body temperature of 
lizards from thermography measured temperatures, as previously sug-
gested by Barroso et al. (2016). Nonetheless it is still important to 
consider all the limitations revised in Barroso et al. (2016) including the 
pixel size effect (Faye et al., 2016), the distance between the camera and 

Fig. 3. Graphical representation of the OLS regression lines (blue) and corresponding 95% confidence intervals (grey shading - very close to the blue lines given the 
high fits of the models) between the thermography-measured body temperatures (y-axes) and the thermometry-measured cloacal temperature (x-axes). The dotted 
red lines indicate the isothermal line (y = x + 0). 
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the subject (Faye et al., 2016), the need for species-specific calibrations, 
the need to establish appropriate emissivity values, the effect of evap-
orative cooling (particularly in the eye and snout), etc. when considering 
the use of IR cameras to infer internal body temperatures of lizards. 

Declaration of interests 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Declaration of competing interest 

There are no conflicts of interests to declare. 

Acknowledgements: 

We thank Silva-Rocha, I., Marques, V., Gomes, V., González de la 
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