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Abstract 

Despite the commonly held belief that reptiles are immune to extreme temperatures, global 

warming is predicted to result in the loss of 40 % of all reptile species by 2080. In order to 

understand the effects of elevated temperature on African reptile physiology and health, 

additional research is required. We studied the physiological stress response of sungazer lizards 

(Smaug giganteus) facing elevated temperatures within captivity. Control animals (1M, 2F) 

were kept at 30 oC throughout the 13-week study period. Test animals (1M, 2F) were exposed 

to 30 oC for 4 weeks (stage 1), 39 oC for six weeks (stage 2) and 30 oC for 3 weeks (stage 3). 

Faecal samples were collected from both control and test animals to monitor faecal 

glucocorticoid metabolite (fGCM) concentrations as a proxy of physiological stress. While the 

fGCM levels of control females remained constant, test females showed an acute fGCM 

increase following the increase and subsequent decrease of temperatures. The test male had 

significantly higher fGCM levels during stage 3 compared to stage 1 and 2. The control male, 

although displaying constant fGCM levels throughout the study, had higher fGCM levels than 

the test male. The results indicate that a considerable temporal increase in environmental 

temperature did not lead to chronically elevated adrenocortical activity in sungazer lizards. It 

is likely that inherent traits within the species allows the species to adapt to such changes. 

Furthermore, the endangered status of the species and limited availability of study animals 
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restricted the sample size in this study to a few, captive-based lizards. Therefore, while our 

results are an important addition to reptile conservation, they should be extrapolated to free-

ranging populations with caution. Future research should consider the effects of chronically 

elevated temperature in relation to water and food shortages, as well as inter-individual 

variation in physiological responses. 
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Introduction 

In the early 21st century more than 25% of all known reptile species were defined as vulnerable, 

endangered or extinct by the International Union for Conservation of Nature (Bohm et al. 2013; 

Gibbons et al. 2000). Primary drivers of population declines include several complex and 

interlinked factors such as anthropogenic habitat modification, disease, invasive predators, the 

wildlife trade, human-animal conflict and climate change (see Fitzgerald et al. 2018 for a full 

review; Tingley et al. 2016; Todd et al. 2010). Although argued to be less vulnerable to 

environmental warming, due to their ability to evade thermal stress, tolerate high body 

temperatures and resist water loss (Huey et al. 2010), other research has suggested that global 

warming will result in the extinction of 40% of all reptiles by 2080 (Sinervo et al. 2010). In 

order to avoid the negative effects of climate change, many reptile species are able to migrate 

to more favourable areas (Barrows 2011; Moreno‐Rueda et al. 2012) or implement behavioural 

plasticity within their current habitat (Caldwell et al. 2017; Czaja et al. 2020; Le Galliard et al. 

2012; Refsnider and Janzen 2012). However, due to the limited dispersal ability of certain 

reptile species (Ceia-Hasse et al. 2014), as well as the inability of behavioural plasticity and 

genetic evolution to account for rapid environmental change (Catullo et al. 2019; Gunderson 

et al. 2017; Gunderson and Stillman 2015; Telemeco et al. 2017), many reptile populations 

likely remain vulnerable to climate change impacts (Griffis-Kyle et al. 2018).  

One of the main factors associated with climate change is an increase in ambient 

temperature (Ta). This is especially important for ectotherms that depend on ambient conditions 

to drive optimal body temperatures, resulting in healthy biochemical and physiological 

processes (Carey and Alexander 2003; Gangloff and Telemeco 2018; Seebacher and Franklin 

2005).  However, an increase in Ta which exceeds the thermal tolerance of an individual can 

lead to a significant change in those processes (Bickford et al. 2010; Carey and Alexander 

2003), reflected in oxidative damage, metabolic change, a reduced immune function and the 

activation of the physiological stress response (Han et al. 2020; Litzgus and Hopkins 2003; 
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Sandmeier et al. 2016; Stahlschmidt et al. 2017; Telemeco and Addis 2014). There remains a 

paucity of information on reptile physiological responses to temperature change - such data 

being integral to understand the likely ability of reptiles to cope with environmental change, 

both through evolutionary and phenotypically plastic responses (Clusella-Trullas and Chown 

2014).   

 The physiological stress response is activated in an organism once a noxious stimulus 

is perceived within its immediate surrounding (Moberg 2000). One of the major components 

of the physiological stress response is the hyperactivation of the hypothalamic-pituitary-

adrenal axis resulting in an increase in secreted glucocorticoid (GC) concentrations. An acute 

increase in GC concentrations is adaptive in nature, helping an individual to survive a stressful 

event (predation event, injury etc.) by ensuring energy demands are met, enhancing 

cardiovascular activity and altering behaviour (Liu et al. 2019; Romero 2002; Romero et al. 

2009; Sapolsky et al. 2000). However, a chronic elevation in GC concentrations can lead to 

several deleterious effects, including immune and reproductive suppression, increased 

susceptibility to disease and reduced fitness (Cohen et al. 2012; Hing et al. 2016; Nicolaides et 

al. 2015; Sapolsky et al. 2000; Webster Marketon and Glaser 2008). As such, monitoring GC 

concentrations of endangered species can be an ideal method for assessing the physiological 

stress experienced by individuals exposed to anthropogenic and natural stressors. This has 

previously been done to determine the effect of elevated temperature on GC concentrations of 

reptile species. For example, an increase in ambient temperature led to elevated GC 

concentrations in northern and southern alligator lizards (Elgaria coerulea and Elgaria 

multicarinata; Telemeco and Addis 2014) and garter snakes (Thamnophis elegans; Gangloff 

et al. 2016); however, this pattern was reversed in Children’s pythons (Antaresia childreni; 

Dupoué et al. 2013). Further work on garter snakes suggest that population-level differences in 

life history, body size and sex explain much variation in plasma GC concentrations, but that 

local climate variables do not (Holden 2020).  

The use of non-invasive endocrine monitoring techniques, through the collection of 

faeces, urine and hair, hold several advantages above the commonly used, invasive blood 

collection, including (1) minimal human-animal interaction, (2) the ability to collect repeated 

samples over prolonged periods with minimal effort (Whitham and Wielebnowski 2013) and 

(3) hormone metabolite concentrations assessed in faeces are less affected by episodic 

fluctuations in hormone secretions due to the pooling of metabolites within the gut prior to 

excretion (Kersey and Dehnhard 2014; Russell et al. 2012). Several studies have used non-

invasive faecal glucocorticoid metabolite (fGCM) monitoring to assess the level of 
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physiological stress experienced by reptiles in response to direct human-animal interaction 

(Borgmans et al. 2018; Kalliokoski et al. 2012; Rittenhouse et al. 2005) or seasonal changes in 

social and reproductive parameters (Augustine et al. 2020; West and Klukowski 2018). 

However, the use of fGCM monitoring to address the physiological response of reptiles to 

temperature increases has been limited. Megía-Palma et al. (2020) illustrated a positive 

relationship between extreme temperature events and fGCM levels in adult Gallot’s lizards, 

Gallotia galloti. There is thus a need in increase our understanding of the effect of elevated 

temperature on the physiology of reptile species using non-invasive endocrine monitoring 

techniques.  

Sungazer lizards (Smaug giganteus) are endemic to the grasslands of the Free State and 

Mpumalanga provinces of South Africa (Jacobsen 1989). The species has been listed as 

vulnerable by the International Union for the Conservation of Nature (Alexander et al. 2018) 

due to the decline in population size as a result of extensive anthropogenic habitat modification 

by e.g. mining as well as the medicine and pet trade (McIntyre and Whiting 2012; Mouton 

2014; Parusnath et al. 2017; Van Wyk 1992). While the temperate grasslands inhabited by 

sungazer lizards are potentially less vulnerable to direct climate change effects (Lawal et al. 

2019; Li et al. 2018), the region is expected to be subject to longer warm spells (New et al. 

2006).  Sungazer lizards display substantial plasticity in basking behaviour and may be able to 

respond to changing climate conditions through behavioural means (Stanton-Jones et al. 2018). 

However, their likely physiological response to changes in climate is poorly understood. So 

far, only one study investigated the physiological stress response in sungazer lizards; here, 

Scheun et al. (2018) validated the most appropriate enzyme immunoassay (EIA) for monitoring 

glucocorticoid metabolite concentrations in the urine and faeces of sungazer lizards. As such, 

no information exists on the physiological response of this species to changes in temperature, 

specifically elevated ambient temperature. Therefore, we aimed to determine the fGCM 

patterns in the species, as a proxy of physiology stress, in response to an elevation in Ta.  

 

Material and methods 

Study Site and Animals 

The study was conducted at the National Zoological Garden (NZG), South African National 

Biodiversity Institute, Pretoria, South Africa (25.73913°N, 28.18918°E) between the 2nd of 

December 2019 and the 28th of February 2020. Animal availability within the captive 

environment resulted in the use of two male (164.0g and 184.0g body weight) and four females 

(185.7 ± 19.9g body weight) sungazer lizards. The lizards were kept at the NZG Reptile and 
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Amphibian Section in an area that is not on display to the public. The six sungazer lizards were 

housed in four separate enclosures (1.5 m x 1.5 m; 1M/1M/2F/2F) within a reptile-pit. 

Enclosures consisted of a substrate of coarse river sand, an artificial burrow constructed from 

cardboard, and a UV-radiation lamp (Ultra Vitalux Lamp E27, 300Watt, Osram, Munich, 

Germany). Water bowls with fresh water were available ad libitum for the duration of the 

project. Each individual was given 3-5 meal worms or cockroaches (depending on availability) 

every 1-2 days, along with a vegetable mixture as per the feeding regime dictated by the NZG 

caretakers and veterinarians. All enclosures had two reptile basking/heat-lamps (Daytime Heat 

Lamp PT2114, 150Watts, Exo Terra, Montreal, Canada) fitted on opposite sides of each 

enclosure, while a heat-emitting UV-radiation lamp was placed in the middle of each enclosure; 

the temperature in the enclosure was increased by lowering the height-above-surface distance 

of the UV-radiation lamp. Thermometer probes were placed on the surface of the river sand 

directly beneath the UV-radiation lamps in each enclosure. Temperature measurements under 

the UV-radiation lamps and at the edge of the enclosure prior to the start of the study showed 

a temperature difference of 1.2±0.2oC. Temperatures were recorded at 07h00 and 13h00 every 

day, and the average of the two recordings were then used to calculate the average daily 

enclosure temperature. To simulate natural photoperiod, lamps in the enclosures and all lights 

in the facility were run for 12 hours every day between 06h00 and 18h00.  

 

Experimental Design 

The study subjects were randomly divided into two groups, each consisting of one male and 

two females (n = 3), and randomly assigned as the ‘control group’ (CG) and ‘test group’ (TG). 

Due to a limitation in the number of available enclosures, the two females in each study group 

were housed together, while the male in each study group was housed individually. Since faecal 

samples collected in the female enclosures of each study group could not be identified as 

belonging to a specific individual, all faecal samples were identified by study group (CG or 

TG) and sex (male or female); i.e. CG male, CG females, TG male, and TG females. During a 

two-week acclimatization period, all four enclosures were kept at a standard temperature of 

approximately 30°C. Following this, Ta of the TG were manipulated over three stages as part 

of a thermal regime. During stage 1, Ta was kept at 30.7 ± 2.2 standard deviation (SD) °C for 

a period of four weeks. During stage 2, Ta was increased to 39.1 ± 1.6 SD °C for a period of 

six weeks. In stage 3, the additional basking/heat lamps were removed, and Ta was reduced to 

31.2 ± 1.2 SD °C for a period of three weeks. The Ta of the CG remained relatively constant 

throughout the study period and was maintained at approximately 30°C during all three stages 
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of the study (stage 1: 30.7 ± 2.2 SD °C; stage 2: 32.4 ± 0.9 °C; stage 3: 31.2 ± 1.2 SD °C). The 

study was approved by the SANBI National Zoological Garden Animal Use and Care 

Committee (Reference: P19/17). 

 

Sample collection and steroid extraction 

Although sungazer lizards excrete faeces and urate in unison, the two matrices do not typically 

mix in the cloaca (Scheun et al. 2018). Generally, the faecal (dark-coloured substance) and the 

urate components (white-coloured substance) can easily be separated with minimal cross-

contamination occurring. As such, the enclosures were checked by the same female researcher 

between 07h00 and 16h00 for freshly excreted urofaecal samples throughout the study period. 

Following separation of the two matrices, faecal samples were placed into labelled 1.5 mL 

microcentrifuge tubes and immediately stored at -20 °C until processed for analysis. Except 

for TGF which provided only six faecal samples during stage 3, a total of seven faecal samples 

per group/stage was collected throughout the study, resulting in a total of 83 samples. 

All samples were extracted following standard protocols (Scheun, Greeff and 

Ganswindt, 2018). Briefly, each faecal sample was lyophilized, pulverized and sifted through 

a thin mesh strainer to remove any undigested material and produce a fine faecal powder for 

extraction (Fieß et al. 1999). Approximately 0.050-0.055 g of the resultant faecal powder was 

extracted with 1.5 mL 80% ethanol in water. The suspension was vortexed for 15 minutes and 

then centrifuged at 1,600 g for 10 minutes. The resultant supernatant was poured into a 1.5 mL 

microcentrifuge tube and stored at -20 °C until analysis.  

 

Enzyme Immunoassay Analysis 

Faecal glucocorticoid metabolite concentrations were determined in extracts using a 5α-

pregnane-3β,11β,21-triol-20-one EIA previously established for the species by Scheun et al. 

(2018). Details about the assay, including cross-reactivities, are provided by (Touma et al. 

2003). Serial dilutions of extracted faecal samples gave displacement curves that were parallel 

to the respective curves (relative variation in the slope of respective trendlines < 5%). Assay 

sensitivity was 2.4 ng/g dry weight (DW). Coefficients of variance, determined by repeated 

measurements of high- and low- quality controls, was 5.13% and 5.61% for intra-assay 

variance, and 6.22% and 9.60% for inter-assay variance. All analyses were performed at the 

Endocrine Research Laboratory, University of Pretoria, South Africa.  
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Data Analysis 

A Priori Model Building and Selection 

All statistical and graphical analyses were performed using R statistical software (R Core Team 

2019). To identify predictors of variation in fGCM concentrations, the packages lme4 (Bates 

et al. 2015) and MuMIn (Barton and Barton 2019) were utilized for mixed-effects model 

creation, model averaging, and model selection. The full model consisted of the dependent 

variable (fGCM concentrations), three fixed-effects variables (environmental temperature, sex, 

and stage of thermal regime), and the random effects variable (1|group) to account for repeated 

measures from the same groups (CG male, CG females, TG male, TG female). Thus, the 

starting full model took the form of: fGCM ~ temperature + sex + stage + (1|group). The 

standardized global models were then averaged and ranked according to Akaike’s Information 

Criterion with small sample size correction (AICc) and Akaike’s weight (wi). Only models 

with an AICc score that differed by less than two (ΔAICc < 2; Burnham and Anderson 2002) 

from the best model are reported here. To support these findings, two one-way analyses of 

variance (ANOVA) were conducted to determine whether significant differences in fGCM 

levels were present across all thermal stages in male and female animals. 

 

Results 

Generalized Linear Mixed-Effects Model and ANOVA analyses 

Two models were ranked and reported with a ΔAICc < 2 (Table 1). Both ‘sex’ and ‘thermal 

regime stage’ variables best explained the variation in fGCM concentrations among male and 

female sungazer lizards (ΔAICc = 0.00). ‘Thermal regime stage’ was the next best predictor 

(ΔAICc = 0.32) of variation in fGCM concentrations.   

 

Table 1. Ranked results from the generalized linear mixed-effect model analysis of repeated faecal glucocorticoid 

metabolite measures in male and female sungazer lizards in relation to various predictor variables. 

Model  

fGCM ~ predictor variables 

Degrees of 

Freedom 

Akaike’s Information 

Criterion with Small Size 

Sampling Correction 

(AICc) 

Akaike Distance 

from the Best 

Model 

(ΔAICc) 

Akaike 

Weight 

(wi) 

1. Sex + Stage 6 282.27 0.00 0.38 

2. Stage 5 282.58 0.32 0.32 

3. Sex 4 284.28 2.01 0.14 
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 Male fGCM levels differed between control and test animals across all thermal stages 

(ANOVA, F(5,35) = 3.92, p = 0.006). A Tukey HSD test showed that the CG male (2.14 ± 0.75 

µg/g DW) had significantly higher fGCM concentrations than the TG male during stage 1 (1.33 

± 0.26 µg/g DW). In addition to this, the TG male had significantly higher fGCM levels in 

stage 3 (2.42 ± 0.58 µg/g DW) compared to both stage 1 and stage 2 (1.79 ± 0.57 µg/g DW; 

Figure 1). In contrast to this, no significant difference in fGCM levels were evident between 

CG females and TG females across all thermal stages (ANOVA, F(5,35) = 0.94, p = 0.47; Fig. 

1).  

 
Figure 1. Boxplot (median, 25 % percentile, 75 % percentile) of ufGCM concentrations between sungazer lizard 

male and female test and control groups. Significant difference is indicated by *. 

 

Post hoc graphical analysis 

The fGCM profile of the TG male showed a considerable increase from stage 1 to stage 3 (80% 

increase in median levels), with peak levels observed in stage 3 (Fig. 2). A gradual increase in 

fGCM levels were observed in the CG male from stage 1 to stage 3 (35% increase in median 

levels) with considerable fluctuations in metabolite concentrations (Fig. 2). Median fGCM 

levels in TG females were ~120% higher in stage 3 (4.72 ± 2.53 µg/g DW) than both stage 1 

(2.12 ± 0.53 µg/g DW) and 2 (2.16 ± 2.33 µg/g DW), although a substantial fGCM variation 

existed within each thermal stage (Fig. 1). However, a considerable peak in fGCM levels were 

observed following the initial increase (7.712 µg/g DW) and decrease (6.89 µg/g DW) in Ta 
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(Fig. 3). In contrast to this, fGCM levels of CG females showed no pronounced increase or 

decrease throughout the study period (Fig. 3).  

 

 

Figure 2. Faecal glucocorticoid metabolite profiles of control and test female groups across the different thermal 

stages. Solid vertical lines represent points of sudden temperature change. 

 

Figure 3. Faecal glucocorticoid metabolite profiles of control and test males across the different thermal stages. 

Solid vertical lines represent points of sudden temperature change. 
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Discussion 

To our knowledge, this is the first study to report the physiological stress response of an African 

reptile experiencing temperature fluctuations. An increase in Ta altered the adrenocortical 

activity in both male and female sungazer lizards. As expected, there was no significant change 

in fGCM levels observed in control group females kept under constant ambient temperature. 

Although the control group male showed a fGCM increase between stages, this was not 

significant. In contrast to both control groups, fGCM levels of treatment male and female 

sungazer lizards showed varying patterns throughout the thermal stages. 

In this study, the sudden increase in Ta correlated with an increase in fGCM levels in 

TG females, presumably as a means to restore homeostasis (Tasker 2006). A similar response 

has been observed in both garter snakes, Thamnophis elegans (Gangloff et al. 2016) and 

northern alligator lizards, Elgaria coerulea, (Telemeco and Addis 2014). Interestingly, TG 

female lizards also showed an acute increase in fGCM levels once Ta was returned to control 

temperatures, indicating a sensitivity of female sungazer lizards to sudden temperature change. 

As fGCM peaks were only observed in a single sample following temperature increase (stage 

1 to stage 2) and decrease (stage 2 to stage 3), it is unlikely that the TG females employed 

physiological plasticity in response to thermal change. Although the sudden change in 

temperature implemented here (~9 oC) is considerably higher than the predicted  4 oC  increase 

due to climate change by 2100 (Thuiller 2007), the thermal range of this study might well have 

fallen into the thermal tolerance zone of sungazer lizard females; that is, the thermal minimum 

and maximum temperatures at which an organism can continue activity required for survival 

(Kearney and Porter 2004; Kearney et al. 2009). Thermal tolerance is dependent on the 

physiological and behavioural plasticity, as well as evaporative water loss traits inherent in a 

species (Caldwell et al. 2015). As all lizards in our study had a constant source of water 

throughout the study, evaporative water loss due to increased Ta would have been limited. 

Although behavioural plasticity could have assisted TG females, it is unclear whether it was 

implemented during stage 2. As such, additional research is required to determine the role of 

evaporative water loss, in combination with behavioural plasticity in the response of captive 

and free-ranging female sungazer lizards to elevated temperatures.  

Although the TG male of our study showed a similar increase in fGCM levels during 

an increase in Ta, the significant increase in adrenocortical activity during the return to control 

temperatures (stage 3) was unexpected. The CG male had considerably higher fGCM levels 

than his TG counterpart; the latter was only able to match fGCM levels with the CG male 

during stage 3 of the study. The fGCM patterns observed in the TG and CG males can likely 
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be explain by two factors. Firstly, individual differences in adrenocortical activity throughout 

the control and test period may have been present. Such individual fGCM differences in 

response to an external stressor has been observed in a number of studies including one on the 

European rabbit (Oryctolagus cuniculus; Monclús et al. 2019) and barn swallow (Hirundo 

rustica erythrogaster; Vitousek et al. 2014). As such, the role of individual differences in the 

physiological stress response should be considered when designing a study and, where 

possible, the number of study animals increased to reflect population-level response rather than 

that of the individual (Cockrem 2013; Koolhaas et al. 2010). In addition to this, although the 

physiological stress response aims to restore the homeostasis of an individual facing an external 

stressor, short term physiological plasticity, as was needed in the current study, is not always 

sufficient to ensure optimal fitness or survival (Gangloff et al. 2019).  In order to determine 

which of these two factors were responsible for the fGCM levels observed, additional research 

on larger study groups is required. However, given the limited number of animals within 

captivity, as well as the strict conservation protocols currently in place for the species, this 

might be difficult to implement.  Finally, although the results gathered here are of crucial 

importance to the conservation of this and other reptile species globally, caution should be 

taken when extrapolating results from habituated/captive animals to free-ranging populations. 

While no information exists on the possible change in adrenocortical function in sungazer 

lizards due to captivity, several studies have shown a significant alteration in this regard for 

other species within captivity (Dickens et al. 2009; Dickens and Romero 2009; Fairhurst et al. 

2011). This is especially true since captive animals have access to a constant source of food, 

water and shelter, which is often absent or highly seasonal in free-ranging populations.  

 

Conclusion 

Our results provide the first data on the physiological response of an endemic African reptile 

to elevated environmental temperatures. The number of lizards monitored in our study was low 

due to animal availability and the conservation status of the species restricting access to study 

individuals. As a result, the adrenocortical activity and response to ambient temperatures 

observed here is likely driven by individual variation in the stress response (Koolhaas et al. 

2010; Koolhaas et al. 2007) and thus specific to the study animals. Nonetheless, our results 

indicate a physiological sensitivity in sungazer lizards to periods of altered environmental 

temperature. The long-term consequences of elevated GCM concentrations in response to 

temperature variability is unknown. However, other sub-lethal stressors such as pollution 

potentially contribute to fitness loss and demographic effects (i.e. skewed sex ratios) in this 
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species (McIntyre and Whiting, 2012). The potential therefore exists for interactive or 

cumulative effects of stressors such as environmental temperature changes, changes in rainfall 

and industry-related pollution to further threaten the fitness and continued survival of sungazer 

lizard populations. Future research should aim to not only increase the number of study animals 

used when monitoring the physiological response to environmental change, but include 

monitoring of parameters such as body condition, evaporative water loss and behavioural 

change. Furthermore, monitoring of in situ sungazer lizard population demographics, stress 

and behaviour would facilitate conservation planning efforts for this species.  
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