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ABSTRACT 

The Gila monster (Heloderma suspectum) is a desert lizard which experiences strong 

above-ground thermal constraints throughout its range and copes with suboptimal environmental 

temperatures by retreating to sub-surface refuge sites. We addressed the hypothesis that refuge 

sites selected by Gila monsters would have higher thermal quality and provide more thermally 

stable regimes than sites not used as refuge. We measured the thermal properties of 48 selected 

shelters, each matched with two control shelters; a potential shelter having similar physical 

characteristics to the selected shelter but not observed to be used as refuge, and a random shelter, 

in which physical attributes were not controlled for, but still having the size and depth to be used 

as sub-surface refuges. We found that overall mean temperature did not differ among the three 

shelter types. In addition, random shelters had more time within the preferred thermoregulatory 

range of the Gila monster (Tset) when compared to potential shelters but shelters that were 

selected by Gila monsters did not differ from the other shelter types in the total amount of time 

spent within Tset. Over the course of the activity season, selected shelters deviated less from Tset 

and were more thermally stable than potential or random shelters. Our results also indicate a 

temporal shift in thermally-mediated shelter selection. Early in the activity season (April), 

selected refuge sites had temperatures within Tset for longer when compared to potential shelters. 

Later in the activity season (June and July) when above-ground temperatures were higher and 

potentially lethal, selected shelters had higher thermal stability and temperatures that were closer 

to Tset than other shelter types. Overall, our results indicate that shelter-selection in Gila monsters 

is thermally-mediated in ways that change over the course of the activity season, and that using 

biologically informative metrics is important in measuring thermal suitability of refuge sites in 

the field. 
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Introduction: 

Refuge site selection plays a crucial role in the survival of many organisms (Christian et 

al., 1984; Huey et al., 1989; Huey, 1991). Refuges function in predator avoidance and escape 

(Downes and Shine, 1998; Cooper and Frederick, 2007; Holbrook et al., 2008; Wcisel et al., 

2015) and offer physical protection from unsuitable environmental conditions (Holbrook et al., 

1990; Ebeling and Hixon, 1991; Webb and Shine, 2000). In fossorial and reclusive species 

refuge sites may also provide opportunities for conspecific interactions and serve as the primary 

location of mating and nesting activities (Eggleston and Lipcius, 1992; Pereira et al., 2019). 

Microclimate gradients within refuge sites provide conditions that permit behavioral 

thermoregulation (Huey, 1982; Kearney, 2002). Thermoregulation influences the physiology, 

ecology, and reproduction of most ectotherms (Huey and Stevenson, 1979; Huey, 1982; Huey 

and Kingsolver, 1989), which attempt to maintain their body temperatures within a preferred 

range, putatively to permit optimal performance of essential bodily functions (Berk and Heath, 

1975; Barber and Crawford, 1977; Hertz et al., 1993). Homeostatic mechanisms such as 

shivering (Vinegar, 1968; Heinrich and Pantle, 1975; Harlow & Grigg, 1984) and counter-

current heat exchange (Bernal et al, 2001; Wegner et al., 2015) are used by some ectothermic 

species to keep body temperatures within, or closer to this preferred range. Ectotherms can also 

behaviorally thermoregulate (Cowles and Bogert, 1944; Bogert 1949) through activities such as 

basking (Heinrich and Pantle, 1975; Barton et al, 2014; Stanton-Jones et al., 2018), positional 

adjustments (Barton et al., 2014), and use of refuge sites (Christian et al., 1983). 

Refuges routinely serve as a critical thermal escape from stressful or lethal temperatures 

(Kearney et al., 2009; Vasconcelos et al., 2012; Bonnet et al., 2013; Moore et al., 2018). Sites 

having higher thermal quality (more time within the preferred temperature range of a particular 
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species or temperatures that deviate less from that range) or greater thermal stability may be 

intentionally sought out when environments experience high levels of thermal fluctuation, 

especially when temperatures exceed critical thermal limits (Barnes et al., 1996; Kearney et al., 

2009; Rowland et al., 2017; Nordberg and Cobb 2017). In desert environments, high 

temperatures impose strong daily and seasonal thermal constraints on above-ground activity and 

can pressure species to remain within refuges for extended periods of time (Webb et al., 2005; 

Pereira et al., 2019; Ivey et al., 2020). Refuge selection is therefore likely intentionally oriented 

towards sites that provide appropriate thermal conditions, allowing individuals to maintain body 

temperatures within their preferred range (Huey, 1991; Kearney and Predavec, 2000; Piantoni et 

al., 2016; Thompson et al., 2018).  

Time spent within refuge sites is influenced by ecological and physiological processes 

such as predator avoidance, foraging, reproduction and thermoregulation. The time spent 

foraging is influenced by the efficiency of the foraging animal (MacArthur and Pianka, 1966). 

Similarly, refuge sites that offer higher thermal quality may be used for a longer duration (Martin 

and Lopez, 1999b; Cooper and Wilson, 2008; Andersson et al., 2010) and individuals that 

perceive an increased risk of predation may occupy a refuge site for a longer period of time 

(Martin and Lopez, 1999b).  

Tradeoffs can occur among factors that affect the duration of time spent within refuge. 

Individuals in refuge may experience a fitness cost of lost foraging and mating opportunities 

while using a refuge site (Reaney 2007; Martin et al., 2008), and optimality models have been 

created to predict when optimal emergence time occurs (Sih 1992; Cooper and Fredrick, 2007). 

In refuge sites that have poor thermal quality, an individual may risk reduced physiological 

capabilities, hypothermia or hyperthermia, and the duration of occupancy may be reduced 
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despite a high risk outside of the shelter (Martin and Lopez, 1999a; Martin 2001; Martin and 

Lopez, 2001; Cooper and Wilson, 2008). Conversely, tradeoffs are reduced when refuge sites 

provide higher thermal quality or thermal stability (Becker and Brown, 2016) and refuges tend to 

be used for longer time periods (Martín and Lopez, 1999b; Martín and Lopez, 2001; Andersson 

et al., 2010). 

Thermal quality of refuges may also be influenced by drastic daily or annual thermal 

fluctuations, which can bring about a temporal shift in refuge selection (Christian et al., 1984; 

Peterson, 1987; Kearney, 2002; Stellateli et al., 2018). Deeper refuges maintain a more stable 

microclimate and may be preferred during periods which regularly experience suboptimal above-

ground temperatures due to reduced exposure to thermal extremes within the refuge (Scheffers et 

al., 2014). In habitats that experience significant thermal fluctuations, typically higher latitudes 

and elevations, thermoregulatory behaviors are important as temperatures may regularly be 

outside of the preferred temperature range (Piantoni et al., 2016). 

Here, we investigate the thermal regimes of refuge sites selected by the Gila monster 

(Heloderma suspectum), a reclusive lizard endemic to deserts of the southwestern United States 

and northwestern Mexico (Bogert and Martin del Campo, 1956). Gila monsters have a relatively 

low preferred body temperature range compared to most desert lizards (Lowe et al., 1986; Firth 

et al., 1989; Gienger et al., 2013; Ivey et al., 2020), have activity patterns that are strongly 

constrained by the thermal environment (Gienger, 2009), and experience a significant increase in 

evaporative water loss when exposed to temperatures over 35°C (DeNardo et al., 2004). Gila 

monsters spend approximately 95% of time in below-ground shelters, including natural crevices 

under rocks, rodent burrows, and tortoise dens, which provide a thermal buffer from extreme 

above-ground temperatures (Beck, 1990; Gienger, 2003). Although seemingly abundant on the 
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landscape, refuges used by Gila monsters (burrows, crevices, caves, etc.) have somewhat 

predictable physical structure, and specific sites are often reused year after year (Beck, 1990; 

Gienger, 2003; Beck and Jennings, 2003). Since above-ground thermal regimes are unsuitable 

for activity throughout much of the spring and summer activity season (Gienger, 2009), and 

because their preferred body temperatures are relatively low (Gienger et al., 2013), we expect 

that refuge selection is thermally-mediated in Gila monsters and that refuge site selection should 

be driven by thermal quality of available refuges. We predict that sites used by Gila monsters 

provide more opportunities for time within the preferred body temperature range than similar 

unused shelters and will deviate less from that range. Selected refuges should also have more 

thermal stability (predictability) than sites not used and therefore should provide a buffer from 

lethal temperatures. Finally, because Gila monsters might be expected to utilize high quality 

thermal refuge sites for as long as possible when temperatures permit, we predict that Gila 

monsters should occupy shelters with higher thermal quality longer than shelters with lower 

thermal quality. 

 

Methods:  

Study Site 

The study was conducted approximately 10 km west of Las Vegas, Nevada in the Mojave 

Desert. The site is primarily Aztec Sandstone and limestone (Lei, 2003), dominated by desert 

scrub vegetation including native catclaw (Acacia greggi), yuccas (Yucca baccata, Yucca 

brevifolia and Yucca schidigera), and cacti (many species of Opuntia, Echinocactus, Ferocactus 

and Cylindropuntia), as well as invasive cheat grass (Bromus tectorum) and red brome (Bromus 

rubens) (Brown, 1994). Mean precipitation from April through July is 4 cm, and the mean 
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humidity of each month ranging from 15-25% (2011-2020). The study was conducted from April 

through July 2020, during the active season for Gila monsters, which is when above-ground 

temperatures are permissible for activity (Gienger 2009), adult males undergo spermiogenesis 

and adult females are reproductively receptive (Goldberg and Lowe, 1997), and when prey 

availability is highest (Beck 2005).   

 

Experimental Design 

 Captured adult and subadult Gila monsters were surgically implanted with a radio 

transmitter and were radio-tracked five to seven times a week using a radio antenna (Telonics 

RA-23) and a handheld radio receiver (Advanced Telemetry Systems, Inc. Model R140). When 

lizards were tracked to an underground shelter, the site was georeferenced and temporarily 

marked with an identification number using chalk on a rock placed near the opening of the 

shelter. We measured the physical attributes of shelters using procedures similar to those of Beck 

and Jennings (2003). We considered refuge sites used by Gila monsters as “actual shelters” and 

unlike the study by Beck and Jennings, the actual shelters in our study were intentionally paired 

with nearby shelters that have similar physical shelter characteristics to the actual shelter, which 

may influence the microhabitat within the shelter. Because we did not know whether paired sites 

were ever used by the lizards, the shelter was considered a “potential shelter”. We selected 

potential shelter sites that were within 50 m of the actual site and were of similar type (sandstone 

crevice, rocky slope, rodent burrow, or tortoise den), entrance height and width, crevice depth, 

rockiness of the ceiling and floor, and directional azimuth of the entrance. Rockiness was 

measured on a scale of 1 to 5 where 1 indicates sand and 5 indicates solid rock. A third “random 

shelter” site was also matched with each pair. Random shelters were shelters that were large 
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enough to potentially be used by a Gila monster and would permit underground refuge, although 

we did not attempt to match the physical shelter attributes of the actual shelters. Random shelters 

were not used in the Beck and Jennings (2003) study. If shelters chosen by Gila monsters did not 

differ in thermal quality from random shelters, it would indicate that any refuge site, regardless 

of physical shelter attributes, would offer similar thermal properties and that shelter selection is 

not thermally-mediated.  

After the lizard left the actual shelter, we placed a HOBO datalogger (Onset UA-001-

64) in each trio of actual, potential, and random shelters. Beck and Jennings (2003) found that 

the temperature of the shelter while being occupied by a Gila monster and after the Gila monster 

had left did not differ. Therefore, we can assume that the thermal regimes after the lizard had left 

would be similar to when the lizard had occupied the shelter. Dataloggers for actual and potential 

shelters were placed at the same depth, typically as deep as the Gila monsters could be sheltered. 

Random shelters had dataloggers placed at haphazard depths within the shelter, usually close to 

the deepest area of the shelter. Temperatures were recorded every ten minutes for 72 hours, and 

loggers were removed, and offloaded using HOBOware software. 

 

Thermal Quality 

We compared the overall (72 h) mean temperatures of shelters among treatments and 

used the framework of Hertz et al. (1993) to calculate measures of biologically relevant thermal 

regimes for ectothermic animals. By using biologically informative thermal indices, we can 

analyze thermal regimes using metrics that have physiological importance, and we can measure 

nuance which may be lost when only comparing mean overall temperatures. We measured the 

amount of time (h/day) and proportion of time (out of 72 h) that actual, potential, and random 
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shelters remained within the preferred thermoregulatory set-point range for Gila monsters 

(Gienger et al., 2013). The set-point range (Tset) is determined in a laboratory thermal gradient 

where it is assumed there are no ecological constraints or costs of thermoregulation, and animals 

can freely maintain their preferred body temperature (Tb). The Tset parameter can be measured as 

the central 50% or 68% (one standard deviation) of all temperatures recorded (Dewitt and 

Friedman, 1979; Hertz et al., 1993). The set-point range for Gila monsters is 23.6-27.1°C 

(Gienger et al., 2013), measured as the central 50% of body temperatures observed. 

Also following Hertz et al. (1993), we calculated de for each recorded temperature as the 

absolute deviation between Tset and the environmental temperature (Te) within shelters. We used 

d̄e as a summary metric for each shelter. Since de measures the deviation between Tset and Te, a 

lower de indicates higher thermal quality, and a higher de (being farther from the preferred range) 

indicates lower thermal quality.  

 

Thermal Stability 

To gage the stability of temperatures in each shelter, we calculated the standard deviation 

of the overall mean for each shelter. Lower standard deviations indicate more stable temperatures 

within shelters, whereas higher standard deviations would indicate more variable temperatures. 

Thermal stability alone may not be informative but can be used in conjunction with thermal 

quality metrics to gage thermal suitability. Standard deviation was analyzed as a response 

variable against the shelter type (actual, potential and random shelters). 
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Statistical Analysis 

Statistics were calculated using R 3.6.2 (R Core Team, 2019). Most of the physical 

shelter attributes (shelter entrance height, width, depth, logger depth, and rockiness of the floor 

and roof) were each compared among shelter types using a non-parametric Kruskal-Wallis H-

test. Parametric tests could not be used since residuals of a linear model were not normally 

distributed. For evaluating the directional azimuth of the shelter opening, we used a high-

concentration ANOVA for circular data using the Directional package (v4.4; Tsagris et al., 

2020). 

We used a linear mixed effects model for comparison of thermal indices (mean 

temperature, Tset, d̄e, and standard deviation) among the actual, potential, and random shelters 

and the packages lme4 (v1.1-21; Bates et al., 2015) and lmerTest (v3.1-3; Kuznetsova et al., 

2017). To meet the assumption of normally distributed residuals in thermal quality analyses, the 

amount of time spent within Tset was square root transformed and standard deviation, duration of 

occupancy, and the observed number of lizards using a shelter were log transformed. We 

modeled individual lizard ID and shelter ID as random effects; month was considered a fixed 

effect to examine temporal effects across increasingly warm periods of the April-July activity 

season. We did not examine differences between sex, age, size or reproductive condition because 

we do not know if preferred temperatures differ among the different classes of those variables. 

We followed comparisons of main effects with a Tukey HSD test for pairwise comparisons.  
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Results: 

Shelters 

 

 We tracked 14 lizards to 234 shelters from April through July 2020 and recorded 

temperatures for 48 groups of actual, potential, and random shelters. We found no differences in 

the physical attributes (height, width, depth, roof, depth, directional azimuth and logger depth) 

between actual and potential shelters (p>0.05 for all post-hoc comparisons; Table 1). Random 

shelters were similar to actual and potential shelters in directional azimuth ( = 1.81, p = 0.250) 

and roof structure (2(2) < 0.01, p = 1.000). However, random shelters differed from the other 

groups in height (2(2) = 8.53, p=0.014), width (2(2) = 11.71, p=0.003), depth (2(2) = 19.42, 

p<0.001), floor rockiness (2(2) = 23.28, p<0.001) and depth at which the data logger was 

inserted (2(2) = 21.84, p<0.001).  

 

Thermal Quality 

 Mean overall shelter temperatures were nearly identical among treatments (actual shelters 

= 28.3 ± 3.9°C, potential shelters = 28.6 ± 5.0°C, random shelters = 28.4 ± 5.0°C, F2,94 = 0.56, p 

= 0.575, Figure 1). We found that mean temperatures did not differ among shelter types by 

month (F2,88 = 2.27, p = 0.109; Figure 2); however, there was an interaction between month and 

shelter type (F6,88 = 4.32, p < 0.001). In July, Gila monsters selected shelters that were cooler 

than either potential or random shelter types (Figure 2). Selected shelters in July were 32.0 ± 

1.8°C, while potential and random shelters had mean overall temperatures of 34.6 ± 1.0°C and 

34.2 ± 1.5°C, respectively (pairwise comparisons were p < 0.001, and p = 0.004, respectively). 

We found no difference between the mean temperatures of potential and random shelters (p = 

0.775). In April, May, and June we found no differences in mean temperatures within months 

among shelter types (p>0.11 for all other pairwise comparisons). 
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Interestingly, random shelters had the most time within Tset, with an average of 21.3% of 

the time spent within that range, while actual shelters averaged 19.2% of the time within Tset, and 

potential shelters had 16.0% of the time within Tset (F2,94 = 3.46, p = 0.035). Random shelters set-

point range temperatures longer than potential shelters (p = 0.027), although we found no 

difference between actual and potential shelters (p = 0.453) or actual and random shelters (p = 

0.333). Time within Tset showed no overall difference among shelter types by month (F2,88 = 

2.65, p=0.076). For all shelter types, May had the highest proportion of time within Tset (Figure 

3) with an average of 37.8% of the time within Tset across all three treatments. During June and 

July, actual shelters were never within Tset, while potential and random shelters had a diminutive 

amount of time within that range. Pairwise comparisons showed a difference between actual and 

potential shelters in the month of April (p=0.011; Figure 3), where actual shelters had 5.8 ± 4.7 

hours per day within Tset, while potential shelters had 3.3 ± 3.9 hours per day within Tset (n = 17). 

Random shelters, which had 6.5 ± 6.0 hours per day within Tset, also differed from potential 

shelters (p = 0.005), but not from actual shelters (p = 0.969). There were no other significant 

differences in the remaining post-hoc comparisons (p > 0.05). 

Over the course of the activity season, actual shelters had the highest overall thermal 

quality (lowest deviation from Tset) with a d̄e of 2.84 ± 1.99°C. Potential shelters and random 

shelters had a d̄e of 3.78 ± 2.55°C and 3.61 ± 2.76°C, respectively (F2,94 = 7.96, p < 0.001). Post-

hoc comparisons found thermal quality was higher in actual shelters than both potential shelters 

(p < 0.001) and random shelters (p = 0.008). The d̄e among the shelter types varied by month 

(F2,88 = 19.08, p < 0.001; Figure 4); in June, actual shelters had higher thermal quality than 

random shelters, and in July, actual shelters had higher thermal quality than both other shelter 

types (Figure 5). In June, the d̄e for actual shelters was 3.0 ± 1.2°C, compared to 4.6 ± 2.4°C for 
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random shelters (p = 0.009). Potential shelters had d̄e measured at 4.1 ± 2.1°C, which was not 

different when compared to shelters selected by Gila monsters (p = 0.085) or random shelters (p 

= 0.649). In July, actual shelters had d̄e of 4.9 ± 1.8°C, compared to 7.5 ± 1.0°C for potential 

shelters (p < 0.001) and 7.1 ± 1.5°C for random shelters (p < 0.001). All other post-hoc 

comparisons found no within-month differences among the thermal quality of shelter types (p > 

0.47 for all other pairwise comparisons). 

 

Thermal Stability 

 Throughout the course of our study, actual shelters had a mean standard deviation of the 

overall mean temperature of 1.38°C, compared to 1.76°C for potential shelters, and 2.21°C for 

random shelters (F2,94 = 10.83; p < 0.001; Figure 6). Actual shelters had smaller temperature 

variations than either potential shelters (p = 0.020) or random shelters (p < 0.001). Temperature 

variation in shelters chosen by Gila monsters decreased each month from April to July, but this 

pattern was not reflected in the other shelter types (Figure 7). Standard deviation of the overall 

mean temperature among shelter types differed by month (F2,88 = 17.24, p < 0.001; Figure 6); in 

June, actual shelters had lower thermal fluctuations than random shelters, and in July, actual 

shelters experienced lower thermal fluctuations than both other types. In June, we measured the 

standard deviation of the overall mean temperature for actual shelters to be 0.68°C and the 

random shelter to be 1.91°C (p = 0.014). In July, mean standard deviations of the overall mean 

temperature were 0.43°C for actual shelters, 1.49°C for potential shelters (p < 0.001) and 1.93°C 

for random shelters (p < 0.001). We found no other monthly difference in the thermal variation 

among shelter types (p > 0.08 for all other pairwise comparisons within months).  
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 Shelters that are more thermally stable offer more predictable thermal regimes. By 

selecting for sites that are thermally predictable, Gila monsters can avoid refuges with 

temperatures that are excessively high and potentially lethal. Bogert and Martin del Campo 

(1956) noted that the critical thermal maximum (CTmax) for Gila monsters is 42.5°C, an 

temperature can lead to partial paralysis in Gila monsters. In our study, sites selected by Gila 

monsters in our study never had temperatures surpass 40°C (Figure 8). By comparison, over the 

course of the activity season, potential shelters and random shelters averaged 0.09 and 0.01 h/day 

above CTmax, respectively (Figure 9). 

 

Occupancy and Usage 

 Of the 48 shelters measured, we observed eight used for more than seven days, all of 

which were in early April before the peak of the activity season. In May and July, the longest 

shelter occupancy was six days; in June, the longest was four days (Figure 10a). We found 

overall differences in the duration of occupancy by month (F2,37 = 4.24, p = 0.011). Post-hoc 

differences indicated that duration of occupancy was higher in April than the months of May (p = 

0.019) and June (p = 0.042). We found no other differences in post-hoc comparisons (p > 0.50 

for all comparisons). We observed two shelters used by four lizards, four of the shelters used by 

three lizards, and eight of the shelters were observed to be used by two Gila monsters.  

 Thermal quality of shelters did not influence the duration of occupancy. There was no 

effect of time spent within Tset (t45 = 0.834, p = 0.409; Figure 10b), or d̄e of a shelter (t45 = 0.110, 

p = 0.913; Figure 10c) on occupancy duration. We found no effect of thermal quality by month 

on the duration of occupancy in shelters (p > 0.97 for all comparisons). 
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In addition, thermal quality did not influence the number of lizards that used a shelter. 

There was no effect of the amount of time shelters were within Tset (t45 = -0.785; p = 0.437), or d̄e 

of a shelter (t45 = 0.370; p = 0.713) on the total number of lizards observed occupying the shelter. 

We also found no effect of thermal quality by month on the number of observed lizards 

occupying shelters (p > 0.98 for all comparisons).  

It should be noted that in the months of June and July no actual shelters were ever within 

Tset, therefore both months were excluded from monthly analyses when Tset was measured as the 

predictor variable.  

 

Discussion: 

 

 Overall, we found mixed support for the hypothesis that shelter selection in Gila monsters 

is thermally-mediated, albeit in ways that change across the activity season as the thermal 

environment itself changes. We did not find differences in overall mean temperatures among 

shelter types, results that similarly reflect the findings of Beck and Jennings (2003), who report 

nearly identical mean temperatures between actual and potential shelters. When we examined the 

mean temperatures for each shelter type by month, we found that during the hottest period of the 

year, July, Gila monsters selected refuges that were 2°C lower than both potential shelters and 

randomly available shelters. Similarly, Webb et al. (2005) found that refuge sites for Broad-

headed Snakes (Hoplocephalus bungaroides) had mean temperatures that were often similar 

between sites with and without vegetative canopy cover, despite clear differences in other 

thermal properties (minimum, maximum, nighttime and midday temperatures). In addition, a 

study examining the overwintering sites of predatory arthropods found that in the second winter 

of ridge establishment, densities of arthropods were higher in vegetation that had less variable 
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thermal regimes despite no differences in mean overall temperatures above or below the 

substrate (Thomas et al., 1991). Together this suggests that mean temperature alone may not 

always be an informative metric to quantify aspects of thermal refuges for organisms in the field, 

as it lacks context for the biologically nuanced ways in which organisms potentially gage thermal 

suitability. 

Similarly, we found no overall difference between selected shelters and other shelter 

types in the duration that temperatures remained within the preferred temperature range (Tset) 

over the course of the activity season, although random shelters did retain Tset temperatures for a 

longer duration than potential shelters. However, we found a temporal shift in selection of 

shelters that hold Tset for a longer period of time. Early in the activity season (April), Gila 

monsters selected shelters that had more time in Tset when compared to potential shelters, 

although chosen refuge sites did not differ from randomly available sites. During this month, 

above-ground temperatures were typically cooler than preferred temperatures for Gila monsters, 

and the lizards had relatively less movements than compared to the warmer months in the 

activity season. Before emergence from hibernation, and throughout early spring, Gila monsters 

thermoregulate by basking at the opening of shelters, routinely achieving body temperatures 

within Tset despite much lower environmental temperatures (Beck, 1990). In our study, shelters 

that were selected maintained temperatures that would provide more opportunities for 

thermoregulation than shelters with similar physical shelter attributes during early spring. We 

also found that shelters used by Gila monsters had the highest thermal quality among the three 

shelter types, with a lower deviation from Tset (d̄e) across the activity season. The effect of 

thermal quality was especially pronounced in June and July, when above-ground temperatures 

were highest, and mean hourly temperatures within all shelter types were always outside of Tset. 
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For lizards that live in extreme thermal environments, it is not uncommon for species to be 

subjected to environmental temperatures outside of their set-point range, and to choose shelters 

with higher thermal quality. Rock lizards (Iberolacerta cyreni) in the Sierra de Guadarrama 

mountain ranges utilize mixed shrub and rock habitats which have higher thermal quality (lower 

d̄e values) compared to adjacent pine forests where the lizards were absent (Monasterio et al., 

2009). Similarly, Aguilar and Cruz (2010) found that Darwin’s marked gecko (Homonota 

darwini) were more abundant on a western slope of a hill where the thermal quality of potential 

refuges was higher than the eastern side of the hill. In addition, selected refuge sites on the 

western slope had temperatures closer to Tset than unused refuge sites. While we did not look at 

the body temperatures of Gila monsters for our study, our study implies that Gila monsters would 

be able to attain more suitable body temperatures at selected refuge sites than other refuges with 

similar physical shelter attributes, or if shelters were chosen randomly.  

We found that thermal stability of refuges appeared to be an important factor in shelter 

selection, and over the course of the activity season, refuge sites selected by Gila monsters were 

more thermally stable than other shelter types. Thermal stability was especially pronounced 

during the warmest months of the activity season (June and July) and potentially reflects the 

importance of predictability in shelter thermal regimes when above-ground temperatures can be 

lethal. Thermal stability is observed in the body temperature of Gila monsters, as Beck (1990) 

found that while in refuge, overall body temperatures typically fluctuated less than 1.0°C daily, 

presumably reflecting the thermal stability of selected refuges. Similarly, our results indicate low 

standard deviations in shelters used in June and July (0.68°C and 0.43°C, respectively) despite 

high daily above-ground temperatures. In June, the mean standard deviation of randomly 

available shelters was more than double that of actual shelters, and in July was more than three 
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times greater than actual shelters. Becker and Brown (2016) found that in the summer, two 

scorpion species (Vaejovis cashi and V. electrum) occupied larger rocks that offered more stable 

thermal regimes and lower temperatures than rocks not used as refuge. In addition, Rowland et 

al. (2017) found that nest boxes deployed as a conservation tool for arboreal marsupials 

experienced higher temperature fluctuations than natural refuges (tree hollows), often reaching 

temperatures that could induce heat-stress. The low thermal stability and unsuitable temperatures 

resulted in low occupancy of the nest boxes. Our results indicate that Gila monsters select sites 

that are thermally stable, which provide more predictable thermal regimes putatively to avoid 

potentially lethal temperatures.  

We did not find support for our predictions linking thermal quality to the duration of 

occupancy for Gila monsters within a shelter. We assumed that higher thermal quality would 

serve as a benefit for Gila monsters and result in increased occupancy of shelters. Previous 

studies have found that when wall lizards (Podarcis muralis) used refuges that provided 

preferred temperatures, duration of occupancy was increased (Martín and Lopez, 1999b). 

However, our study occurred during the duration of the activity season for Gila monsters, and 

longer duration within shelters during this period may present a tradeoff in lost foraging and 

mating opportunities. Similarly, a study observing the tradeoffs of refuge use in the Iberian rock 

lizard (Lacerta monticola) found that when foraging opportunities increased, L. monticola 

subsequently reduced the duration of occupancy within refuge sites (Martín et al., 2008). 

As global temperatures continue to increase due to climate change, an understanding of 

the role of thermally-mediated refuge selection and occupancy in selected refuge sites is 

increasingly important (Kearney et al., 2009; Scheffers et al., 2014; Moore et al., 2018). Our 

study suggests that refuge site selection in Gila monsters is thermally-mediated during the 
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activity season. Selected shelters early in the spring maintained preferred temperatures more than 

in comparison to potential shelters that were not used by Gila monsters. In late spring, Gila 

monsters were more active when above-ground temperatures were optimal and did not select 

shelters based on thermal properties. Later in the activity season, when ambient temperatures 

increased to stressful and potentially lethal temperatures, Gila monsters selected shelters that 

were more thermally stable and deviated less from the preferred range than compared to those 

that were less stable and had higher temperature fluctuations. 
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Table 1. Means and standard deviations for shelter attributes measured for each actual, potential, 

and random shelters (n=48 for each). P-values for height, width, logger depth, depth, roof and 

floor are from a Kruskal-Wallis H-Test, and the p-value for azimuth is from a high-concentration 

ANOVA for circular data. Superscripts indicate post-hoc differences using a Dunn’s Test. 

Shelter types with the same superscript letter are not significantly different from one another.  
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Figure 1. Mean temperature by shelter type (n=48 for each) from April-July 2020. Mean overall 

temperature did not differ among shelter types. Letters over the box plots indicate post-hoc 

comparisons using a Tukey’s Test. Shelter types with the same letter are not significantly 

different from one another. 
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Figure 2. Mean temperature (with standard deviation error bars) for each shelter type by month. 

(n=17 for April, n=13 for May, n=9 for June, n=9 for July). Letters over the box plots in July 

indicate within-month post-hoc differences using a Tukey’s Test. Shelter types with the same 

letter are not significantly different from one another; shelter types were not significantly 

different in April, May, June. 
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Figure 3. Proportion of time (with standard deviation error bars) within the set-point range (Tset) 

by shelter type and by month (n=17 for April, n=13 for May, n=9 for June, n=9 for July). Letters 

over the box plots in April indicate within-month post-hoc differences using a Tukey’s Test. 

Shelter types with the same letter are not significantly different from one another; shelter types 

were not significantly different in May, June and July. 
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Figure 4. Thermal quality of shelters as measured by mean de (deviation from thermoregulatory 

set-point range) across months (n=17 for April; n=13 for May; n=9 for June; n=9 for July) with 

standard deviation error bars. A deviation of 0°C would indicate that the temperature was within 

the set-point range (noted by dashed line). Letters over the box plots in June and July indicate 

within-month post-hoc differences using a Tukey’s Test. Shelter types with the same letter are 

not significantly different from one another; shelter types were not significantly different in 

thermal quality in April or May. 
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Figure 5. Mean hourly temperature for each shelter type by month and hour of day (n=48). The 

dashed lines indicate the target thermoregulatory range (lower and upper Tset). 
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Figure 6. Thermal stability of shelters as measured by standard deviation from the mean 

temperature for each shelter type across all months (n=17 for April; n=13 for May; n=9 for June; 

n=9 for July). A deviation of 0°C would indicate that there is no fluctuation of temperature 

(noted by dashed line). Letters over the box plots in June and July indicate within-month post-

hoc differences using a Tukey’s Test. Shelter types with the same letter are not significantly 

different from one another; shelter types were not significantly different in thermal stability in 

April or May. 
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Figure 7. Density plot showing the frequency of temperatures recorded for each shelter type by 

month. (n=7,361 in April; n=5,629 in May; n=3,897 in June; n=3,897 in July). The shaded blue 

regions indicate the lower and upper set-point range (Tset).  
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Figure 8. Density plot showing the frequency of all temperatures recorded for each shelter type 

(n=20,784 for each). The shaded blue regions indicate the lower and upper set-point range (Tset).  
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Figure 9. Heat map displaying the hourly means of temperatures within each shelter type and for 

above-ground air temperatures by week (starting second week of April).  
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Figure 10. Monthly effect of thermal quality on shelter occupancy. Occupancy duration is plotted 

A.) against the total hours spent within the set-point range (Tset), B.) against the average 

deviation from Tset for each shelter and C.) by month.  
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