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ABSTRACT

Many animals thermoregulate to maximize performance. However, interactions with
other animals, such as competitors or predators, limit access to preferred microclimates.
For instance, an animal may thermoregulate poorly when fighting rivals or avoiding
predators. However, the distribution of thermal resources should influence how animals
perceive and respond to risk. When thermal resources are concentrated in space,
individuals compete for access, which presumably reduces the thermoregulatory
performance while making their location more predictable to predators. Conversely,
when thermal resources are dispersed, several individuals can thermoregulate effectively
without occupying the same area. Nevertheless, interactions with competitors or
predators impose a potent stress, often resulting in both behavioral and physiological
changes that influence thermoregulation. To assess the costs of intraspecific competition
and predation risk during thermoregulation, I measured thermoregulation, movement, and
hormones of male lizards (Sceloporus jarrovi) in experiment landscapes, with clumped to
patchy distributions of microclimates. | found lizards aggressively competed for access to
microclimates, with larger males gaining priority access when thermal resources were
aggregated. Competition reduced thermoregulatory performance, increased movements,
and elevated plasma corticosterone in large and small males. However, the magnitude of
these responses decreased as the patchiness of the thermal environment increased.
Similarly, under simulated predation risk, lizards reduced thermoregulatory performance,
decreased movements, and elevated plasma corticosterone. Again, with the magnitude of
these responses decreased with increasing thermal patchiness. Interestingly, even without

competitors or predators, lizards in clumped arenas moved greater distances and
i



circulated more corticosterone than did lizards in patchy arenas, indicating the thermal
quality of the thermal landscape affected the energetic demands on lizards. Thus,
biologists should consider species interactions and spatial structure when modeling

impacts of climate change on thermoregulation.
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CHAPTER ONE:

Introduction

Thermoregulation is an adaptation adopted by nearly all organisms to optimize various
performance traits (Bogert 1949, Seebacher 2005, Angilletta 2009). Not surprisingly,
scientists have studied the impacts of temperature for over half a century (Weese 1917,
Smith 1929, Cole 1943, Cowles and Bogert 1944). However, standard methods for
quantifying costs and predicting patterns of thermoregulation are still quite limited. For
instance, many thermal biologists rely on the indice of de to describe the thermal quality
of a habitat, which equals the difference between the mean of operative environmental
temperatures and an animal’s preferred temperature (Hertz et al. 1993). Although this
indice captures a frequency distributions of operative temperatures, using either
mathematical or physical models (Porter et al. 1973, Bakken and Gates 1975, Dzialowski
2005, Denny and Harley 2006), it fails to account for the spatial distribution of operative
temperatures (Angilletta 2009, Sears and Angilletta 2015). In fact, there can be many
spatial distributions for any frequency distribution that all result in the same value of de!
Thus, it is not surprising that use of de to assess thermoregulatory costs in natural
environments produces inconsistent results (Christian and Weavers 1996, Blouin-Demers
and Nadeau 2005, Herczeg et al. 2006), which likely lead to erroneous measures of
energetics (Sears 2006, Sears and Angilletta 2015).

A similar but more sophisticated method of predicting costs of thermoregulation is
through mechanistic modeling. With these models, researchers link environmental

conditions such as temperature to biological processes (Kearney and Porter 2004,



Buckley 2008, Kearney and Porter 2009, Buckley et al. 2010, Maino et al. 2016), which
then define thermal constraints on activity, survivorship, or fecundity (Adolph and Porter
1993, Bowler et al. 2017, Levy et al. 2017). However, a general assumption of existing
mechanistic models is that if favorable microclimates exist, animals will access them at
no cost (Buckley 2008, Kearney and Porter 2009, Buckley 2010, Elith et al. 2010, Leroux
et al. 2013). In reality, however, many factors impose a cost of thermoregulation (Huey
and Slatkin 1976b, Angilletta 2009). In general, lizards thermoregulate more effectively
when thermal resources are patchily distributed compared to when they are clumped
(Sears et al. 2016, Basson et al. 2017), which likely affects energetic costs (Sears and
Angilletta 2015, Basson et al. 2017). And the presence of competitors or predators may
limit access to desired microclimates. For instance, mate guarding or predator avoidance
may prevent individuals from shuttling between sun and shade patches needed for
effective thermoregulation (Skelly 1994, Polo et al. 2005, Webb and Whiting 2005,
Ancona et al. 2010). Thus, biologists should consider species interactions and spatial
structure when modeling costs of thermoregulation.

To further complicate matters, the distribution of thermal resources should influence
how animals perceive and respond to risk. When thermal resources are concentrated in
space, individuals compete for access (Regal 1971, Magnuson et al. 1979, Rusch and
Angilletta 2017), which presumably reduces the thermoregulatory performance and
makes their location more predictable to predators (Mitchell and Lima 2002).
Conversely, when thermal resources are dispersed, several individuals can
thermoregulate effectively without occupying the same area. Nevertheless, interactions
with competitors or predators impose a potent stress, often resulting in both behavioral
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and physiological changes that likely influence thermoregulation (Greenberg and Crews

1990, Summers 2002, Polo et al. 2005, Preest and Cree 2008).

Study Species

Yarrow’s spiny lizards (Sceloporus jarrovi) are a montane species located in southeast
Arizona, southwest New Mexico, and north central Mexico. The lizards used in these
studies were from the Chiricahua Mountains in southeast Arizona (~ 1500-2500 m) and
ranged in size from 12-37 g. These lizards exhibit a strong thermal preference (~ 34.0 £
1.4 °C) when isolated in a thermal gradient (Schuler et al. 2011, Sears et al. 2016, Rusch
and Angilletta 2017) and do not show adverse thermoregulatory effects of implanted
temperature logger (Sears et al., 2016; Rusch et al., 2017). Males are highly territorial
and aggressive towards conspecifics during breeding season (Ruby 1978) and avoid
predators by hiding in refuges (Cooper 2008, Cooper and Avalos 2010). Thus, these
lizards make an ideal study organism when examining how abiotic and biotic factors

influence thermoregulation.

Dissertation Summary

The aim of my dissertation was to assess the thermoregulatory costs of intraspecific
competition and predation risk. | measured thermoregulation, movement, and hormones
of male lizards (Sceloporus jarrovi) in experimental landscapes with clumped and patchy

distributions of microclimates.



In chapter 2, | examined whether the presence or size of a conspecific affected
thermoregulation and hormones of lizards in laboratory arenas with a single heat source. |
measured body temperatures, movements, corticosterone, and testosterone of lizards both

when in isolation and when paired with a conspecific.

In Chapter 3, | examined whether the presence or size of a conspecific interacted with the
distribution of thermal resources to affect movements, aggression, and hormones of
lizards. To manipulate the thermal environment, | used large, outdoor arenas (400 m?)
with three distinct distributions of shade; 1 large patch (12 x 12 m), 4 medium patches (6
X 6 m), or 16 small patches (3 x 3 m). I then exposed lizards to one thermal treatment
both when isolated and paired with a conspecific. | recorded spatial positions, scored
aggression, and measured corticosterone and testosterone of lizards both when in

isolation and when paired with a conspecific.

In chapter 4, | examined how a simulated predation risk interacted with the distribution of
thermal resources to affect movements, thermoregulation, and glucocorticoids of lizards.

| exposed isolated lizards either to control treatments (no risk) or predation treatments in
the same arenas used in chapter 3 (described above). However, lizards only experienced
one of two thermal environments; 1-patch and 4-patch designs. | recorded spatial

positions, body temperatures, and plasma corticosterone of lizards.



CHAPTER TWO:

Competition during thermoregulation altered the body temperatures and hormone levels

of lizards

(Published in Functional Ecology 2017)

Abstract

Every organism must thermoregulate to maximize its performance, but competing
organisms limit access to preferred microclimates. Such competition often creates
hierarchies in which dominant individuals have more access to limited resources than
subordinate individuals. To assess the costs of competition during thermoregulation, |
measured thermoregulation, movement, and hormones of male lizards (Sceloporus
jarrovi) when alone and when paired with a smaller or larger conspecific. Large males
were 31% closer to the heat source when paired than when alone, resulting in a higher
mean body temperature (35.7°C vs. 33.9°C). Conversely, small males were 40% farther
from the heat source when paired, resulting in lower mean body temperature (32.1°C vs.
33.6°C). When paired, large and small males to circulate 26% and 44% more
corticosterone, respectively. Conversely, large males circulated 26% more testosterone
when paired, while small males circulated 26% less testosterone. Both dominant and
subordinate males incurred costs when paired, including poorer thermoregulation, more
movement, and greater physiological stress. Thus, competition for thermal resources
should feature more prominently in ecological and evolutionary models of

thermoregulation.



Introduction

In many species of animals, individuals compete aggressively to secure access to limited
resources (Trivers 1976, Chase et al. 2002, Sapolsky 2005, Wilson et al. 2007). Winning
competitive interactions enhances growth, survival or reproduction, but also costs energy
and imposes risk (Maynard Smith and Harper 2003). Thus, when competition persists,
individuals establish dominance hierarchies that minimize the need for costly aggression
(Barnard and Burk 1979, Chase et al. 2002, Tattersall et al. 2012). Within a dominance
hierarchy, an individual’s position depends on phenotypes (e.g., Size, speed, or color) that
presumably signal its ability to compete (Garland Jr et al. 1990, Maynard Smith and
Harper 2003, Senar 2006). In turn, social rank alters behavior and physiology, especially
in subordinates (Leshner 1975, Greenberg and Wingfield 1987, Sapolsky 2002), because
higher ranking individuals gain greater access to resources (Barnard and Burk 1979,
Downes and Shine 1998, Sapolsky 2005). In this way, social dominance enhances
growth, survival, or reproduction (Emlen and Oring 1977, Petren and Case 1996,
Ybarrondo and Heinrich 1996), ultimately conferring greater fitness to dominant

individuals (Defries and McClearn 1970, Schuett 1997, Koenig 2002).

Although competition for food or mates has received the most attention (Schoener 1982,
Andersson 1994, Wiley and Poston 1996, Wong and Candolin 2005), animals also
compete for microclimates needed to regulate temperature and hydration (Magnuson et

al. 1979, Schoener 1983a, Valeix et al. 2008). In cold environments, rare sources of heat



enable individuals to elevate their temperature and improve performance (Donkoh 1989,
Angilletta 2001, Rojas et al. 2012). In hot environments, rare sources of shade enable
individuals to stay cool and conserve water (Kearney et al. 2009, Sears and Angilletta
2015, Sears et al. 2016). Since preferred microclimates occur heterogeneously in space,
dominant individuals can exclude others from desirable microclimates (Magnuson et al.
1979, Downes and Shine 1998, Zagar et al. 2015). Connell’s (1961) classic study of
barnacles illustrates the advantage of monopolizing certain microclimates; the dominant
species occupied cooler and wetter sites, forcing the subordinate species to occupy sites
that reduced growth, reproduction, and survival. Alternatively, some species of ants leave
their nests only during hot periods of the day to avoid aggression from dominant species
during cooler periods of the day. Activity during hot periods may reduce locomotor
performance but enhances foraging and survival (Cerda et al. 1998, Albrecht and Gotelli
2001). Within a species, competition for microclimates leads to territoriality, whereby
dominants exclude subordinates from their territories. Consequently, subordinates
thermoregulate less effectively and exhibit more stress when territoriality prevents them
from accessing preferred microclimates (Beitinger and Magnuson 1975, Downes and

Shine 1998, Summers 2002).

To quantify costs of competition for thermal resources, | studied male spiny lizards
(Sceloporus jarrovi) when paired with a larger or smaller conspecific. These lizards
shuttle between sun and shade to regulate body temperature in artificial and natural
settings (Mathies and Andrews 1997, Schuler et al. 2011, Sears et al. 2016). During the
breeding season, large males exclude small males from their territories, ensuring
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exclusive access to more space and thus more resources (Simon 1975, Ruby 1978, Moore
1987). As territorial behavior of males increases throughout the season, so do circulating
levels of corticosterone and testosterone (Moore 1986). These hormones influence a
variety of behaviors, but typically have opposing effects. For example, testosterone often
increases aggression and activity, while corticosterone reduces these behaviors (Moore
1988, DeNardo and Sinervo 1994, Schuett et al. 1996, Haenel et al. 2003). In some
experiments, artificially elevated levels of corticosterone caused lizards to bask more
frequently and prefer higher temperatures compared to controls (Belliure and Clobert
2004, Preest and Cree 2008). By measuring the movements, temperatures, and hormones
of males in artificial thermal arenas, | tested hypotheses about the costs and benefits of
dominance when thermal resources were rare. When lizards were paired, | expected the
larger individual to access thermal resources more frequently and thermoregulate more
accurately and more precisely compared to small lizards. I also expected the smaller
individual to experience greater physiological stress during competition compared to
large lizards, reflected by lowered testosterone and elevated corticosterone circulating in

plasma (Greenberg and Crews 1990, Schuett et al. 1996).

Methods

Collection and husbandry of animals

In August of 2012, I collected 24 adult males of Sceloporus jarrovi in the Chiricahua

Mountains of Arizona (1500-2500 m). After capture, lizards were transported to the



Sevilleta Field Station in New Mexico. Upon arrival, lizards were weighed (mean + SD =

26.2 £ 4.0 g) and toe-clipped for identification (Perry et al. 2011).

Lizards were housed individually in plastic terraria (30 x 26 x 13 cm) lined with paper
towels. Terraria were heated from below at one end to create a thermal gradient, thus
allowing lizards to freely thermoregulate. The operative environmental temperatures
along this gradient ranged from 23° to 42°C, as determined by hollow copper models of a
lizard (Bakken and Gates 1975). Cardboard was placed between each terrarium to
prevent lizards from viewing each other. Every other day, lizards were provided water
and fed adult crickets (Acheta domestica) and larval beetles (Tenebrio morio) coated with
a powder of vitamins and calcium (Rep-Cal, Los Gatos, CA, USA). Animals were
maintained this way for two weeks before our experiment. Four lizards that refused to eat

regularly were excluded from the study.

Preferred body temperatures

I measured the preferred body temperatures of lizards in artificial thermal gradients
following the methods of Schuler and colleagues (2011). These measurements enabled
me to establish that lizards would thermoregulate in our arenas and determine the
temperatures that they prefer. Thermal gradients were created in plastic containers (112 x
35 x 30 cm) with a substrate of sand (~1 cm deep). These containers were kept in a room
at 20 °C and uniformly illuminated from above by fluorescent lights. A 150-W infrared
lamp (Exo-Terra, Mansfield, MA, USA), suspended above one end of each container,

created a range of operative temperatures from 22° to 44°C. This type of gradient works
9



well for lizards that thermoregulate by basking under natural conditions and forces the
lizard to periodically retreat from the infrared lamp to avoid overheating (Angilletta

2009, Schuler et al. 2011).

Each lizard was placed in a thermal gradient at 2000 h, when infrared and fluorescent
lights were off. The following morning, fluorescent and the infrared lights were turned on
at 0600 and 0700 h, respectively, and were turned off at 2000 and 1700 h, respectively.
On this day, lizards explored the thermal gradient undisturbed. On the next day, the bulbs
were activated for the same periods, and body temperatures were recorded every 2 h
between 0800 and 1600 h. To measure body temperature, each lizard was captured by
hand and a quick-reading thermometer (T-4000, Miller & Weber, Inc., Queens, NY) was
inserted in its cloaca. During the 44 h that each lizard spent in a thermal gradient (36 h of
habituation and 8 h of measurements) no food or water was provided. Based on a
previous study, we do not expect that preferred body temperatures of S. jarrovi would
have differed if food and water were provided (Schuler et al. 2011). After these
measurements, each lizard was returned to its terrarium, during which food and water

were offered every other day.

Implantation of temperature loggers

Five days after measuring preferred body temperatures, | surgically implanted a miniature
temperature logger (1.43 £ 0.05 g; Weedot, Alpha Mach, Inc., Qc, Canada) into the
abdominal cavity of each lizard. Each logger was programmed to record temperature at a

10-minute interval for the duration of the experiment. To exclude fluids, loggers were
10



coated first with a plastic sealant (Plasti Dip, Plasti Dip International, Blaine, Minnesota,
USA) and then with paraffin wax (Gulf Wax, Kalton, Ohio, USA). Surgical procedures
followed those of Sears and colleagues (2016). Two weeks after surgery, | re-measured
preferred body temperatures, as described above, to see whether the surgery affected
thermoregulation. The mean and standard deviations of preferred body temperature
estimated from statistical modeling (see Statistical analyses) were virtually identical:
34.0 £ 1.4 °C before surgery and 34.0 + 1.4 °C after surgery. Furthermore, no individual

showed a large change in preferred body temperature (see Appendix; Fig. S2.1).

Experimental design and treatments

| recorded the body temperatures of male lizards when isolated and when paired with a
larger or smaller conspecific. Observations were made in the same thermal gradients with
the same diel cycles of fluorescent light and infrared light used to measure preferred body
temperatures. Time-lapse cameras (Plant Cam, EBSCO Industries, Inc., Birmingham,
Alabama, USA) were positioned 2 m above the gradients to capture the spatial positions
of lizards every 5 min. A small plastic shelter, measuring 14 x 14 x 4 cm, was placed on

the cooler side of the gradient to provide refuge from aggression.

| paired lizards according to mass, predicting that a large lizard would dominate thermal
resources (i.e., heat lamp) when paired with a small lizard (Regal 1971, Ruby 1978,
Downes and Shine 1998). Three weeks after surgeries, | weighed the lizards and divided
them into two groups: thel0 heaviest lizards (large) and the 10 lightest lizards (small).

Mean masses of large and small lizards were 29.5 + 2.1 g and 23.1 + 2.6 g, respectively.
11



Then, lizards were paired according to their relative mass in each group; the heaviest
lizard in the large group was paired with the heaviest lizard in the small group, and so on.

The mean difference in mass between paired lizards was 6.4 £ 1.5 g.

Each pair was randomly assigned to one of two treatment orders: 1) isolation followed by
competition, or 2) competition followed by isolation. Prior to experiments, lizards were
given 48 h to habituate to a thermal gradient in isolation. After this period, half of the
lizards were paired in a single gradient (competition treatment) and half were left alone
(isolation treatment). Body temperatures and spatial positions were recorded from 0800
to 1700 h for the next two days. Because one lizard escaped from its arena, its pair was

excluded from analyses.

Following the first treatment, | sampled blood from each lizard to measure circulating
levels of corticosterone and testosterone. This sample was taken on the morning after the
first treatment (0900-0930 h). Each lizard was captured by hand and ~50 uL of blood was
collected in a capillary tube by rupturing the orbital sinus. Once filled, each tube was
sealed with Critoseal (Fisher Scientific, Pittsburgh, Pennsylvania, USA) and stored on
ice. Blood samples were centrifuged within 1 h to separate red blood cells from plasma.
Once separated, plasma was stored at -80 °C until assayed (see below). Blood samples
were collected within 2 min of capture to minimize effects of handling stress on
circulating corticosterone (Langkilde and Shine 2006). After bleeding, lizards were
returned to terraria with food and water for 7 days. Following this period, the entire
procedure was repeated, except that lizards in the competition treatment were switched to

12



the isolation treatment, and vice versa (see Appendix; Table S2.1 for a diagram of
events). At the end of the experiment, | had body temperatures, spatial positions, and

blood samples for each lizard in isolation and in competition.

Video analysis

| analyzed the time-lapse photos to estimate the mean distance from the heat lamp and the
total movement by each lizard throughout the experiment. For each photo, a Cartesian
coordinate system was applied with computer software (Tracker, version 4.90, Douglas
Brown). Then, | used triangulation to measure the distance between the lizard’s body, at
the base of neck between the shoulder blades, and the center of the heat lamp. Similarly,
the distances between successive positions were summed to estimate the total distance
moved. Positions were analyzed between 0800 and 1700 h, as were recorded body

temperatures (see Statistical analyses below).

Hormone assays

For each blood sample, I quantified total plasma concentrations (both free and bound
fractions) of corticosterone and testosterone. Hormones were measured using
commercial enzyme-linked immunoassay kits (Enzo Life Sciences, Farmingdale, NY).
Samples were analyzed in duplicate on the same day, following instructions supplied
with the kit. The assays were validated with standard curves, constructed from separate
serial dilutions for corticosterone and testosterone (Fokidis et al. 2009). There were no

differences between the slopes of a curve produced by serial plasma dilution for
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corticosterone (4- to 64-fold) or testosterone (8- to 200-fold) and a standard curve for
each hormone. This approach enabled us to determine the appropriate dilutions for testing
our samples, which was 32-fold for corticosterone and 128-fold for testosterone. Diluted
samples were distributed randomly within a 96-well plate for each hormone. The
sensitivities of these assays were 32.02 pg ml for corticosterone and 7.81 pg ml for
testosterone. Mean coefficients of variation within assays were 5.04% for corticosterone
and 8.80% for testosterone (n = 2 plates with 36 samples each; one plate for

corticosterone and one plate for testosterone).

Statistical analyses

| analyzed two types of statistical models. The first type was designed to see whether my
method of surgically implanting a temperature logger altered the preferred body
temperature of a lizard. The second type was designed to quantify effects of competition
on variables of interest: body temperature, distance from heat lamp, total distance moved,

and hormone concentrations.

Each analysis included a mixture of fixed, continuous, and random factors. When
modeling preferred body temperature, we treated measurement period (pre-surgery or
post-surgery) as a fixed effect, body mass (g) and time of day (h) as covariates, and the
identity of the lizard as a random intercept. For the remaining analyses, | included three
fixed factors: social rank (dominant or subordinate), treatment (isolation or competition),
and treatment order (paired then alone, or alone then paired). Temporal block (1 or 2) and

body mass (g) were covariates. The identity of the lizard was a random intercept. Because
14



body temperature was measured multiple times within a treatment, | included day of trial
(1 or 2) as an additional covariate. Finally, I included a correlation structure for time of
day, which accounted for similarities between temperatures or positions recorded closely

in time.

When testing hypotheses about competition, | considered the accuracy and the precision
of thermoregulation. The accuracy of thermoregulation was estimated by comparing
mean body temperatures during experiments to measures of preferred body temperatures
taken before experiments. The precision of thermoregulation was estimated from the
standard deviation of body temperature for each combination of competition treatment
and social rank; a smaller standard deviation would imply that a specific rank of lizards

thermoregulated more precisely in a given treatment.

Multimodel inference was used to estimate the most likely values of means and standard
deviations. We used the full-average method, in which a parameter was considered zero
when the factor did not appear in a model (Burnham and Anderson 2002). First, | used
the procedure described by Zuur et al. (2009) to determine the most likely random
component of the model. Then, I used the nime library (Pinheiro et al. 2012) and the
MuMIn library (Barton 2013) of the R Statistical Software (R-Core-Team 2015) to fit all
possible models of fixed effects and to calculate the Akaike weight of each model (see
Appendix; Tables S2.2-S2.6). The Akaike weight estimates the probability that a model
describes the data better than other models. Finally, I used Akaike weights to calculate a
weighted average of each parameter. The resulting values of parameters were used to
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calculate the most likely mean for each treatment level (see Appendix; Tables S2.7-
S2.11). This approach eliminates the need to interpret P values, because all models

(including the null model) contributed to the most likely value of each mean.

Results

When paired, both large males and small males used space differently and
thermoregulated less accurately than when alone. As predicted, small males remained an
average of 40% farther from the heat source (9.1 £ 6.8 cm; Fig. 2.1) when paired with
large males. By contrast, large males were 31% closer, on average (8.9 + 3.8 cm) when
paired. Consequently, both large and small males thermoregulated less accurately (Fig.
2.2). Large males had a mean body temperature of 35.7°C, which exceeded the mean
preferred temperature of 34.0 + 1.4°C. Small males had a mean body temperature of
32.1°C, which fell below the preferred temperature (Fig 2.2). Surprisingly, only large
males decreased their precision of thermoregulation, displaying a greater standard
deviation of body temperatures during competition treatment (3.7°C vs. 3.2°C), whereas
small males exhibited similar standard deviations during isolation and competition (2.5°C
and 2.4°C, respectively). Despite these opposing shifts in body temperature, both large

males and small males moved greater distances when paired than when alone (Fig. 2.3).

Both large males and small males experienced physiological responses to the presence of
a conspecific male. The mean circulating concentration of corticosterone was greater

after competition than after isolation for all lizards (Fig. 2.4), but this effect was almost
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twice as strong for small males than for large males (44% increase vs. 26% increase).
Additionally, the competition treatment altered circulating concentrations of testosterone,
but in opposite directions between ranks. Large, dominant males increased their mean
circulating testosterone by 26%, while small, subordinate males decreased their mean
circulating testosterone by 26% (Fig. 2.5). Because circulating testosterone varied
considerably among individuals, the estimated magnitudes of these effects should be

interpreted cautiously.

Discussion

Consistent with my theoretical perspective, male lizards competed for limited thermal
resources, altering thermoregulatory performance according to social rank. Surprisingly,
however, dominant males thermoregulated less accurately and less precisely than did
subordinate males during competition, presumably by overexploiting limited thermal
resources. On average, the larger male in a pair remained closer to the heat source and
thus exceeded preferred temperatures more frequently (lower accuracy of
thermoregulation), resulting in a broader range of body temperatures (lower precision of
thermoregulation). In fact, dominant males often warmed well beyond their preferred
range of temperatures (see Fig. 2.2), presumably while defending a heat source,
sometimes approaching the mean critical thermal maximum for the species (41.0 £ 1.3
°C; T. W. Rusch, unpublished). Thus, larger lizards pushed themselves to their thermal
limits during competition. This result accords with an unreplicated observation by Regal

(1971), who noticed that a male lizard fixated on a source of heat in the presence of
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another male, and then basked less after the intruder was removed. More recently,
Downes and Shine (1998) reported that larger geckos occupied warm burrows in the
evening, forcing smaller geckos to rest under cooler rocks or remain on the surface.
Similar patterns have been documented for fish when competing for access to thermal
resources in heterogeneous waters (Beitinger and Magnuson 1975, Beitinger and
Fitzpatrick 1979, Magnuson et al. 1979). For example, small male bluegills were forced
to occupy cooler or warmer water than preferred when paired with a large male
(Beitinger and Magnuson 1975, Beitinger et al. 1975). Fish incur little risk of overheating
through dominance, because water warms slowly throughout the day. However,
terrestrial animals such as lizards experience rapid changes in environmental
temperatures throughout the day, which creates a potential physiological cost of guarding

a heat source.

For dominance to be adaptive during thermoregulation, the net benefit of high
temperatures experienced by a dominant male must outweigh the net benefit of low
temperatures experienced by a subordinate male. Although high temperatures increase
energy expenditure and water loss (Congdon et al. 1979), they might simultaneously
enhance sensory and locomotor performances (Huey 1982a, Angilletta et al. 2002).
Access to thermal resources could help a male attract mates, which would explain why
large lizards monopolized the heat source in the presence of a smaller conspecific. By
contrast, subordinate males likely saved energy but might have captured prey or evaded
predators less effectively (Bennett 1980, Angilletta 2001, Angilletta et al. 2002).
However, small males likely endured a minimal loss of performance because rates of
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performance decline gradually when a lizard drops below its optimal temperature (Huey
and Stevenson 1979, Martin and Huey 2008). And by giving up regular access to heat, a
small male probably avoided aggression from a larger competitor, minimizing its loss of
energy and risk of injury. Because dominant males periodically left the area under the
infrared lamp, small males could attain preferred body temperatures some of the time (see

Fig. 2.2).

Most males moved more in the presence of a competitor, likely because of aggressive
interactions around the thermal resource. Although we did not quantify aggression,
dominant males frequently paced and displayed to subordinates, occasionally leading to
chasing and fighting. Such behaviors are expected when a lizard defends a resource from
a competitor (Greenberg and Crews 1990, Zagar et al. 2015). Aggressive interactions
over thermal resources have been documented in crocodiles (Seebacher and Grigg 2000).
Small crocodiles emerged from cool waters to bask but were chased back into water by
larger males. Consequently, small crocodiles could not warm to their preferred body
temperature before fleeing, and returned to land less frequently afterward. Presumably,
these ectotherms compete for thermal resources for the same reason that lizards in our
study did: by preventing a subordinate from accessing a limited thermal resource a
dominant male gains a physiological advantage that enables him to monopolize food,
space, and mates. However, the small spatial scale of our thermal arenas might have
exaggerated the impact of aggression, because a subordinate male could not escape the
range of the dominant male. Indeed, small lizards spent time along the edges of the
arenas, attempting to escape by jumping. This behavior surely affected the
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thermoregulatory performance of lizards, because they could not simultaneously
thermoregulate and avoid aggressive interactions. Other studies in artificial environments
revealed minimal effects of competition for thermal resources, even when a subordinate
could not escape the presence of a dominant. For example, Anolis bimaculatus
outcompeted Anolis wattsi for perch sites, forcing the A. wattsi to occupy hotter
microclimates; however, A. wattsi did not grow slower, reproduce less, or eat different
prey (Rummel and Roughgarden 1985). Similarly, large skinks excluded small ones from
optimal microclimates, but the smaller skinks still maintained preferred temperatures by
shuttling between other microclimates (Langkilde et al. 2005). Thus, the structure and
complexity of the thermal landscape likely plays a role in thermoregulatory performance
(Sears et al. 2016), with more complex environments potentially ameliorating the
negative thermoregulatory effects of competition. Nonetheless, males of S. jarrovi in
natural environments establish territories around the home ranges of females (Ruby
1978). Thus, territories of multiple males often overlap with that of a single female when
she is receptive to mating. This spatial arrangement leads to regular aggressive
interactions during the breeding season, especially in high density populations (Ball and

Wingfield 1987, Marler and Moore 1988).

Competition for thermal resources should stress dominant and subordinate males
disproportionally, as does competition for other resources (Greenberg and Crews 1990,
Blanchard et al. 1995, Schuett et al. 1996). Compared to dominant males, subordinate
males often circulate more corticosterone following aggressive interactions (Greenberg et
al. 1984, Blanchard et al. 1993, Sapolsky 2002). This hormonal state can be beneficial, as
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elevated corticosterone mobilizes energy and has positive effects on metabolism
(Sapolsky et al. 2000, Sapolsky 2002, Summers 2002). For instance, side-blotched lizards
(Uta stansburiana) displayed greater stamina, slower resting metabolism, and faster
recovery from anaerobic activity when corticosterone was elevated experimentally (Miles
et al. 2007). If the same responses occur in S. jarrovi, elevated corticosterone during
competition could enhance an individual’s stamina for fighting or fleeing, as well as its
recovery from this activity. Furthermore, a slower metabolism from elevated
corticosterone would conserve energy and potentially enhance survival during the
breeding season, a time when males patrol territories more frequently and forage less
frequently (Simon 1975, Ruby 1978). Conversely, elevated levels of corticosterone can
impose costs, such as reduced aggression or courtship. For example, Schuett and
colleagues (1996) found that male copperheads (Agkistrodon contortrix) circulated more
corticosterone after staged fights, with losers increasing more than winners. However,
only losers ceased displaying to both rival males and receptive females, often retreating
to a corner of the terrarium. Thus, submissive behaviors of subordinate male S. jarrovi
possibly resulted from the circulating concentration of corticosterone reaching a
threshold, which dominant males did not reach (Moore and Mason 2001). Given our
experimental design, we cannot distinguish whether corticosterone levels increased
because of competition for thermal resources or simply from the presence of a
conspecific. Nonetheless, elevated concentrations of corticosterone could reduce the
fitness of a male spiny lizard, which has a short window of opportunity for breeding each

year (Ramirez-Bautista et al. 2002).
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Multiple studies found direct effects of elevated corticosterone on thermoregulatory
behavior (Belliure and Clobert 2004, Preest and Cree 2008, Cull et al. 2015). For
instance, geckos basked more frequently and maintained higher temperatures when their
levels of corticosterone were experimentally increased (Preest and Cree 2008). Thus, the
elevated concentrations of corticosterone exhibited by dominant males of S. jarrovi might
explain why they basked more frequently during competition in our experiment. If this
were true, however, subordinate males should have also maintained higher temperatures
during competition. Instead, subordinates were farther from the heat lamp and had lower
temperatures during competition (see Figs. 2.1 and 2.2). Possibly, subordinate males tried
to bask more frequently, as evidenced by their greater movement during competition, but
were deterred from approaching the heat lamp by dominant males. A connection between
corticosterone and thermoregulation would be important, because body temperature

strongly affects biochemical reactions and organismal performance.

Following competition, most of the large males circulated more testosterone while most
of the small males circulated less testosterone or remained at low baseline levels. This
pattern seemingly contradicts a pattern reported by Moore (1987), who found no clear
change in testosterone levels following a staged encounter between males. The
discrepancy between these results could reflect differences in experimental design. We
tested sampled the blood of each lizard before and after two days of interactions, whereas
Moore (1987) only sampled lizards after a brief staged encounter. In Moore’s design,
variation among individuals could obscure changes within individuals; changes within
individual might have been detected had Moore also sampled blood before staged
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encounters. Moreover, the longer durations of interactions in our experiment enabled one
male to establish dominance over the other, which correlates with shifts in testosterone
(Greenberg and Crews 1990, Blanchard et al. 1993, Sapolsky 2005). Elevated
testosterone causes animals to patrol, display, fight, and court more than usual, in the
laboratory (Zielinski and VVandenbergh 1993, Klukowski et al. 2004, Mills et al. 2009)
and the field (Marler and Moore 1988, Wingfield and Hahn 1994, John-Alder et al.
2009). Although these behaviors enhance access to resources, they can also deplete
energy, cause injury, or attract predators (Marler and Moore 1988, Marler and Moore
1989, Wingfield et al. 1990). Therefore, elevated testosterone likely results in a tradeoff
between the short-term costs of greater energy expenditure and reduced feeding with the
long-term benefit of maintaining a territory during the breeding season (Goldberg 1972,
Marler and Moore 1991, Marler et al. 1995). Again, this tradeoff makes sense in light of
our results, because dominant males are already large and consequently benefit more
from reproduction than from growth. Conversely, subordinates would benefit from either
a low baseline or temporary reduction in testosterone, which discourages costly
interactions with larger males (Marler and Moore 1988, Dufty 1989, Marler and Moore
1989, Summers 2002). If low testosterone suppresses aggression, a subordinate male
would either become submissive to a dominant male (Greenberg and Crews 1990) or
attempt to establish a territory elsewhere. Either behavior would reduce the risk of injury
and loss of energy associated with high testosterone levels (Marler and Moore 1989,
Wingfield et al. 1990), ultimately helping them become dominant in future breeding
seasons. Further work with a larger sample would help to better understand these trends
and reduce the observed variability.
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In conclusion, | have shown that lizards compete for thermal resources in the way that
earlier researchers have proposed (Magnuson et al. 1979). Thus, competition for a
thermal resource can be viewed in the same way as competition for shelter, food, or
mates, which could result in physiological stress. These considerations underscore the
need to better understand how abiotic and biotic factors interact to determine an
organism’s performance. If social hierarchies determine access to thermal resources,
physiological performance will depend on the distribution of these resources in relation to
the size of a territory (Huey and Slatkin 1976a, Sears and Angilletta 2015, Sears et al.
2016). Since territories of male lizards often overlap the ranges of several females (Ruby
1978, Haenel et al. 2003), subordinate males should have lower quality microclimates
within their territories compared to dominant males and females, especially when thermal
resources are rare. Furthermore, my results are important when assessing current and
future threats of climate change, because climatologists predict continued warming on a
global scale (Walther et al. 2002, Edenhofer et al. 2014). Such anthropogenic warming
could limit the abundance of preferred microclimates (Sinervo et al. 2010a, Sears et al.
2016), exacerbating competition for space. Whether behavioral thermoregulation will
enable animals to compensate for a warming climate will depend not only on the
presence of thermal heterogeneity (Clusella-Trullas and Chown 2011, Sears et al. 2011,

Buckley et al. 2015a) , but also on the ecological interactions within and among species.
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Fig 2.1. When paired, large males and small males were closer to and farther from the heat
source, respectively, than when alone. Black symbols and connecting lines represent the
mean positions of each lizard in a treatment. Red symbols and grey bars denote means and
standard deviations computed by multimodel averaging.
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Fig 2.2. When paired, body temperatures of large males and small males were higher and
lower, respectively, than when alone. Black symbols represent observed body temperatures
of lizards in a treatment. Red symbols denote means and standard deviations computed by
multimodel averaging. The gray bar and red bar depict the central 68% of preferred body
temperatures (34.1 £ 1.4 °C) and critical thermal maxima (41.0 £ 1.3 °C; T. W. Rusch,
unpublished data), respectively.
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Fig 2.3. When paired, both large and small males moved greater distances than when alone.
Black symbols and connecting lines represent the total distance moved by each lizard in a
treatment. Red symbols and grey bars denote means and standard deviations computed by
multimodel averaging.
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Fig 2.4. When paired, both large and small males circulated higher concentrations of
corticosterone than when alone. This effect was noticeably greater on small males. Black
symbols and connecting lines represent the concentrations of corticosterone in lizards
following each treatment. Red symbols and grey bars denote means and standard deviations
computed by multimodel averaging.
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Fig 2.5. When paired, large males and small males circulated higher and lower
concentrations of testosterone, respectively, than when alone. Black symbols and
connecting lines represent concentrations of testosterone in lizards following each
treatment. Red symbols and grey bars denote means and standard deviations computed by

multimodel averaging.
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CHAPTER THREE:

Lizards Perceived Abiotic and Biotic Stresses Independently when Competing for Shade

in Terrestrial Mesocosms

Abstract

Hormones such as glucocorticoids enable animals to respond adaptively to stresses in their
environment. For this reason, circulating glucocorticoids became a popular biomarker for
estimating the quality of an environment. Here, | show that access to thermal resources in
an environment influence the hormones and behavior of male lizards (Sceloporus jarrovi).
| exposed isolated and paired males to different thermal landscapes, ranging from one large
patch of shade to sixteen smaller patches. Both the presence of a competitor and the
patchiness of the thermal environment influenced hormone concentrations and movement
patterns. When shade patches were rare, paired lizards competed more aggressively and
circulated more corticosterone. Even without competitors, lizards circulated more
corticosterone in landscapes with fewer patches of shade. Isolated males moved the farthest
and covered the most area when shade was concentrated in a single patch, but paired males
did the opposite. Because the total area of shade in each landscape was the same, these
hormonal and behavioral responses of lizards were influenced by the ability to access shade
in the landscape. Thus, circulating glucocorticoids should reflect the thermal quality of an
environment when researchers can control for other factors. Moreover, a theory of stress
during thermoregulation should help ecologists anticipate physiological and behavioral

responses to changing climates.
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Introduction

The spatial distributions of resources such as food, mates, shelter and even microclimates
(Robinson and Holmes 1982, Duvall and Schuett 1997, Fisher 2000, Sears and Angilletta
2015, Sears et al. 2016) determine how animals locate and use these resources (Kronfeld-
Schor and Dayan 2003). When multiple resources are concentrated in the same location,
an animal can satisfy its needs while moving very little (Dunning et al. 1992, Taylor et al.
1993). However, disparate resources often occur in different locations, forcing animals to
spend more time and energy to satisfy their needs (Schoener 1971, Possingham 1989,
Houston and McNamara 2014). Furthermore, the extent to which disparate resources are
close together or far apart depends on the time of day or year. For instance, preferred
microclimates shift predictably as the sun moves across the sky, whereas food and mates
shift in more complicated ways (Pyke et al. 1977, Ims 1995, Lima and Bednekoff 1999).
Other resources, such as a burrow or nest, remain fixed in space. Thus, behaviors and the

hormones that drive them will likely depend on the spatial distributions of resources.

To further complicate matters, members of a species often compete for the same
resources. In territorial species, larger, faster, or more aggressive individuals exclude
others from places where limiting resources occur (Connell 1961, Pianka 1981, Zagar et
al. 2015). This phenomenon has been studied intensely from the perspective of
competition for food, mates, and shelter (Ellis 1995, Giraldeau and Caraco 2000,
Holbrook and Schmitt 2002), but less is known about competition for microclimates that
enhance thermoregulation (Downes and Shine 1998, Angilletta 2009, Rusch and

Angilletta In Press). Interactions between competitors impose a potent stress, often
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resulting in both physiological and behavioral changes for the loser and the winner
(Gladue et al. 1989, Creel 2001, Summers 2002). Typically, both individuals experience
elevated concentrations of glucocorticoids (e.g., corticosterone) following aggression,
although losers often experience a greater increase than winners (@verli et al. 1999, 2000,
Summers 2002). Glucocorticoids mobilize energy needed to fight or flee (Wingfield et al.
1997, Sapolsky 2002, Dallman et al. 2004) and can increase food and heat seeking
behaviors (Lohmus et al. 2006, Preest and Cree 2008). However, elevated glucocorticoids
will deplete energy over time (Marra and Holberton 1998, Sapolsky 2002) and
discourage aggression and courtship (Moore and Miller 1984, Denardo and Licht 1993,
Morgan et al. 1999), potentially reducing an animal’s home range (DeNardo and Sinervo

1994) and thus access to resources.

Although any competition can impose stress, the intensity of competition and thus the
magnitude of stress, should depend on the quality of the environment. When resources
are rare or aggregated, competition should be intense (Emlen and Oring 1977, Schoener
1983b, Dubois and Giraldeau 2005), presumably increasing both an animal’s need to
move and its circulating glucocorticoids (Ancona et al. 2010, Rusch and Angilletta In
Press). Based on this reasoning, animals would compete more intensely when preferred
microclimates are concentrated in space. And if competition impedes thermoregulation,
animals will experience temperatures that fall outside their preferred range (Regal 1971,
Downes and Shine 1998, Rusch and Angilletta In Press). By contrast, when preferred
microclimates are dispersed in space, multiple animals can access these resources without

occupying the same area and thus should thermoregulate equally well. In general, a
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patchy distribution of thermal resources enables individuals to thermoregulate effectively
with relatively little movement (Sears and Angilletta 2015, Sears et al. 2016, Basson et al.
2017). Therefore, we expect the intensity of competition to decline as the thermal
landscape becomes patchier. | tested this hypothesis by measuring the hormones and
behaviors of male spiny lizards (Sceloporus jarrovi) in controlled thermal landscapes. |
expected lizards to move greater distances and circulate more corticosterone when
thermoregulating in a landscape with fewer patches of shade. Additionally, | expected
subordinate males to circulate more corticosterone during competition than would
dominant males. | also measured testosterone and aggression to infer how dominant and

subordinate males compete for space in different thermal landscapes.

Methods

Collection and husbandry of animals

In August of 2012, I collected 24 adult males of Sceloporus jarrovi in the Chiricahua
Mountains of Arizona (1500-2500 m). After capture, lizards were transported to the
Sevilleta Field Station in New Mexico. Upon arrival, lizards were weighed (mean + SD =

26.8 £ 5.1 g) and toe-clipped for identification (Perry et al. 2011).

Lizards were housed individually in plastic terraria (30 x 26 x 13 cm) lined with paper
towels. Terraria were heated from below at one end to create a thermal gradient, thus
allowing lizards to freely thermoregulate. The operative environmental temperatures
along this gradient ranged from 23° to 42°C, as determined by hollow copper models of a

lizard (Bakken and Gates 1975). Cardboard was placed between each terrarium to
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prevent lizards from viewing each other. Every other day, lizards were provided water
and fed adult crickets (Acheta domestica) and larval beetles (Tenebrio morio) coated with
a powder of vitamins and calcium (Rep-Cal, Los Gatos, CA, USA). Animals were
maintained this way for two weeks before our experiment to ensure. All lizards ate

regularly and were thus included in the study.

Experimental design and treatments

| recorded spatial positions and hormone levels of male lizards when alone and when
paired in varying thermal environments. To manipulate the thermal environment, |
followed methods of Sears et al. (2016). | used nine outdoor thermal arenas (20 x 20 m),
consisting of sheet metal walls and a canopy of shade cloth (Greenhouse Megastore,
Georgetown, IL) that blocked approximately 80% of solar radiation. Shade cloth was
suspended 1.2 m above each arena on steel cables, which were fastened to iron posts
outside the arena. | kept the total area shaded (36%) consistent for all arenas, but altered
the distribution of shade using three distinct designs; 1 large patch (12 x 12 m), 4 medium
patches (6 x 6 m), and 16 small patches (3 x 3 m). Because | had nine arenas, each of

these spatial arrangements was replicated three times (Fig 3.1).

| paired lizards according to mass, predicting that a larger lizard would dominate thermal
resources (i.e., shade patches) when paired with a smaller conspecific (Regal 1971, Ruby
1978, Downes and Shine 1998, Rusch and Angilletta In Press). Mean masses of large and
small lizards were 30.3 £ 4.5 g and 23.3 £ 3.2 g, respectively. Lizards were divided into

two groups, the 12 heaviest lizards (i.e., large) and 12 lightest lizards (i.e., small), and
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paired according to their relative mass in each group; the heaviest “large” lizard was
paired with the heaviest “small” lizard, and so on. The average difference in mass
between lizards in a pair was 6.9 £ 2.9 g. Each pair was then randomly assigned to one of
two treatment orders: 1) isolation followed by competition, or 2) competition followed by
isolation, and to one of three thermal environments 1) 1 patch, 2) 4 patches, or 3) 16

patches (Fig 3.1).

Prior to experiments, lizards underwent a 10 day habituation period to become familiar
with the structure of his thermal arena without experiencing a competing male.
Specifically, males were given five 24 h periods to explore their arenas; each day of
exploration was separated by a day of rest, during which males were returned to the lab
and offered food and water ad libitum. By separating the periods of habituation, we
exposed both lizards in each pair to their thermal arena without interaction prior to the
experiment. This repeated exposure to the arena was designed to facilitate social

behaviors, such as territoriality, during the experimental period.

Following the habituation period, lizards were placed in their assigned thermal arenas (1

patch, 4 patches, or 16 patches) and under their assigned treatments (half in isolation and
half paired) at ~1800 h the evening before experiments began. Then, during experiments,
spatial positions (described below) and exposure behaviors (i.e., whether lizards were out
in the open or under the shade cloth) were recorded at 20 min intervals from 0820-1240 h

for a 2 day experimental period. From 0820-1240 h are the times when all shade from the
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shade patches were within the arenas due to the orientation of the sun; during this period,

the total area of shade was equal among arenas.

The morning after the 2 day experimental period (0900-0930 h) I sampled blood from
each lizard to measure total circulating levels of plasma corticosterone and testosterone
(both free and bound). Each lizard was captured in the arena by hand and ~50 pL of
blood was collected in a glass capillary tube by rupturing the orbital sinus. Once filled,
each tube was sealed with Critoseal (Fisher Scientific, Pittsburgh, Pennsylvania, USA)
and stored on ice. Blood samples were centrifuged within 1 h to separate red blood cells
from plasma. Once separated, plasma was stored at -80 °C until assayed (see below).
Blood samples were collected within 2 min of capture to minimize effects of handling
stress on circulating corticosterone (Langkilde and Shine 2006). After bleeding, lizards
were returned to terraria with food and water for 2 days. Following this period, the entire
procedure was repeated, except that lizards in the competition treatment were switched to
the isolation treatment, and vice versa (see Appendix; Table S3.1 for a description of
events). At the end of the experiment, | had spatial positions, exposure behaviors, and
blood samples for each lizard in isolation and in competition across three distinct thermal

environments.

Movement analyses

| analyzed spatial positions of lizards to estimate the minimum total movement, the
minimum area covered, and the probability of exposure in each treatment. A Cartesian

coordinate system was painted on the walls of each arena, at 1 m intervals ranging from
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0-20 m. During the experiment, | recorded an X-Y spatial position and noted whether
each lizard was in shade or exposed to solar radiation, at 20 min intervals between 0820
and 1240 h. Following the experiment, | used triangulation to calculate the distance
between successive positions and summed these distances to find the minimum total

distance moved by each lizard.

| estimated the minimum area covered by creating a digital Cartesian coordinate system
(Microsoft Excel, 2013) simulating the 20 x 20 m outdoor arenas. | plotted the spatial
positions of each lizard on the digital Cartesian coordinate system. Once these data were
plotted, I counted the number of blocks (i.e., 1 x 1 m) that each lizard traveled through to
estimate the minimal area used within the arena. Lastly, | calculated the percentage of
observations for which lizards were exposed to solar radiation, or the probability of

exposure.

Aggression analysis

Interactions were observed every 20 minutes for 1 minute from 0820-1240 h for a 2-day
experimental period. A scoring system was incorporated to capture the level of
aggressive interactions; 1 point was given to the pair if one or both lizards were
displaying (e.g., head bobs, pushups), 2 points was given to the pair if a chase ensued,
and 3 points was given to the pair that engaged in fighting (e.g., biting, mounting). Scores
were tallied at the end of each experimental day and summed for the two day treatment

period.
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Hormone assays

For each blood sample, I quantified total plasma concentrations (both free and bound
fractions) of corticosterone and testosterone. Hormones were measured using
commercial enzyme-linked immunoassay kits (Enzo Life Sciences, Farmingdale, NY).
Samples were analyzed in duplicate on the same day, following instructions supplied
with the Kit. The assays were validated with standard curves, constructed from separate
serial dilutions for corticosterone and testosterone (Fokidis et al. 2009). There were no
differences between the slopes of a curve produced by serial plasma dilution for
corticosterone (4- to 64-fold) or testosterone (8- to 200-fold) and a standard curve for
each hormone. This approach enabled us to determine the appropriate dilutions for testing
our samples, which was 32-fold for corticosterone and 128-fold for testosterone. Diluted
samples were distributed randomly within a 96-well plate for each hormone. The
sensitivities of these assays were 32.02 pg ml™ for corticosterone and 7.81 pg ml for
testosterone. Mean coefficients of variation within assays were 3.32% and 3.89% for
corticosterone (n = 2 plates) and 6.89% and 2.76% for testosterone (n = 2 plates). Mean
coefficients of variation between assays were 3.60% for corticosterone and 4.82% for
testosterone. A total of 48 samples (2 per lizard) were run in duplicate (n = 96 wells) for

both corticosterone and testosterone (n = 2 plates for each hormone assay).
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Statistical analyses

I modeled the effects of social context (alone vs paired) and thermal patchiness (1, 4 or
16 patches of shade) on multiple variables: minimum total movement, probability of
exposure, minimum area covered, aggression score, and hormone concentrations. Each
analysis included a mixture of fixed, continuous, and random factors. In addition to the
fixed factors of social context (alone or paired) and thermal patchiness (1, 4, or 16), |
included body size (large or small) and treatment order (paired then alone vs. alone then
paired). Temporal block (1 or 2) and body mass (g) were covariates. The identity of the
lizard was included as a random intercept when modeling all traits except aggression

score, for which the pair of lizards was a random intercept.

Because operative temperatures likely influence exposure to solar radiation, 1 also
included this information when modeling the probability of exposure. To obtain a single
variable that characterized each thermal environment at each time, we used a principal
component analysis to generate a linear combination of two highly correlated variables:
the maximum operative temperature and the range of operative temperatures. The first
principle component (PC1) captured 96% of the variation in these thermal variables
(Table S3.14). Scores of this principle component were used as a covariate in my

statistical model.

| used multimodel infer the most likely values of means and standard deviations. First, |
used the procedure described by Zuur et al. (2009) to determine the most likely random

component of the model. Then, I used the nime library (Pinheiro et al. 2012) for analyses
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of corticosterone, testosterone, minimum total movement, minimum habitat use, and
aggression score with the MuMIn library (Barton 2013) of the R Statistical Software (R-
Core-Team 2015) to fit all possible models of fixed effects and to calculate the Akaike
weight of each model. Similarly, | followed the same approach for the analysis of the
probability of exposure, except we used and the Ime4 library (Bates et al. 2015) as this
package enabled me to set the error structure to binomial so the models had a more
appropriate fit to the data. The Akaike weight estimates the probability that a model
describes the data better than other models. Finally, | used Akaike weights to calculate a
weighted average of each parameter (see Appendix; Tables S3.2-S3.7). | practiced full
model averaging, such that the weighted effect was considered zero for all factors
excluded from a model (Burnham and Anderson 2002). The resulting values of
parameters were used to calculate the most likely mean of a dependent variable for each
treatment (see Appendix; Tables S3.8-S3.13). This approach eliminates the need to
interpret P values, because all models (including the null model) contributed to the most

likely value of each mean.

Results

Both social and thermal conditions determined the mean concentration of corticosterone,
but only the social condition affected testosterone. In isolation, lizards circulated less
corticosterone as the distribution of thermal resources became patchier (Fig 3.2).
Compared to lizards in the patchiest arenas, isolated lizards in arenas with only 4 patches

or 1 patch circulated 36% or 72% more corticosterone, respectively. Pairing a large and
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small lizard in a thermal arena caused both lizards to elevate corticosterone by a similar
amount; lizards in 1- and 4-patch thermal arenas circulated 32.7 and 24.4% more
corticosterone than paired lizards in 16-patch thermal arenas, respectively. The effects of
thermal patchiness and social interactions on corticosterone were additive; therefore,
pairing caused a greater relative increase in corticosterone in all environments, compared
to lizards in isolation. Specifically, pairing raised corticosterone by 115% in arenas with
1 patch, by 155% in arenas with 4 patches, and by 179% in arenas with 16 patches (Fig
3.2). Pairing had opposing effects on testosterone. Large males circulated 50% more
testosterone, while small males circulated 32% less. These opposite responses enhanced
the difference in testosterone between large and small males that existed prior to pairing

(Fig 3.3). Testosterone was unaffected by the thermal patchiness of the environment.

Both social and thermal conditions determined how lizards used the space. In isolation,
lizards were more likely to occupy ground exposed to solar radiation as the patchiness of
the arena increased; lizards were exposed 42%, 67%, and 72% of the time in arenas with
1-patch, arenas with 4-patches, and arenas with 16-patches. Pairing large and small
lizards caused both lizards to increase their exposure to solar radiation to about 80% of
the time, regardless of the thermal patchiness of their arena (Fig 3.4). Lizards in arenas
with 1-patch moved greater distances and covered more area than lizards in either 4- or
16-patch environments, regardless of body size. However, paired lizards used more space
or less space depending on the thermal patchiness (Figs 3.5 and 3.6). That is, lizards in
arenas with 1-patch moved a shorter distance (47% decrease) and covered less area (39%
decrease) when paired, whereas lizards in arenas with either 4- or 16-patches moved

41



greater distances (41% or 19% increase, respectively) and covered more area (30% and
23% increases) when paired. And paired lizards had the greatest aggression scores in 1-
patch thermal environments; lizards scored 4x and 2x higher in 1-patch thermal
environments compared to lizards in either 4- or 16-patch thermal environments,

respectively (Fig 3.7).

Discussion

Although a change in behavior often parallels a change in hormone levels, one still must
establish cause and effect. In my study, for instance, both the distribution of
microclimates and the presence of a competitor affected the hormones and behaviors of
lizards. But did the hormonal response cause the behavioral response, or vice versa?
Figure 3.8 summarizes the causal pathways that might be inferred from our data. Each
pathway shows how the thermal landscape and social context can influence
corticosterone and activity, but the pathways differ by whether the hormonal response
stems from movement or from thermoregulation. For instance, increased patchiness
increases thermoregulatory performance and reduces circulating corticosterone (Fig.
3.8A). Alternatively, an increase in thermal patchiness reduces the distance moved (i.e.,
energetic expenditure), which directly reduces circulating corticosterone (Fig. 3.8B).
Another set of pathways focuses on the role of social interactions between lizards. An
increase in thermal patchiness enables both males to thermoregulate effectively without
moving long distances or occupying the same area, which would reduce aggressive

interactions and thus result in lower circulating corticosterone (Fig. 3.8C, red arrows).
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Furthermore, feedbacks between corticosterone and behavior can operate as well, such
that the thermal landscape and the social context additively or synergistically alters
corticosterone and behavior (Fig. 3.8C, green arrow).

A stress response in male lizards might have resulted from the effect of the thermal
landscape on behavior. In my experiment, isolated lizards circulated more corticosterone
when thermal resources were clumped into one large patch rather than dispersed into
smaller patches (Fig 3.2). A previous study of the same species revealed that patchier
landscapes enable better thermoregulation (Sears et al. 2016). This effect stems from the
need to move greater distances when shuttling between sun and shade (Sears and
Angilletta 2015), which directly affects thermoregulatory performance and energetic
costs (Withers and Campbell 1985, Sears and Angilletta 2015, Basson et al. 2017).
Because isolated lizards moved the farthest and covered the most area in arenas with only
one patch (Figs 3.5 and 3.6), they likely expended more energy in this environment. The
increase in circulating corticosterone should have helped lizards to meet the greater
energetic demand, as corticosterone is well known for mobilizing energy stores (Rees et
al. 1985, Gleeson et al. 1993, Girard and Garland 2001). This interpretation makes sense
for lizards observed in isolation, which moved farther in landscapes with fewer patches.
However, paired lizards moved the least when interacting in an environment with only
one patch. Therefore, movement alone cannot account for the effect of the thermal

landscape on corticosterone level.

Alternatively, lizards could have circulated more corticosterone as part of a response to
thermal stress. In a previous experiment, males of S. jarrovi thermoregulated less
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precisely when moving in landscapes with fewer patches (Sears et al. 2016). Specifically,
males in a landscape with only one patch of shade had at least a 10% greater variance of
body temperatures compared to lizards in a landscape with more patches of shade. The
greater variance of body temperature meant that lizards sometimes experienced a
temperature that exceeded its preferred range. If the same phenomenon occurred during
our experiment, lizards would have experienced the most thermal stress when moving in
a landscape with only one patch of shade. To cope with such stress, animals often
circulate more corticosterone, because these glucocorticoids encourage behaviors that
restore homeostasis (Sapolsky et al. 2000, Landys et al. 2006, Dupoué et al. 2013). Thus,
the pattern of circulating corticosterone that we observed among thermal environments
could have resulted from the presumed thermal stress resulting from variation in

thermoregulatory performance as well as the observed variation in movement.

The effect of social interactions on corticosterone reinforces the view that stress response
was not entirely caused by the energetic cost of movement. Although lizards circulated
the most corticosterone when forced to compete over a single patch of shade (Fig 3.2),
they moved the least under this condition. Pairs of lizards in the 1-patch treatment
concentrated their activity around the large patch of shade, moving shorter distances and
using less space compared to pairs in either the 4-patch or 16-patch thermal environment
(Figs 3.5 and 3.6). Therefore, the differences in corticosterone levels of paired males
were not likely a response to the energetic demands of searching for thermal resources.
Rather, the high levels of corticosterone in paired males likely reflects a greater
frequency and intensity of aggression, such as chasing, fighting, or mounting. Indeed,
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aggression more than doubled as the number of shade patches decreased from sixteen to
one (Fig 3.7). Moreover, the males shifted their levels of testosterone in opposite
directions (Fig 3.3), as expected when a dominance hierarchy develops (Rose et al. 1975,
Greenberg and Crews 1990, Rusch and Angilletta In Press). Aggression costs energy but
also generates physiological stress because of increased activity and the risk of injury
(Schuett and Grober 2000, Summers 2002). Some studies revealed that the sheer sight or
scent of a conspecific caused an animal to circulate more corticosterone (Cockrem and
Silverin 2002, Thaker et al. 2009b, Narayan et al. 2013). This response could prepare an
animal for the physical exertion of displaying and or fighting, as well as aid in the
recovery. Thus, the large increases in circulating corticosterone levels of paired males
was likely a response to the frequency and intensity of social interactions, which
depended on the movement patterns and habitat use of lizards, and ultimately the

patchiness of the thermal environment (Fig 3.8).

Lizards were more likely to occupy an unshaded microhabitat when paired with a
conspecific than when alone (Fig 3.4). Whether or not lizards were basking for
thermoregulation, more frequent exposure to solar radiation likely led to higher body
temperatures. In a previous study of S. jarrovi, large males basked more frequently in the
presence of smaller males, which caused the larger males to exceed their preferred
temperature range (Rusch and Angilletta In Press). Based on this observation, |
hypothesize that exposure (i.e., basking intensity) in our experiment led to stressful
temperatures, which in turn contributed to the elevation of corticosterone (Greenberg and
Wingfield 1987, Girling and Cree 1995, Jessop et al. 2000). Alternatively, the elevated
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corticosterone levels triggered by aggression might have caused the greater frequency of
basking. In another species of lizards (Hoplodactylus maculatus), artificial elevation of
corticosterone caused individuals to seek heat more often and maintain higher body
temperatures (Preest and Cree 2008). However, this result does not necessarily mean that
the correlation between basking frequency (and presumably higher body temperatures)
and corticosterone concentration in our experiment reflects cause and effect. | need to
investigate the relationship between corticosterone and thermoregulation further, because

hormones and temperature can each have a pervasive effect on organismal performance.

Because circulating concentrations of glucocorticoids indicate the health of an animal
(Sapolsky et al. 2000, Romero and Wikelski 2001, Romero 2004), these hormones have
been increasingly used by ecologists to infer the quality of environments (Marra and
Holberton 1998, Newcomb Homan et al. 2003, Homyack 2010). In general, a population
of animals with high concentrations of glucocorticoids suggest that this population
experiences a more stressful (and hence lower quality) environment than do populations
(of the same species) with low concentrations (Wingfield and Romero 2001, Homyack
2010). Our experiment provides the first evidence that the structure of a thermal
landscape elicits a change in a circulating glucocorticoid, corticosterone. Therefore,
ecologists might be able to infer the thermal quality of an environment, something that
has never been considered before. Traditionally, researchers defined the thermal quality
of a habitat in terms of the mean and variance of operative temperatures relative to the
preferred temperatures of a species (Christian et al. 1985, Hertz et al. 1993, Blouin-
Demers and Nadeau 2005). Specifically, a greater difference between the mean of
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operative environmental temperatures and the mean (or central 50%) of preferred body
temperatures would indicate a lower thermal quality of the environment. In our
experiment, the mean and variance of operative temperature was roughly equal among
the different thermal landscapes. Yet, lizards circulated more corticosterone as the
patchiness of the thermal landscape decreased, independently of the social context (Fig
2). This result aligns with those of previous studies in which patchier thermal landscapes
enhanced the thermoregulatory performance of lizards (Sears and Angilletta 2015, Sears
et al. 2016). Thus, differences in circulating corticosterone between populations might
tell us something about the quality of a thermal landscape that cannot be inferred from
the mean and variance of operative environmental temperatures alone. Obviously, the
quality of a habitat depends on many factors, but uncovering the mechanisms by which
these factors mediate stress responses is vital for predicting how species will respond to
anthropogenic changes (Kearney 2006, Gilman et al. 2010). Knowing how hormone
profiles depend on the thermal landscape would help ecologists to identify vulnerable

populations before they begin to decline.
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Fig 3.1. Large, outdoor arenas (400 m?) were used to manipulate the thermal landscape.
Each arena contained one of three levels of patchiness; (a) 1 patch, (b) 4 patches, or (c)
16 patches.
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Fig 3.2. All lizards circulated more corticosterone as the patchiness of the thermal
environment decreased, regardless of social context. This effect of additively amplified
when lizards were paired. Diamond symbols and grey bars denote means and standard
deviations computed by multimodel averaging. Open symbols denote corticosterone
concentrations of lizards following a given treatment.
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Fig 3.3. When paired, large lizards and small lizards circulated higher and lower
concentrations of testosterone, respectively, than when alone. Diamond symbols and grey
bars denote means and standard deviations computed by multimodel averaging. Open
symbols denote testosterone concentrations of lizards following a given treatment.
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Fig 3.4. When alone, lizards had a greater probability of exposure as patchiness
increased. When paired, all lizards had a higher probability of exposure compared to
when alone, regardless of thermal patchiness. Black and grey bars denote mean
probabilities of exposure when alone or paired with a conspecific under a given
treatment.
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Fig 3.5. When alone, lizards move the greater distances in 1 patch thermal environments
compared to lizards in either 4 or 16 patch thermal environments. When paired, this
behavior was reversed; lizards moved greater distances in 4 and 16 patch thermal
environments compared to lizards in 1 patch thermal environments. Diamond symbols
and grey bars denote means and standard deviations computed by multimodel averaging.
Open symbols denote minimum total movements under a given treatment.
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Fig 3.6. When alone, lizards used more habitat in 1 patch thermal environments
compared to lizards in either 4 or 16 patch thermal environments. When paired, this
behavior was reversed; lizards used more habitat in 4 and 16 patch thermal environments
compared to lizards in 1 patch thermal environments. Diamond symbols and grey bars
denote means and standard deviations computed by multimodel averaging. Open symbols
denote minimum habitat use under a given treatment.
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Fig 3.7. Paired lizards interacted more frequently and more aggressively in 1 patch
thermal environments compared to either 4 or 16 patch thermal environments. Diamond
symbols and grey bars denote means and standard deviations computed by multimodel
averaging. Open symbols denote mean aggression score under a given treatment.
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Fig 3.8. Causal pathways used to infer how the thermal landscape (patchiness) and social
context (interactions) can influence corticosterone and activity of male lizards. (a)
increased patchiness increases thermoregulatory performance, which decreases
circulating corticosterone. (b) increased patchiness decreases movement, which decreases
circulating corticosterone. (c) increased thermal patchiness enables both lizards to
thermoregulate effectively without moving long distances or occupying the same area,
which would reduce aggressive interactions and thus result in lower circulating
corticosterone (red arrows). Furthermore, feedbacks between corticosterone and behavior
can operate as well, such that the thermal landscape and the social context additively or
synergistically alters corticosterone and behavior (green arrow).
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CHAPTER FOUR:

The Structure of the Thermal Landscape Determined Movement, Thermoregulation, and

Hormones under Simulated Predation

Abstract

Predation risk prevents animals from accessing microclimates needed to thermoregulate.
However, the distribution of thermal resources should influence how animals perceive
and respond to risk. By simulating predation, we showed that constrained movements and
thermoregulation of male lizards (Sceloporus jarrovi) under risk depended on the
distribution of shade. Under simulated risk, lizards moved less and thermoregulated
worse than lizards in a control treatment. However, a patchy distribution of shade
ameliorated predation risk because lizards in patchy arenas moved farther and
thermoregulated better than lizards in clumped arenas. Furthermore, the patchiness of the
landscape influenced physiological stress during simulated risk; lizards in clumped arenas
circulated more corticosterone than lizards in patchy arenas. Even without simulated risk,
lizards in clumped arenas circulated more corticosterone compared to lizards in patchy
arenas, indicating the thermal quality of the landscape affected the energetic demands on
lizards. Thus, models should incorporate species interactions and spatial structure when

forecasting impacts of climate change on thermoregulation.

Introduction

As the planet continues to warm (IPCC 2014), predicting the response of organisms is of

growing importance (Thomas et al. 2004, Sunday et al. 2011, Pacifici et al. 2015, Urban
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2015, Bowler et al. 2017). Many species have already altered activity times and shifted
geographic ranges to track preferred conditions (Parmesan et al. 1999, Walther et al.
2002, Root et al. 2003, Kerr et al. 2015), but genetic adaptations to climate change have
been rare (Balanya et al. 2006, Lavergne et al. 2010, Hoffmann and Sgro 2011). Some
warming could reduce thermoregulatory costs by enabling temperate ectotherms to
maintain higher body temperatures with less effort (Deutsch et al. 2008, Sears and
Angilletta 2015, Buckley and Huey 2016). However, excessive warming will constrain
thermoregulation and likely lead to extinction events if species cannot disperse or adapt
(Huey et al. 2009, Sinervo et al. 2010b, Buckley et al. 2015b). Mechanistic models,
which link environmental conditions such as temperature to biological processes, have
become a popular tool for assessing the impacts of climate change (Kearney and Porter
2004, Buckley 2008, Kearney and Porter 2009, Maino et al. 2016). These models define
thermal constraints on activity, survivorship, and fecundity (Buckley et al. 2010, Bowler
etal. 2017, Levy et al. 2017). Under projected climate change scenarios, many
mechanistic models predict local or global extinctions (Carpenter et al. 2008, Sinervo et
al. 2010b, Maclean and Wilson 2011). Although these models have greatly helped in our
understanding of species limitations, they likely underestimate the impacts of climate

change as they ignore the costs of biotic interactions, such as those between predators and

prey.

A general assumption of existing mechanistic models is that if favorable microclimates
exist, animals will access them at no cost (Buckley 2008, Kearney and Porter 2009,
Buckley 2010, Elith et al. 2010, Leroux et al. 2013). In reality, however, many factors
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impose a cost of thermoregulation (Huey and Slatkin 1976b, Angilletta 2009, Sears and
Angilletta 2015). In fact, perfect thermoregulation may be maladaptive in the presence of
predators. Ecologists who study other behaviors, such foraging and mating, have long
recognized the nonlethal costs imposed by risk of predation (Lima and Dill 1990, Brown
1992, Lima 19984, b, Brown 1999, Brown and Kotler 2004, Jones and Dornhaus 2011).
This perspective can be extended to thermoregulation (Downes and Shine 1998, Martin
and Lopez 2000, Polo et al. 2005), because temperature simply represents another
ecological resource (Magnuson et al. 1979). To effectively thermoregulate, terrestrial
ectotherms must seek sun and shade just as they seek food and mates (Cowles and Bogert
1944, Angilletta 2009). However, an animal that behaviorally thermoregulates by
shuttling between sun and shade is more visible, and presumably more vulnerable to
predators (Lima and Dill 1990, Smith 1992, Skelly 1994, Webb and Whiting 2005).
Thus, in risky environments an animal might trade off thermoregulation with safety
(Treves 2000, Ito and Mori 2010, Beauchamp 2015). For instance, prey typically respond
to a predator by either fleeing to a shelter or freezing in place (Sih 1987, Lima and Dill
1990, Cooper 2008). Either behavior would hinder thermoregulatory performance,
because an ectotherm will cool down when hiding in a refuge or heat up when stationary

in the sun (Martin and Lopez 1999, Polo et al. 2005, Angilletta 2009).

To further complicate matters, the tradeoff between regulating temperature and avoiding
predators should depend on the spatial distribution of thermal resources. When resources
occur throughout space, prey can play a “shell game” to reduce their risk of predation
(Mitchell and Lima 2002, Laundré 2010). By moving among patches, the location of prey
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becomes less predictable to a searching predator. Moreover, a patchy thermal
environment enables animals to thermoregulate effectively over a large area (Sears and
Angilletta 2015, Sears et al. 2016). By contrast, animals cannot play this shell game and
thermoregulate effectively when thermal resources are concentrated in space. Biologists
have started to study how predation risk affects the way that organisms thermoregulate.
For instance, Mitchell and Angilletta (2009) modeled the evolutionarily stable strategy
for ectothermic prey thermoregulating in an environment with endothermic predators.
According to their model, prey should occupy a wider range of microclimates in the
presence of predators, consequently reducing their thermoregulatory performance. This
model was partially supported by a study of larval newts (prey) and dragonfly nymphs
(predators); newts spent less time in a warm patch in a treatment with dragonflies than in
a control treatment (Gvozdik et al. 2013). However, a shell game between predators and
prey can only emerge when preferred microclimates occur in several places at once.
Biologists have yet to develop a theory or test hypotheses about this interaction between

the thermal landscape and predation risk.

To see whether patchier environments reduce the perceived risk of predation, | measured
the movement patterns and body temperatures of male spiny lizards (Sceloporus jarrovi)
in controlled thermal landscapes with and without predation risk. When preferred
microclimates are dispersed in space, prey can engage in an antipredator shell game by
moving more throughout the environment to remain elusive to the predator, while still
being able to thermoregulate carefully. By contrast, when thermal resources are
aggregated in space prey cannot simultaneously move throughout the environment and
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carefully thermoregulate. Therefore, | predicted lizards would perceive less risk of
predation when thermal resources are dispersed throughout space and would cover more

ground, thermoregulate more efficiently, and to consequently experience less stress.

Methods

Collection and husbandry of animals

In April of 2013, | collected 80 adult males of Sceloporus jarrovi in the Chiricahua
Mountains of Arizona (1500-2500 m). After capture, lizards were transported to the
University of New Mexico’s Sevilleta Field Station laboratory. Upon arrival to the
laboratory, lizards were massed (mean mass = 17.2 g, SD = 3.8 g), measured (mean snout
vent length = 85.3 mm, SD =5.09 mm), and toe-clipped for identification (Perry et al.

2011).

Lizards were housed individually in plastic terraria (30 x 26 x 13 cm) lined with paper
towels. Terraria were heated from below at one end to create a thermal gradient, thus
allowing lizards to freely thermoregulate. The operative environmental temperatures
along this gradient ranged from 23° to 42°C, as determined by hollow, copper models of
a lizard (Bakken and Gates 1975). Cardboard was placed between each terrarium to
prevent lizards from viewing each other. Every other day, lizards were provided water
fed adult crickets (Acheta domestica) and larval beetles (Tenebrio morio) coated with a

powder of vitamins and calcium (Rep-Cal, Los Gatos, CA, USA). Animals were
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maintained this way for two weeks before being used in our experiment. Only lizards that

ate regularly were included in the study.

Preferred body temperatures

I measured the preferred body temperatures of lizards in artificial thermal gradients
following the methods of Schuler and colleagues (2011). These measurements enabled
me to establish that lizards would thermoregulate in our arenas and determine the
temperatures that they prefer. Thermal gradients were created in plastic containers (112 x
35 x 30 cm) with a substrate of sand (~1 cm deep). These containers were kept in a room
at 20 °C and uniformly illuminated from above by fluorescent lights. A 150-W infrared
lamp (Exo-Terra, Mansfield, MA, USA), suspended above one end of each container,
created a range of operative temperatures from 22° to 44°C. This type of gradient works
well for lizards that thermoregulate by basking under natural conditions and forces the
lizard to periodically retreat from the infrared lamp to avoid overheating (Angilletta

2009, Schuler et al. 2011).

Each lizard was placed in a thermal gradient at 2000 h, when infrared and fluorescent
lights were off. The following morning, fluorescent and the infrared lights were turned on
at 0600 and 0700 h, respectively, and were turned off at 2000 and 1700 h, respectively.
On this day, lizards explored the thermal gradient undisturbed. On the next day, the bulbs
were activated for the same periods, and body temperatures were recorded every 2 h
between 0800 and 1600 h. To measure body temperature, each lizard was captured by

hand and a quick-reading thermometer (T-4000, Miller & Weber, Inc., Queens, NY) was
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inserted in its cloaca. During the 44 h that each lizard spent in a thermal gradient (36 h of
habituation and 8 h of measurements) no food or water was provided. Based on a

previous study, | do not expect that preferred body temperatures of S. jarrovi would have
differed if food and water were provided (Schuler et al. 2011). After these measurements,
each lizard was returned to its terrarium, during which food and water were offered every

other day.

Implantation of temperature loggers

Five days after we measured preferred body temperatures, | surgically implanted a
miniature temperature logger (1.45 £ 0.05 g; Weedot, Alpha Mach, Inc., Qc, Canada) into
the abdominal cavity of each lizard. Each logger was programmed to record temperature
at a 10 min interval for the duration of the experiment. To exclude fluids, loggers were
coated first with a plastic sealant (Plasti Dip, Plasti Dip International, Blaine, Minnesota,
USA) and then with paraffin wax (Gulf Wax, Kalton, Ohio, USA). Surgical procedures
followed those of Sears and colleagues (2016). Two weeks after surgery, | re-measured
preferred body temperatures, as described above, to see whether the surgery affected
thermoregulation. The mean and standard deviations of preferred body temperature
estimated from statistical modeling (see Statistical analyses) were virtually identical:
34.8 £ 2.1 °C before surgery and 34.3 + 2.1 °C after surgery. Furthermore, no individual

showed a large change in preferred temperature (see Appendix; Fig. S4.1).
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Experimental design and treatments

| recorded spatial positions and body temperatures of male lizards in controlled thermal
environments with distinct levels of predation risk. To manipulate the thermal
environment, | followed methods of Sears et al. (2016). Briefly, | used nine outdoor
thermal arenas (20 x 20 m), consisting of sheet metal walls and a canopy of shade cloth
(Greenhouse Megastore, Georgetown, IL) that blocked approximately 80% of solar
radiation. Shade cloth was suspended 1.2 m above each arena on steel cables, which were
fastened to iron posts outside the arena. | kept the total area shaded (36%) consistent for
all arenas, but altered the distribution of shade using two distinct designs; 1 large patch
(12 x 12 m) or 4 medium patches (6 x 6 m). Because | had nine arenas, each of these
spatial arrangements was replicated four (1-patch) and five (4-patch) times (see Fig. 4.1).
To simulate predation risk, | flew artificial red-tailed hawks (Buteo jamaicensis) along
cable flyways above designated arenas 2 m above the ground (see Appendix; Fig S4.2)
using fishing line (Shimano, Irvine, CA) and electric motors (Grainger, Lake Forest, IL).
To reduce habituation, three flyways were constructed over each arena which allowed
flights to occur at random times and trajectories twice an hour during data collection

(0720-1220 h).

Each lizard was randomly assigned to one of six treatments: 1) clumped arena with no
simulated risk for 2 days (Control), 2) patchy arena with no simulated risk for 2-days
(Control), 3) simulated risk on day 1 in a clumped arena, followed by no simulated risk
on day 2 (Predation D1), 4) simulated risk on day 1 in a patchy arena, followed by no

simulate risk on day 2 (Predation D1), 5) no simulated risk on day 1, followed by
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simulated risk on day 2 in a clumped arena (Predation D2), or 6) no simulated risk on day

1, followed by simulated risk on day 2 in a patchy arena (Predation D2).

Prior to experiments, lizards underwent a 2 day habituation period to become familiar
with the structure of their thermal arena without experiencing predation risk. Following
the habituation period (~1230-1300 h), | sampled blood from each lizard to measure total
(free plus bound) plasma corticosterone, a common proxy for assessing stress (Munck et
al. 1984, Sapolsky et al. 2000, Angelier and Wingfield 2013). Each lizard was captured
by hand while in its assigned thermal arean and ~50 pL of blood was collected in a
capillary tube by rupturing the orbital sinus. Once filled, each tube was sealed with
Critoseal (Fisher Scientific, Pittsburgh, Pennsylvania, USA) and stored on ice. Blood
samples were centrifuged within 1 h to separate red blood cells from plasma. Once
separated, plasma was stored at -80 °C until assayed (see below). Blood samples were
collected within 2 min of capture to minimize effects of handling stress on circulating
corticosterone (Langkilde and Shine 2006). After bleeding, lizards were given 1 day of
rest where they were offered two crickets and one larval beetles coated in vitamin and
calcium powder to supplement water and nutrient loss from blood collection. All lizards
were observed consuming 1-3 food items. Following the rest period, each lizard was
exposed to 2 days of treatment and data was collected from 0720-1220 h. Following data
collection on the second treatment day (~1230-1300), I collected a second blood sample
(~50 pL) from each lizard to measure changes in circulating levels of corticosterone
following treatments. At the end of the experiment, | had spatial positions, body
temperatures, exposure behaviors, and blood samples for each lizard under different
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predation risk in two distinct thermal environments (see Appendix; Table S4.1 for a

description of events).

Movement analysis

| analyzed spatial positions of lizards to estimate the minimum total movement, the
minimum area covered, and the probability of exposure in each treatment. A Cartesian
coordinate system was painted on the walls of each arena, at 1 m intervals ranging from
0-20 m. During the experiment, | recorded an X-Y spatial position and noted whether
each lizard was in shade or exposed to solar radiation, at 20 min intervals between 0820
and 1240 h. Following the experiment, | used triangulation to calculate the distance
between successive positions and summed these distances to find the minimum total

distance moved by each lizard.

| estimated the minimum area covered by creating a digital Cartesian coordinate system
(Microsoft Excel, 2013) simulating the 20 x 20 m outdoor arenas. | plotted the spatial
positions of each lizard on the digital Cartesian coordinate system. Once these data were
plotted, | counted the number of blocks (i.e., 1 x 1 m) that each lizard traveled through to
estimate the minimal area used within the arena. Lastly, | calculated the percentage of
observations for which lizards were exposed to solar radiation, or the probability of

exposure.
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Hormone assays

For each blood sample, I quantified total plasma corticosterone. Hormones were
measured using commercial enzyme-linked immunoassay kits (Enzo Life Sciences,
Farmingdale, NY). Samples were analyzed in duplicate on the same day, following
instructions supplied with the kit. The assay was validated with a standard curve,
constructed from serial dilutions for corticosterone (Fokidis et al. 2009). There was no
difference between the slopes of a curve produced by serial plasma dilution (4- to 64-
fold) and a standard curve. This approach enabled me to determine the appropriate
dilutions for testing our samples, which was 32-fold. Diluted samples were distributed
randomly within a 96-well plate with a sensitivity of 32.02 pg mlIt. Mean coefficients of
variation within assays were 3.59%, 4.68%, 4.71%, and 3.31% while mean coefficient of
variation between assays was 4.07%. A total of 144 samples (2 per lizard) were run in

duplicate (n = 288 wells).

Statistical analyses

I modeled the effects of predation risk (none, day 1, or day 2) and thermal landscape (1 or
4 patches) on multiple variables: minimum total movement (m), minimum area covered
(m?), body temperature (°C), probability of exposure (0 or 1), and total circulating
corticosterone (ng/ml). Each analysis included a mixture of fixed, continuous, and
random factors. Temporal block (1-8), body mass (g), and snout vent length (mm) were

covariates. The identity of the lizard was included as a random intercept in all models.
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Because operative temperatures likely influence thermoregulatory behavior, such as
basking, I also included this information when modeling the probability of exposure and
body temperature. To obtain a single variable that characterized each thermal
environment at each time, | used a principal component analysis to generate a linear
combination of two highly correlated variables: the maximum operative temperature and
the range of operative temperatures. The first principle component (PC1) captured 97%
of the variation in these thermal variables (see Appendix; Table S4.12). Scores of this

principle component were used as a covariate in our statistical model.

| used the R Statistical Software (R-Core-Team 2015) to infer the most likely values of
means and standard deviations. First, | used the procedure described by Zuur et al. (2009)
to determine the most likely random component of the model. Then, I used the nlme
library (Pinheiro et al. 2012) for analyses of minimum total movement, minimum area
covered, corticosterone, and preferred body temperature. To analyze the probability of
exposure, | used the Ime4 library (Bates et al. 2015), which permits a binomial link
function for discrete data. For body temperature, | used the mgcv library (Wood 2006),
which enabled us to model the nonlinear relationship between operative temperature and
body temperature. In each case, | used the MuMIn library (Barton 2013) to fit all possible
models of fixed effects and interactions. For each model, this package computes the
Akaike information criterion and the Akaike weight; the latter parameter estimates the
probability that a model describes the data better than other models. Akaike weights were
used to calculate a weighted average of each parameter (see Appendix; Tables S4.2-
S4.6); we practiced full model averaging, such that the weighted effect was considered
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zero for all factors excluded from a model (Burnham and Anderson 2002). The resulting
values of parameters were used to calculate the most likely mean of a dependent variable
for each treatment (see Appendix;; Tables S7-S11). This approach eliminates the need to
interpret P values, because all models (including the null model) contributed to the most

likely value of each mean.

Results

When averaged across days, both simulated risk and thermal patchiness determined how
lizards used space. Without a simulated risk of predation, lizards in clumped arenas
moved 31% further and covered 15% more area than lizards in patchy arenas did (Figs
4.2 and 4.3, control boxes). However, this behavior reversed under a simulated risk of
predation; lizards in patchy arenas moved 37% further and covered 41% more area than
lizards in clumped arenas, (Figs 4.2 and 4.3, predation boxes), although both groups of
lizards moved less and covered less area under simulated predation risk compared to
lizards in control treatments. Furthermore, lizards that experienced simulated risk on day
1 still moved less and covered less area on day 2 than lizards in control treatments did

(see Figs 4.2 and 4.3).

Similarly, simulated risk and thermal patchiness affected the probability that a lizard was
exposed to solar radiation. Without simulated risk, lizards in patchy arenas were more
likely to occupy positions exposed to solar radiation (68%) compared to lizards in

clumped arenas (59%), though this trend was stronger on day 1 than on day 2 (Fig 4.4,
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control box). Under simulated risk, lizards reduced their exposure to solar radiation to
40% or 48% in clumped or patchy arenas, respectively (see Fig 4.4, Predation boxes);
still, lizards in patchy arenas exposed themselves more compared to lizards in clumped
arenas (Fig 4.4, predation boxes). When risk was removed on day 2, lizards returned to

the baseline probability of basking in solar radiation (Fig 4.4 Predation D1 box).

Although most lizards thermoregulated accurately when possible (see Table 4.1 and Fig
4.5), predation risk and thermal patchiness interacted to influence the strategy of
thermoregulation. Lizards in a clumped arena responded to simulated risk by shifting
from a strategy of thermoregulation toward a strategy of thermoconforming, as evidenced
by the linear relationship between operative environmental temperatures and body
temperatures (Fig 4.5b). On days without simulated risk, lizards in the risky treatment
maintained body temperatures comparable to those of lizards in the control treatment (see
Table 4.1, Fig. 4.5¢). The precision of body temperatures also depended on predation risk
and thermal patchiness. On days without simulated risk, lizards in clumped arenas
thermoregulated less precisely than lizards in patchy arenas, as evidenced by a greater
standard deviation of body temperature (3.3 vs. 3.0°C; see Fig 4.6, control bars). With
simulated risk, lizards maintained their preferred body temperature less precisely; the
standard deviation of body temperature was 4.5 and 3.9 °C in the clumped arenas and
patchy arenas, respectively (Fig 4.6, predation bars). On the day after simulated risk,
lizards still thermoregulated with less precision than lizards in control treatments; this lag

effect of predation risk occurred in clumped arenas and patchy arenas, as evidenced by
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slightly elevated standard deviations of body temperature (3.7 and 3.5°C; see Fig 4.6,

bars for Predation D1).

Lizards likely perceived a risk of predation and a constraint on thermoregulation in our
experimental arenas. By the end of the experiment, lizards exposed to simulated
predation risk or clumped thermal resources circulated more corticosterone than did
lizards under other conditions. Without simulated risk, lizards in clumped arenas
circulated 74% more corticosterone than lizards in patchy arenas (see Fig 4.7, Control
box). With simulated risk, lizards circulated several-fold greater levels of corticosterone;
this effect of predation risk was amplified by thermal constraints, such that lizards in
clumped arenas circulated 3.5-fold more corticosterone while lizards in patchy arenas
circulated only 2.8-fold more corticosterone. Even with these large effects of predation
risk, lizards in clumped arenas still circulated 47% more corticosterone than lizards in
patchy arenas (see Fig 4.7 Predation boxes). On the day after simulated risk, lizards must
have experienced a lag effect on the hypothalamic-pituitary-adrenal axis. One can infer
this effect from the greater circulating corticosterone in lizards that experienced
simulated risk on the first day of the experiment, relative to lizards that never experienced
simulated risk (an increase of 256% or 343% in patchy or clumped arenas, respectively;
see Fig 4.7, Predation D1 box). Thus, the effects of predation on movement and
thermoregulation were tied to a hormonal response that would likely mobilize energy

needed to overcome an environmental stress.
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Discussion

Animals move according to several important but often conflicting demands. For instance,
shuttling between sun and shade prevents overheating, but thermoregulating in the
presence of a predator can lead to death (Huey 1974, Pitt 1999). Consequently, animals
face numerous tradeoffs when making decisions, often favoring behaviors that ensure
immediate survival at the expense of growth or reproduction (Lima and Dill 1990, Brown
1999, Gallagher et al. 2017). Thus, an individual should use space in a way that balances
its need to secure resources and avoid predators. However, the structure of the “resource
landscape” should influence how an individual balances these conflicting demands
(Mitchell and Lima 2002, Arthur et al. 2004, Whittingham and Evans 2004). When critical
resources are dispersed, animals can access them while moving throughout a larger area.
Such a landscape helps prey become less predictable to predators (Mitchell and Lima 2002,
Laundré 2010). By contrast, animals must remain within a smaller area when critical
resources are concentrated. My results support this hypothesis: male lizards under
perceived risk used more habitat, thermoregulated more precisely, and circulated less

corticosterone in a patchy landscape than they did in a clumped landscape.

In general, lizards used less space (Figs 4.2 and 4.3) and avoided open areas (Fig 4.4) when
exposed to a simulated predator than when exposed to a control treatment. This result
makes sense, given that animals commonly avoid predators by running into burrows or
hiding under vegetation (Dickman 1992, Cooper and Avalos 2010). No shelters or
vegetation were available in my experimental arenas, however, lizards frequently ran under

the shade cloth in response to a simulated predator. Although these behaviors reduce
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predation risk, they prevent animals from accessing solar radiation needed to effectively
thermoregulate. Consequently, an animal in a refuge must contend with a body temperature
that drops below its optimal temperature for physiological functions (Martin and Lopez
1999, Polo et al. 2005, Angilletta 2009). In reptiles, numerous functions become impaired
when body temperature falls substantially (Huey 1982b, Stevenson et al. 1985, Angilletta
et al. 2002). In fact, even an animal’s ability to flee a predator depends on its body
temperature (Cooper and Blumstein 2015); a colder animal, which cannot attain maximal
speeds, is more likely to avoid predators by crypsis than by fleeing (Hertz et al. 1982,
Irschick and Losos 1998, Cooper 2000). Thus, lizards exposed to simulated risk in our
experiment likely moved less and sought cover to reduce predation risk, with a loss of

physiological performance (see Table 4.1; Figs 4.5 and 4.6).

Missed opportunities to acquire resources have consequences for growth and reproduction
later in life, especially if they occur during crucial periods of the life cycle or activity season
(Scrimgeour and Culp 1994, Brown 1999, Lind and Cresswell 2005). For example,
Downes (2001) quantified long-term consequences of predation risk for the growth of
lizards. Garden skinks were raised to maturity in outdoor enclosures under differing levels
of predation risk: a snake scent or a control scent. Lizard exposed to a snake scent became
active later in the day, moved less throughout the environment, and selected “safer”
microhabitats than did lizards exposed to a control scent. These behavioral responses
reduced opportunities to bask and forage. Over the course of the study, lizards gradually
became less responsive to the olfactory cues, until activity patterns and microhabitat use
became indistinguishable between the treatment groups. However, lizards exposed to
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predation scent grew slower and attained smaller body sizes as adults, which led to females
producing lighter eggs and offspring. Thus, antipredator behavior, especially early in
development, imposes a long-term cost that likely reduces fitness below levels achieved in
safe environments (Downes 2001). Similarly, male spiny lizards (S. jarrovi) must forage
during spring and summer after burning through fat in winter, and then store sufficient fat
to fuel territoriality and courtship in the fall (Goldberg 1972, Ruby 1978). Males that grow
less would suffer a disadvantage, because larger males secure more resources, attract more
mates, and survive longer (Simon 1975, Ruby 1981, Rusch and Angilletta 2017).
Additionally, males of S. jarrovi forage much less during the breeding season, spending
most of their time on reproductive activities such as patrolling, displaying, and fighting
(Ruby 1978, Marler and Moore 1988). Even when abundant food exists, predation risk can
hinder a lizard’s ability to thermoregulate and forage, reducing muscle mass and thus
competitive ability (Martin et al. 2003, Amo et al. 2007). Thus, landscapes that afford
opportunities to thermoregulate and forage, while avoiding predators, would enhance the

fitness of an animal.

Although perceived predation risk influenced the behavioral decisions of all lizards, the
magnitude of the responses depended on the spatial distribution of thermal resources.
Possibly, lizards perceived predation risk differently in patchy and clumped thermal
landscapes and responded accordingly (Brown 1999, Arthur et al. 2004). For instance, if a
habitat only has one or a few refuges, an animal will be more exposed when moving
through the environment, making them more vulnerable to predators. On the other hand,
habitats with many refuges enable an animal to hide throughout the environment, making
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active prey less vulnerable to predators. In fact, movement may even benefit prey in
complex environments, as in a shell game in which an individual moves randomly to make
its position less predictable to predators (Mitchell and Lima 2002, Laundré 2010). Because
the distribution of thermal resources determines how effectively an individual can elude its
predators, the patterns of movement in our experiment could have resulted from
antipredator strategies tailored to the thermal landscape: low activity in a clumped
landscape and high activity in a patchy landscape. Given this interaction between resource
distribution and predation risk, the optimal behavior likely differs between patchy and
clumped thermal landscapes (Mitchell and Angilletta 2009). Moving throughout the
landscape in a shell game would simultaneously improve predator avoidance and
thermoregulatory performance if preferred microclimates can be accessed in many places.
Consistent with this idea, a simulated risk of predation caused lizards in patchy arenas to
thermoregulate more accurately and more precisely than lizards in clumped arenas (see
Table 4.1; Fig 4.5b and 4.6 Predation box). Thus, increased thermal patchiness likely
buffers the effects of predation risk without impairing (and potentially improving)

thermoregulation.

In addition to behavioral responses, perceived risk also increased circulating
glucocorticoids. This result supports the idea that animals recognize potential predators and
respond with a short-term increase in corticosterone, which then mediates antipredator
behaviors to promote survival (Thaker et al. 2009a, Trompeter and Langkilde 2011, Barreto
et al. 2014). For example, when Fijian ground frogs viewed a predatory cane toad, they
increased circulating corticosterone and moved less frequently, compared to frogs exposed
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to conspecifics or a control object (Narayan et al. 2013). Consistent with these findings,
lizards exposed to simulated predation risk increased their plasma corticosterone and
reduced their movement during our experiment. However, an animal’s perception of risk
likely depends on its ability to escape. For instance, Cockrem and Silverin (2002) exposed
both caged and free-ranging birds to a predator. Caged birds greatly increased their plasma
corticosterone while free-ranging birds only moderately increased plasma corticosterone.
The authors argued that birds perceived predation risk differently in each context because
caged birds were unable to escape while free-ranging birds could escape (Cockrem and
Silverin 2002). Therefore, lizards in patchy arenas might have circulated less corticosterone
than lizards in clumped arenas because they had more sources of cover, which would

ameliorate risk.

In the absence of simulated risk, plasma corticosterone was likely linked to energetic
demands given the movement patterns and thermoregulatory performance of lizards in our
thermal arenas. Because lizards moved more and thermoregulated worse in clumped arenas
(see Fig 4.7 Control box), they likely spent more energy than lizards in patchy arenas did
(Sears and Angilletta 2015, Basson et al. 2017). Thus, corticosterone might have increased
to mobilize the energy needed to cover more ground for thermoregulation in a poorer
quality thermal environment (Rees et al. 1985, Gleeson et al. 1993, Girard and Garland
2001). Alternatively, corticosterone might have been the cause of activity rather than a
response to activity. If so, the effect of corticosterone must depend on a threshold. Without
simulated risk, greater movement accompanied more corticosterone (see Figs 4.2 and 4.7
Control boxes); however, with simulated risk, less movement accompanied more
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corticosterone (see Figs 4.2 and 4.7 Predation boxes). Therefore, low and high levels of
corticosterone must have opposing effects on activity if variation in corticosterone drove
variation in movement. A previous study of birds revealed evidence for a threshold shift in
the effect of corticosterone, where a slight artificial elevation of corticosterone increased
activity but larger elevation decreased activity (Breuner and Wingfield 2000). Further
investigation is needed to determine whether corticosterone was the cause or effect of

thermoregulatory behavior.

I have shown that behavioral and physiological responses of lizards depended on the
interaction between predation risk and the thermal landscape. These results underscore the
need to consider abiotic and biotic factors simultaneously when predicting how species
will respond to climate change (Angilletta 2009, Zarnetske et al. 2012, Post 2013). If
predation risk limits access to thermal resources, the performance, dispersal, and ultimately
survival of an animal will depend on the distribution of these resources. Thus far, studies
investigating the effects of climate change have mainly focused on measuring changes in
the mean or variance of temperature rather than the spatial distribution of temperatures
(Kearney and Porter 2009, Buckley et al. 2010, Sinervo et al. 2010b). These models reveal
costs of and constraints on activity but ignore factors that might influence these costs and
constraints, such as the covariaton between thermal resources and predation risk (Lima
1998a, Sears and Angilletta 2015, Sears et al. 2016). Thus, great potential exists to extend
current approaches, or develop new ones, that incorporate species interactions and spatial
structure when forecasting impacts of climate change (Araujo et al. 2011, Kissling et al.
2012, Sears and Angilletta 2015, Levy et al. 2016, Sears et al. 2016). Biologists will
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ultimately need to embrace spatially-explicit models of thermoregulation to understand the
behaviors of animals in warming landscapes (Angilletta 2009, Sears and Angilletta 2015,

Basson et al. 2017).
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Table 4.1. Mean body temperatures and % of observed temperatures within one standard
deviation of the preferred temperature (32.5 — 36.7 °C). Means were estimated with a
statistical model derived from multimodel averaging.

Treatment Patches Mean Tg (°C)  Tg within PT
Control 1 29.6 43%
Control 4 30.8 52%
Predation 1 28.6 35%
Predation 4 30.0 46%
Post Predation 1 29.3 40%
Post Predation 4 30.5 49%
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Fig 4.1. Large, outdoor arenas (400 m?) were used to manipulate the thermal landscape.
Each arena contained one of two levels of patchiness: 1 patch (A) or 4 patches (B).
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Fig 4.2. Without simulated risk, lizards in clumped arenas moved farther than lizards in
patchy arenas (Control box). With simulated risk, this pattern was reversed (Predation D1
and D2 boxes). Furthermore, lizards that experienced simulated risk on day 1 still moved
less on day 2 than lizards in control treatments did (Day 2 of Predation D1 box).
Diamonds and grey bars denote means and standard deviations, respectively, computed
by multimodel averaging. Each circle denotes the minimum total movement of a lizard.
Black or red colors denote data for lizards in clumped or patchy arena, respectively.
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Fig 4.3. Without simulated risk, lizards in clumped arenas covered more area than lizards
in patchy arenas (Control box). With simulated risk, this pattern was reversed (Predation
D1 and D2 boxes). Furthermore, lizards that experienced simulated risk on day 1 still
covered less area on day 2 than lizards in control treatments did (Day 2 of Predation D1
box). Diamonds and grey bars denote means and standard deviations, espectively,
computed by multimodel averaging. Each circle denotes the area covered of a lizard.
Black or red colors denote data for lizards in clumped or patchy arena, respectively.
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Fig 4.4. Without simulated risk, lizards in patchy arenas were more likely to expose
themselves to open areas within the arena than were lizards in in clumped arenas (Control
box). With simulated predation risk, all lizards were less likely to expose themselves to
open areas, regardless of thermal patchiness (Predation D1 and D2 boxes). Lizards that
experienced simulated risk on day 1 returned to control levels of exposure on day 2 in
both clumped and patchy arenas (Day 2 of Predation D1 box). Black and red bars denote
mean probabilities of exposure with and without simulated risk, respectively, computed
by multimodel averaging.
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Fig 4.5. Body temperatures of lizards plotted against a principal component of
environmental temperatures (Table S12). As PC1 increases, so does the maximum
operative temperature and the range of temperatures (between sun and shade). Regardless
of whether lizards experienced no simulated risk (A) or some simulated risk (B), lizards
in patchier arenas thermoregulated more accurately. However, lizards in clumped arenas
responded to simulated risk by shifting from a strategy of thermoregulation toward a
strategy of thermoconforming, as evidenced by the linear relationship between operative
environmental temperatures and body temperatures (B). Lizards that experienced
simulated risk on day 1 thermoregulated nearly as accurate as lizards in control
treatments (C). Black and red lines denote mean body temperatures of clumped and
patchy arenas computed by multimodel averaging. Each circle denotes a body
temperature of a lizard in a clumped arena (black) or patchy arena (red). The gray bar
depicts the central 68% of preferred temperatures (32.5 — 36.7 °C), respectively.
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Fig 4.6. Without simulated risk, lizards in patchy arenas thermoregulated more precisely
than lizards in clumped arenas (Control box). With simulated risk, all lizards
thermoregulated less precisely, regardless of thermal patchiness (Predation box). Lizards
that experienced simulated risk on day 1 did not thermoregulate as precisely as lizards in
control treatments, but thermoregulated more precisely than when exposed to simulated
risk (Post Predation box). Black and red bars denote standard deviations computed by
multimodel averaging.
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Fig 4.7. All lizards circulated more corticosterone in clumped arenas compared to patchy
arenas, regardless of risk. However, this effect was amplified when lizards were exposed
to simulated predation risk (Predation D1 and Predation D2 boxes). Diamonds and grey
bars denote means and standard deviations, respectively, computed by multimodel
averaging. Each circle denotes the circulating plasma corticosterone of a lizard. Black or
red colors denote data for lizards in clumped or patchy arena, respectively.
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CHAPTER FIVE:

Conclusions and Future Directions

My dissertation revealed the importance of considering abiotic and biotic factors of the
environment when quantifying costs of thermoregulation. Both the presence of
competitors and predators altered thermoregulation, movements, and hormones of lizards,
but the magnitude depended on the spatial distribution of thermal resources. As thermal
resources became patchier, lizards thermoregulated better and perceived less stress, as

evidenced by lower plasma corticosterone.

Chapter two revealed male S. jarrovi will compete for limited thermal resources, with
larger males outcompeting smaller males for access. Surprisingly, however, large males
thermoregulated less accurately and less precisely than did small males during
competition, presumably by overexploiting limited thermal resources. In fact, large males
often warmed well beyond their preferred range of temperatures (34.0 + 1.4 °C) while
defending a heat source, sometimes approaching the mean critical thermal maximum for
the species (41.0 £ 1.3 °C; T. W. Rusch, unpublished). Therefore, large males incurred
the risk of overheating to maintain priority access to the heat source in the presence of a
conspecific. During the breeding season reproductive behaviors such as courtship and
fighting take priority over other activities, such as foraging (Goldberg 1972, Ruby 1978,
Marler and Moore 1989). Although such evidence for thermoregulation is scarce,
Shillington (2002) found free-ranging male tarantulas regularly experience body

temperatures above (24.7 — 35.1 °C) their preferred range (22.1 — 31.3 °C) when
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searching for females during the breeding season . And Regal (1971) observed that a
captive male lizard fixated on a heat source in the presence of another male, and then
basked less after the intruder was removed. Thus, male S. jarrovi may also sacrifice
effective thermoregulation for mating opportunities, especially in the presence of rival

males.

All data chapters revealed that both intraspecific competition and simulated predation
caused an increase in plasma corticosterone. This result makes sense, because
interactions with competitors or predators, such as chasing or fighting, induces a stress
response and is energetically expensive (Hack 1997, Summers 2002, Ancona et al. 2010).
In fact, even just the sight of a competitor or predator stimulates a corticosterone
response in some species (Cockrem and Silverin 2002, Morgan and Tromborg 2007,
Narayan et al. 2013). Elevated plasma corticosterone is an important adaptation to short-
term changes in the environment, as it mobilizes energy and alters behaviors to aid
immediate survival (Sapolsky et al. 2000, Summers 2002, Stephens et al. 2007).
However, elevated corticosterone also imposes costs, such as reduced aggression,
activity, and courtship (Schuett et al. 1996, Moore and Mason 2001, Cockrem and

Silverin 2002), which can lead to missed opportunities and reduced fitness.

A major finding of my dissertation was that the costs of competition or predation were
dependent on the distribution of thermal resources. As patchiness increased,
thermoregulation improved (chapter four) and corticosterone decreased (chapters three
and four). Possibly, lizards perceived risk differently in patchy and clumped thermal
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landscapes and responded accordingly (Brown 1999, Arthur et al. 2004). For instance,
lizards in clumped arenas fought regularly for access to the single shade patch, which
resulted in reduced thermoregulatory performance and highly elevated plasma
corticosterone. Conversely, lizards in patchier arenas fought less as they were able to
simultaneously occupy different thermal resources. This resulted in improved
thermoregulation and lower plasma corticosterone, compared to lizards in clumped
arenas. Similarly, lizards exposed to simulated predation in clumped arenas decreased
their movements and increased use of cover, presumably in fear of predation. This
resulted in decreased thermoregulatory performance and highly elevated plasma
corticosterone. However, when lizards were exposed to simulated predation in patchy
arenas, they moved greater distances and exposed themselves more. This resulted in
improved thermoregulation and lower plasma corticosterone, compared to lizards in
clumped arenas. In fact, movement may even benefit prey in complex environments, as in
a shell game in which an individual moves randomly to make its position less predictable
to predators (Mitchell and Lima 2002, Laundré 2010). Thus, increased thermal patchiness
buffered the effects of competition and predation on thermoregulatory performance and

stress levels.

Even without competitors or predators, lizards showed differences in plasma

corticosterone in the different thermal arenas (chapters three and four). However, these
corticosterone levels likely reflected the energetic demands of the observed movements
and thermoregulation of lizards in the thermal arenas. Because lizards moved more and
thermoregulated worse in clumped arenas, they likely spent more energy than lizards in
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patchy arenas did (Sears and Angilletta 2015, Basson et al. 2017). Thus, lizards may have
circulated more corticosterone to mobilize the energy needed to cover more ground for
thermoregulation in a poorer quality thermal environment (Rees et al. 1985, Gleeson et
al. 1993, Girard and Garland 2001). Because plasma glucocorticoids are commonly used
to indicate the health of an animal (Sapolsky et al. 2000, Romero and Wikelski 2001,
Romero 2004), the results of my experiments provide the first evidence that the structure
of the thermal landscape affects circulating glucocorticoid levels. Therefore, ecologists
might be able to infer the thermal quality of an environment by measuring plasma

glucocorticoids, something that has never been done before.

My dissertation has demonstrated that behavioral and physiological responses of lizards
depends on both the thermal landscape and intraspecific competitors or predation risk.
The results of control lizards underscore the need to move beyond the indice of de when
quantifying the thermal quality of an environment (Christian et al. 1985, Hertz et al.
1993, Blouin-Demers and Nadeau 2005). In my experiments, the mean and variance of
operative temperatures was roughly equal among the different thermal landscapes. Yet,
lizards thermoregulated less effectively, move greater distances, and circulated more
corticosterone as the patchiness of the thermal landscape decreased. Thus, my results
underscore the need to better understand how abiotic and biotic factors interact to
determine an organism’s thermoregulatory performance. Furthermore, my results are
important when assessing current and future threats of climate change. If the predicted
warming (Walther et al. 2002, Edenhofer et al. 2014) limits the abundance of preferred
microclimates (Sinervo et al. 2010a, Sears et al. 2016), animals will likely increase
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competition for space, making animals more predictable, and presumably vulnerable, to
predators (Mitchell and Lima 2002, Laundré 2010). Therefore, studies investigating the
effects of climate change need to focus on more than just changes in the mean or variance
of temperature by also considering the spatial distribution of temperatures (Sears and
Angilletta 2015, Sears et al. 2016, Basson et al. 2017) and the covariaton between
thermal resources and biotic factors, such as competitors and predators (Lima 1998a,
Sears and Angilletta 2015, Sears et al. 2016). Luckily though, mechanistic models are
flexible, thus providing opportunities to incorporate further biological detail, such as
biotic interactions. Ultimately, biologists will need to embrace spatially-explicit models
of thermoregulation to understand the behaviors of animals in warming landscapes

(Angilletta 2009, Sears and Angilletta 2015, Basson et al. 2017).

92



REFERENCES

Adolph, S. C., and W. P. Porter. 1993. Temperature, activity, and lizard life-histories.
American Naturalist 142:273-295.

Albrecht, M., and N. Gotelli. 2001. Spatial and temporal niche partitioning in grassland
ants. Oecologia 126:134-141.

Amo, L., P. Lopez, and J. Martin. 2007. Refuge use: a conflict between avoiding
predation and losing mass in lizards. Physiology & behavior 90:334-343.

Ancona, S., H. Drummond, and J. Zaldivar-Rae. 2010. Male whiptail lizards adjust
energetically costly mate guarding to male—male competition and female reproductive
value. Animal Behaviour 79:75-82.

Andersson, M. B. 1994. Sexual selection. Princeton University Press.

Angelier, F., and J. C. Wingfield. 2013. Importance of the glucocorticoid stress response
in a changing world: theory, hypotheses and perspectives. General and
Comparative Endocrinology 190:118-128.

Angilletta, M. J. 2001. Thermal and physiological constraints on energy assimilation in a
widespread lizard (Sceloporus undulatus). Ecology 82:3044-3056.

Angilletta, M. J. 2009. Thermal Adaptation: A Theoretical and Empirical Synthesis.
Oxford University Press Inc., New York.

Angilletta, M. J., T. Hill, and M. A. Robson. 2002. Is physiological performance
optimized by thermoregulatory behavior?: a case study of the eastern fence lizard,
Sceloporus undulatus. Journal of Thermal Biology 27:199-204.

Araljo, M. B., A. Rozenfeld, C. Rahbek, and P. A. Marquet. 2011. Using species co-
occurrence networks to assess the impacts of climate change. Ecography 34:897-
908.

Arthur, A. D., R. P. Pech, and C. R. Dickman. 2004. Habitat structure mediates the non-
lethal effects of predation on enclosed populations of house mice. Journal of
Animal Ecology 73:867-877.

Bakken, G. S., and D. M. Gates. 1975. Heat-Transfer Analysis of Animals: Some
Implications for Field Ecology, Physiology, and Evolution. Pages 255-290 in D.
M. Gates and R. B. Schmerl, editors. Perspectives of Biophysical Ecology.
Springer Berlin Heidelberg, Berlin, Heidelberg.

93



Balanya, J., J. M. Oller, R. B. Huey, G. W. Gilchrist, and L. Serra. 2006. Global genetic
change tracks global climate warming in Drosophila subobscura. Science
313:1773-1775.

Ball, G. F., and J. C. Wingfield. 1987. Changes in plasma levels of luteinizing hormone
and sex steroid hormones in relation to multiple-broodedness and nest-site density
in male starlings. Physiological Zoology:191-199.

Barnard, C., and T. Burk. 1979. Dominance hierarchies and the evolution of “individual
recognition”. Journal of Theoretical Biology 81:65-73.

Barreto, R. E., A. Barbosa-Junior, E. C. Urbinati, and A. Hoffmann. 2014. Cortisol
influences the antipredator behavior induced by chemical alarm cues in the
Frillfin goby. Hormones and Behavior 65:394-400.

Barton, K. 2013. MuMIn: multi-model inference, R package version 1.9.13.

Basson, C. H., O. Levy, M. J. Angilletta, and S. Clusella-Trullas. 2017. Lizards paid a
greater opportunity cost to thermoregulate in a less heterogeneous environment.
Functional Ecology 31:856-865.

Bates, D., M. Maechler, B. Folker, and S. Walker. 2015. Fitting Lenear Mixed-Effects
Models using Ime4. Journal of Statistical Software 67:1-48.

Beauchamp, G. 2015. Animal vigilance: monitoring predators and competitors.
Academic Press.

Beitinger, T. L., and L. C. Fitzpatrick. 1979. Physiological and ecological correlates of
preferred temperature in fish. American Zoologist 19:319-329.

Beitinger, T. L., and J. J. Magnuson. 1975. Influence of social rank and size on
thermoselection behavior of bluegill (Lepomis macrochirus). Journal of the
Fisheries Research Board of Canada 32:2133-2136.

Beitinger, T. L., J. J. Magnuson, W. H. Neill, and W. R. Shaffer. 1975. Behavioural
thermoregulation and acitivity patterns in the green sunfish, Lepomis cyanellus.
Animal Behaviour 23:222-229.

Belliure, J., and J. Clobert. 2004. Behavioral sensitivity to corticosterone in juveniles of
the wall lizard, Podarcis muralis. Physiology & behavior 81:121-127.

Bennett, A. F. 1980. The thermal dependence of lizard behaviour. Animal Behaviour
28:752-762.

94



Blanchard, D. C., R. R. Sakai, B. McEwen, S. M. Weiss, and R. J. Blanchard. 1993.
Subordination stress: behavioral, brain, and neuroendocrine correlates.
Behavioural brain research 58:113-121.

Blanchard, D. C., R. L. Spencer, S. M. Weiss, R. J. Blanchard, B. McEwen, and R. R.
Sakai. 1995. Visible burrow system as a model of chronic social stress -
Behavioral and neuroendocrine correlates. Psychoneuroendocrinology 20:117-
134.

Blouin-Demers, G., and P. Nadeau. 2005. The cost-benefit model of thermoregulation
does not predict lizard thermoregulatory behavior. Ecology 86:560-566.

Bogert, C. M. 1949. Thermoregulation in reptiles, a factor in evolution. Evolution 3:195-
211.

Bowler, D. E., C. Hof, P. Haase, I. Kroncke, O. Schweiger, R. Adrian, L. Baert, H.-G.
Bauer, T. Blick, and R. W. Brooker. 2017. Cross-realm assessment of climate

change impacts on species’ abundance trends. Nature Ecology & Evolution
1:0067.

Breuner, C., and J. Wingfield. 2000. Rapid behavioral response to corticosterone varies
with photoperiod and dose. Hormones and Behavior 37:23-30.

Brown, J. S. 1992. Patch Use under Predation Risk .1. Models and Predictions. Annales
Zoologici Fennici 29:301-3009.

Brown, J. S. 1999. Vigilance, patch use and habitat selection: foraging under predation
risk. Evolutionary Ecology Research 1:49-71.

Brown, J. S., and B. P. Kotler. 2004. Hazardous duty pay and the foraging cost of
predation. Ecology letters 7:999-1014.

Buckley, L. B. 2008. Linking traits to energetics and population dynamics to predict
lizard ranges in changing environments. The American Naturalist 171:E1-E19.

Buckley, L. B. 2010. The range implications of lizard traits in changing environments.
Global ecology and biogeography 19:452-464.

Buckley, L. B., J. C. Ehrenberger, and M. J. Angilletta. 2015a. Thermoregulatory
behavior limits local adaptation of thermal niches and confers sensitivity to
climate change. Functional Ecology.

Buckley, L. B., J. C. Ehrenberger, and M. J. Angilletta. 2015b. Thermoregulatory

behaviour limits local adaptation of thermal niches and confers sensitivity to
climate change. Functional Ecology 29:1038-1047.

95



Buckley, L. B., and R. B. Huey. 2016. Temperature extremes: geographic patterns, recent
changes, and implications for organismal vulnerabilities. Global change biology
22:3829-3842.

Buckley, L. B., M. C. Urban, M. J. Angilletta, L. G. Crozier, L. J. Rissler, and M. W.
Sears. 2010. Can mechanism inform species’ distribution models? Ecology letters
13:1041-1054.

Burnham, K. P., and D. R. Anderson. 2002. Model selection and multimodel inference: a
practical information-theoretic approach. 2nd edition. Springer Science &
Business Media.

Carpenter, K. E., M. Abrar, G. Aeby, R. B. Aronson, S. Banks, A. Bruckner, A.
Chiriboga, J. Cortés, J. C. Delbeek, and L. DeVantier. 2008. One-third of reef-
building corals face elevated extinction risk from climate change and local
impacts. Science 321:560-563.

Cerda, X., J. Retana, and A. Manzaneda. 1998. The role of competition by dominants and
temperature in the foraging of subordinate species in Mediterranean ant
communities. Oecologia 117:404-412.

Chase, I. D., C. Tovey, D. Spangler-Martin, and M. Manfredonia. 2002. Individual
differences versus social dynamics in the formation of animal dominance
hierarchies. Proceedings of the National Academy of Sciences 99:5744-5749.

Christian, K. A., C. R. Tracey, and W. P. Porter. 1985. Inter-and intra-individual
variation in body temperatures of the galapagos land iguana (Conolophus
Pallidus. Journal of Thermal Biology 10:47-50.

Christian, K. A., and B. W. Weavers. 1996. Thermoregulation of monitor lizards in
Australia: an evaluation of methods in thermal biology. Ecological monographs
66:139-157.

Clusella-Trullas, S., and S. L. Chown. 2011. Comment on “Erosion of Lizard Diversity
by Climate Change and Altered Thermal Niches”. Science 332:537.

Cockrem, J., and B. Silverin. 2002. Sight of a predator can stimulate a corticosterone
response in the great tit (Parus major). General and Comparative Endocrinology
125:248-255.

Cole, L. C. 1943. Experiments on toleration of high temperature in lizards with reference
to adaptive coloration. Ecology 24:94-108.

Congdon, J. D., R. E. Ballinger, and K. A. Nagy. 1979. Energetics, temperature and water
relations in winter aggregated Sceloporus jarrovi (Sauria: Iguanidae).
Ecology:30-35.

96



Connell, J. H. 1961. The influence of interspecific competition and other factors on the
distribution of the barnacle Chthamalus stellatus. Ecology 42:710-723.

Cooper, W. E. 2000. Effect of temperature on escape behaviour by an ectothermic
vertebrate, the keeled earless lizard (Holbrookia propinqua). Behaviour 137:1299-
1315.

Cooper, W. E. 2008. Visual monitoring of predators: occurrence, cost and benefit for
escape. Animal Behaviour 76:1365-1372.

Cooper, W. E., and A. Avalos. 2010. Predation risk, escape and refuge use by mountain
spiny lizards (Sceloporus jarrovii). Amphibia-Reptilia 31:363-373.

Cooper, W. E., and D. T. Blumstein. 2015. Escaping from predators: an integrative view
of escape decisions. Cambridge University Press.

Cowles, R. B., and C. M. Bogert. 1944. A preliminary study of the thermal requirements
of desert reptiles. Bull. Am. Mus. Nat. Hist 83:261-296.

Creel, S. 2001. Social dominance and stress hormones. Trends in ecology & evolution
16:491-497.

Cull, F., C. Suski, A. Shultz, A. Danylchuk, C. O’Connor, K. Murchie, and S. Cooke.
2015. Consequences of experimental cortisol manipulations on the thermal
biology of the checkered puffer (Sphoeroides testudineus) in laboratory and field
environments. Journal of Thermal Biology 47:63-74.

Dallman, M. F., S. E. la Fleur, N. C. Pecoraro, F. Gomez, H. Houshyar, and S. F. Akana.
2004. Minireview: glucocorticoids—food intake, abdominal obesity, and wealthy
nations in 2004. Endocrinology 145:2633-2638.

Defries, J. C., and G. E. McClearn. 1970. Social dominance and Darwinian fitness in the
laboratory mouse. American Naturalist 104:408-&.

Denardo, D. F., and P. Licht. 1993. Effects of corticosterone on social behavior of male
lizards. Hormones and Behavior 27:184-199.

DeNardo, D. F., and B. Sinervo. 1994. Effects of steroid hormone interaction on activity
and home-range size of male lizards. Hormones and Behavior 28:273-287.

Denny, M. W., and C. D. Harley. 2006. Hot limpets: predicting body temperature in a

conductance-mediated thermal system. Journal of Experimental Biology
209:2409-2419.

97



Deutsch, C. A,, J. J. Tewksbury, R. B. Huey, K. S. Sheldon, C. K. Ghalambor, D. C.
Haak, and P. R. Martin. 2008. Impacts of climate warming on terrestrial
ectotherms across latitude. Proceedings of the National Academy of Sciences
105:6668-6672.

Dickman, C. 1992. Predation and habitat shift in the house mouse, Mus domesticus.
Ecology 73:313-322.

Donkoh, A. 1989. Ambient - temperature - A factor affecting performance and
physiological-response of broiler-chickens. International Journal of
Biometeorology 33:259-265.

Downes, S. 2001. Trading heat and food for safety: costs of predator avoidance in a
lizard. Ecology 82:2870-2881.

Downes, S., and R. Shine. 1998. Heat, safety or solitude? Using habitat selection
experiments to identify a lizard's priorities. Animal Behaviour 55:1387-1396.

Dubois, F., and L.-A. Giraldeau. 2005. Fighting for resources: the economics of defense
and appropriation. Ecology 86:3-11.

Dufty, A. M. 1989. Testosterone and survival: a cost of aggressiveness? Hormones and
Behavior 23:185-193.

Dunning, J. B., B. J. Danielson, and H. R. Pulliam. 1992. Ecological processes that affect
populations in complex landscapes. Oikos:169-175.

Dupoué, A., F. Brischoux, O. Lourdais, and F. Angelier. 2013. Influence of temperature
on the corticosterone stress—response: An experiment in the Children’s python
(Antaresia childreni). General and Comparative Endocrinology 193:178-184.

Duvall, D., and G. W. Schuett. 1997. Straight-line movement and competitive mate
searching in prairie rattlesnakes, Crotalus viridis viridis. Animal Behaviour
54:329-334.

Dzialowski, E. M. 2005. Use of operative temperature and standard operative
temperature models in thermal biology. Journal of Thermal Biology 30:317-334.

Edenhofer, O., R. Pichs-Madruga, Y. Sokona, E. Farahani, S. Kadner, K. Seyboth, A.
Adler, I. Baum, S. Brunner, and P. Eickemeier. 2014. Climate change 2014:
Mitigation of climate change. Working group 111 contribution to the fifth
assessment report of the Intergovernmental Panel on Climate Change. UK and
New York.

Elith, J., M. Kearney, and S. Phillips. 2010. The art of modelling range-shifting species.
Methods in ecology and evolution 1:330-342.
98



Ellis, L. 1995. Dominance and reproductive success among nonhuman animals: a cross-
species comparison. Ethology and Sociobiology 16:257-333.

Emlen, S. T., and L. W. Oring. 1977. Ecology, sexual selection, and the evolution of
mating systems. Science 197:215-223.

Fisher, D. 2000. Effects of vegetation structure, food and shelter on the home range and
habitat use of an endangered wallaby. Journal of Applied Ecology 37:660-671.

Fokidis, H. B., M. Orchinik, and P. Deviche. 2009. Corticosterone and corticosteroid
binding globulin in birds: relation to urbanization in a desert city. General and
Comparative Endocrinology 160:259-270.

Gallagher, A. J., S. Creel, R. P. Wilson, and S. J. Cooke. 2017. Energy landscapes and
the landscape of fear. Trends in ecology & evolution 32:88-96.

Garland Jr, T., E. Hankins, and R. Huey. 1990. Locomotor capacity and social dominance
in male lizards. Functional Ecology:243-250.

Gilman, S. E., M. C. Urban, J. Tewksbury, G. W. Gilchrist, and R. D. Holt. 2010. A
framework for community interactions under climate change. Trends in ecology
& evolution 25:325-331.

Giraldeau, L.-A., and T. Caraco. 2000. Social foraging theory. Princeton University
Press.

Girard, 1., and T. Garland. 2001. Plasma corticosterone response to acute and chronic
voluntary exercise in female house mice. Journal of Applied Physiology 92:1553-
1561.

Girling, J., and A. Cree. 1995. Plasma corticosterone levels are not significantly related to
reproductive stage in female common geckons (Hoplodactylus maculatus).
General and Comparative Endocrinology 100:273-281.

Gladue, B. A., M. Boechler, and K. D. McCaul. 1989. Hormonal response to competition
in human males. Aggressive behavior 15:409-422.

Gleeson, T. T., P. M. Dalessio, J. A. Carr, S. J. Wickler, and R. S. Mazzeo. 1993. Plasma
catecholamine and corticosterone and their in vitro effects on lizard skeletal
muscle lactate metabolism. American Journal of Physiology-Regulatory,
Integrative and Comparative Physiology 265:R632-R639.

Goldberg, S. R. 1972. Seasonal weight and cytological changes in the fat bodies and liver
of the iguanid lizard Sceloporus jarrovi Cope. Copeia:227-232.

99



Greenberg, N., T. Chen, and D. Crews. 1984. Social status, gonadal state, and the adrenal
stress response in the lizard, Anolis carolinensis. Hormones and Behavior 18:1-
11.

Greenberg, N., and D. Crews. 1990. Endocrine and behavioral responses to aggression
and social dominance in the green anole lizard, Anolis carolinensis. General and
Comparative Endocrinology 77:246-255.

Greenberg, N., and J. C. Wingfield. 1987. Stress and reproduction: reciprocal
relationships. Pages 461-503 Hormones and reproduction in fishes, amphibians,
and reptiles. Springer.

Gvozdik, L., E. Cernické, and R. Van Damme. 2013. Predator-prey interactions shape
thermal patch use in a newt larvae-dragonfly nymph model. PLoS ONE 8:e65079.

Hack, M. A. 1997. The energetic costs of fighting in the house cricket, Acheta
domesticus L. Behavioral Ecology 8:28-36.

Haenel, G. J,, L. C. Smith, H. B. John-Alder, and C. Guyer. 2003. Home-range analysis
in Sceloporus undulatus (eastern fence lizard). I. Spacing patterns and the context
of territorial behavior. Copeia 2003:99-112.

Herczeg, G., A. Gonda, J. Saarikivi, and J. Meril&. 2006. Experimental support for the
cost-benefit model of lizard thermoregulation. Behavioral Ecology and
Sociobiology 60:405-414.

Hertz, P. E., R. B. Huey, and E. Nevo. 1982. Fight versus flight: body temperature
influences defensive responses of lizards. Animal Behaviour 30:676IN3677-
IN4679.

Hertz, P. E., R. B. Huey, and R. Stevenson. 1993. Evaluating temperature regulation by
field-active ectotherms: the fallacy of the inappropriate question. American
Naturalist:796-818.

Hoffmann, A. A., and C. M. Sgro. 2011. Climate change and evolutionary adaptation.
Nature 470:479-485.

Holbrook, S. J., and R. J. Schmitt. 2002. COMPETITION FOR SHELTER SPACE
CAUSES DENSITY-DEPENDENT PREDATION MORTALITY IN
DAMSELFISHES. Ecology 83:2855-2868.

Homyack, J. A. 2010. Evaluating habitat quality of vertebrates using conservation
physiology tools. Wildlife research 37:332-342.

Houston, A. I., and J. M. McNamara. 2014. Foraging currencies, metabolism and
behavioural routines. Journal of Animal Ecology 83:30-40.
100



Huey, R. B. 1974. Behavioral thermoregulation in lizards: importance of associated costs.
American Association for the Advancement of Science.

Huey, R. B. 1982a. Temperature, physiology, and the ecology of reptiles. Pages 25-91 in
C. Gans and F. H. Pough, editors. Biology of the Reptilia. Academic Press, New
York.

Huey, R. B. 1982b. Temperature, physiology, and the ecology of reptiles.in Biology of
the Reptilia. Citeseer.

Huey, R. B., C. A. Deutsch, J. J. Tewksbury, L. J. Vitt, P. E. Hertz, H. J. A. Pérez, and T.
Garland. 2009. Why tropical forest lizards are vulnerable to climate warming.
Proceedings of the Royal Society of London B: Biological Sciences 276:1939-
1948.

Huey, R. B., and M. Slatkin. 1976a. Cost and benefits of lizard thermoregulation.
Quarterly Review of Biology 51:363-384.

Huey, R. B., and M. Slatkin. 1976b. Cost and benefits of lizard thermoregulation.
Quarterly Review of Biology:363-384.

Huey, R. B., and R. D. Stevenson. 1979. Integrating thermal physiology and ecology of
ectotherms: a discussion of approaches. American Zoologist 19:357-366.

Ims, R. A. 1995. Movement patterns related to spatial structures. Pages 85-109 Mosaic
landscapes and ecological processes. Springer.

IPCC. 2014. Climate Change 2014: Synthesis Report, Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. IPCC.

Irschick, D. J., and J. B. Losos. 1998. A comparative analysis of the ecological
significance of maximal locomotor performance in Caribbean Anolis lizards.
Evolution:219-226.

Ito, R., and A. Mori. 2010. Vigilance against predators induced by eavesdropping on
heterospecific alarm calls in a non-vocal lizard Oplurus cuvieri cuvieri (Reptilia:
Iguania). Proceedings of the Royal Society of London B: Biological Sciences
277:1275-1280.

Jessop, T. S., M. Hamann, M. A. Read, and C. J. Limpus. 2000. Evidence for a hormonal
tactic maximizing green turtle reproduction in response to a pervasive ecological
stressor. General and Comparative Endocrinology 118:407-417.

John-Alder, H. B., R. M. Cox, G. J. Haenel, and L. C. Smith. 2009. Hormones,
performance and fitness: natural history and endocrine experiments on a lizard
(Sceloporus undulatus). Integrative and Comparative Biology:icp060.

101



Jones, E. I., and A. Dornhaus. 2011. Predation risk makes bees reject rewarding flowers
and reduce foraging activity. Behavioral Ecology and Sociobiology 65:1505-
1511.

Kearney, M. 2006. Habitat, environment and niche: what are we modelling? Oikos
115:186-191.

Kearney, M., and W. Porter. 2009. Mechanistic niche modelling: combining
physiological and spatial data to predict species’ ranges. Ecology letters 12:334-
350.

Kearney, M., and W. P. Porter. 2004. Mapping the fundamental niche: physiology,
climate, and the distribution of a nocturnal lizard. Ecology 85:3119-3131.

Kearney, M., R. Shine, and W. P. Porter. 2009. The potential for behavioral
thermoregulation to buffer “cold-blooded” animals against climate warming.
Proceedings of the National Academy of Sciences 106:3835-3840.

Kerr, J. T., A. Pindar, P. Galpern, L. Packer, S. G. Potts, S. M. Roberts, P. Rasmont, O.
Schweiger, S. R. Colla, and L. L. Richardson. 2015. Climate change impacts on
bumblebees converge across continents. Science 349:177-180.

Kissling, W. D., C. F. Dormann, J. Groeneveld, T. Hickler, I. Kiihn, G. J. Mclnerny, J.
M. Montoya, C. Rdmermann, K. Schiffers, and F. M. Schurr. 2012. Towards
novel approaches to modelling biotic interactions in multispecies assemblages at
large spatial extents. Journal of Biogeography 39:2163-2178.

Klukowski, M., B. Ackerson, and C. E. Nelson. 2004. Testosterone and daily activity
period in laboratory-housed mountain spiny lizards, Sceloporus jarrovi. Journal of
Herpetology 38:120-124.

Koenig, A. 2002. Competition for resources and its behavioral consequences among
female primates. International journal of primatology 23:759-783.

Kronfeld-Schor, N., and T. Dayan. 2003. Partitioning of time as an ecological resource.
Annual Review of Ecology, Evolution, and Systematics 34:153-181.

Landys, M. M., M. Ramenofsky, and J. C. Wingfield. 2006. Actions of glucocorticoids at
a seasonal baseline as compared to stress-related levels in the regulation of
periodic life processes. General and Comparative Endocrinology 148:132-149.

Langkilde, T., V. A. Lance, and R. Shine. 2005. Ecological consequences of agonistic
interactions in lizards. Ecology 86:1650-1659.

102



Langkilde, T., and R. Shine. 2006. How much stress do researchers inflict on their study
animals? A case study using a scincid lizard, Eulamprus heatwolei. Journal of
Experimental Biology 209:1035-1043.

Laundré, J. W. 2010. Behavioral response races, predator—prey shell games, ecology of
fear, and patch use of pumas and their ungulate prey. Ecology 91:2995-3007.

Lavergne, S., N. Mouquet, W. Thuiller, and O. Ronce. 2010. Biodiversity and climate
change: integrating evolutionary and ecological responses of species and
communities. Annual Review of Ecology, Evolution, and Systematics 41:321-
350.

Leroux, S. J., M. Larrivée, V. Boucher-Lalonde, A. Hurford, J. Zuloaga, J. T. Kerr, and
F. Lutscher. 2013. Mechanistic models for the spatial spread of species under
climate change. Ecological Applications 23:815-828.

Leshner, A. I. 1975. A model of hormones and agonistic behavior. Physiology &
behavior 15:225-235.

Levy, O., J. D. Borchert, T. W. Rusch, L. B. Buckley, and M. J. Angilletta. 2017.
Diminishing returns limit energetic costs of climate change. Ecology.

Levy, O., L. B. Buckley, T. H. Keitt, and M. J. Angilletta. 2016. A dynamically
downscaled projection of past and future microclimates. Ecology 97:1888-1888.

Lima, S. L. 1998a. Nonlethal effects in the ecology of predator-prey interactions.
Bioscience 48:25-34.

Lima, S. L. 1998b. Stress and decision making under the risk of predation: recent
developments from behavioral, reproductive, and ecological perspectives.
Advances in the Study of Behavior 27:215-290.

Lima, S. L., and P. A. Bednekoff. 1999. Temporal variation in danger drives antipredator
behavior: the predation risk allocation hypothesis. The American Naturalist
153:649-659.

Lima, S. L., and L. M. Dill. 1990. Behavioral decisions made under the risk of predation:
a review and prospectus. Canadian Journal of Zoology 68:619-640.

Lind, J., and W. Cresswell. 2005. Determining the fitness consequences of antipredation
behavior. Behavioral Ecology 16:945-956.

Lohmus, M., L. F. Sundstrém, and F. R. Moore. 2006. Non-invasive corticosterone
treatment changes foraging intensity in red-eyed vireos Vireo olivaceus. Journal
of Avian Biology 37:523-526.

103



Maclean, I. M., and R. J. Wilson. 2011. Recent ecological responses to climate change
support predictions of high extinction risk. Proceedings of the National Academy
of Sciences 108:12337-12342.

Magnuson, J. J., L. B. Crowder, and P. A. Medvick. 1979. Temperature as an ecological
resource. American Zoologist 19:331-343.

Maino, J. L., J. D. Kong, A. A. Hoffmann, M. G. Barton, and M. R. Kearney. 2016.
Mechanistic models for predicting insect responses to climate change. Current
Opinion in Insect Science 17:81-86.

Marler, C., and M. Moore. 1988. Evolutionary costs of aggression revealed by
testosterone manipulations in free-living male lizards. Behavioral Ecology and
Sociobiology 23:21-26.

Marler, C. A., and M. C. Moore. 1989. Time and energy costs of aggression in
testosterone-implanted free-living male mountain spiny lizards (Sceloporus
jarrovi). Physiological Zoology:1334-1350.

Marler, C. A., and M. C. Moore. 1991. Supplementary feeding compensates for
testosterone-induced costs of aggression in male mountain spiny lizards,
Sceloporus jarrovi. Animal Behaviour 42:209-219.

Marler, C. A., G. Walsberg, M. L. White, M. Moore, and C. Marler. 1995. Increased
energy expenditure due to increased territorial defense in male lizards after
phenotypic manipulation. Behavioral Ecology and Sociobiology 37:225-231.

Marra, P. P., and R. L. Holberton. 1998. Corticosterone levels as indicators of habitat
quality: effects of habitat segregation in a migratory bird during the non-breeding
season. Oecologia 116:284-292.

Martin, J., and P. Lépez. 1999. When to come out from a refuge: risk-sensitive and state-
dependent decisions in an alpine lizard. Behavioral Ecology 10:487-492.

Martin, J., and P. Lopez. 2000. Costs of refuge use affect escape decisions of Iberian rock
lizards Lacerta monticola. Ethology 106:483-492.

Martin, J., P. Lopez, and W. E. Cooper. 2003. When to come out from a refuge:
balancing predation risk and foraging opportunities in an alpine lizard. Ethology
109:77-87.

Martin, T. L., and R. B. Huey. 2008. Why “suboptimal” is optimal: Jensen’s inequality
and ectotherm thermal preferences. The American Naturalist 171:E102-E118.

104



Mathies, T., and R. Andrews. 1997. Influence of pregnancy on the thermal biology of the
lizard, Sceloporus jarrovi: why do pregnant females exhibit low body
temperatures? Functional Ecology 11:498-507.

Maynard Smith, J., and D. G. C. Harper. 2003. Animal signals. Oxford University Press,
Oxford.

Miles, D. B., R. Calsbeek, and B. Sinervo. 2007. Corticosterone, locomotor performance,
and metabolism in side-blotched lizards (Uta stansburiana). Hormones and
Behavior 51:548-554.

Mills, S. C., A. Grapputo, I. Jokinen, E. Koskela, T. Mappes, T. A. Oksanen, and T.
Poikonen. 2009. Testosterone-mediated effects on fitness-related phenotypic traits
and fitness. The American Naturalist 173:475-487.

Mitchell, W. A., and M. J. Angilletta. 2009. Thermal games: frequency-dependent
models of thermal adaptation. Functional Ecology 23:510-520.

Mitchell, W. A., and S. L. Lima. 2002. Predator-prey shell games: large-scale movement
and its implications for decision-making by prey. Oikos 99:249-259.

Moore, F. L., and L. J. Miller. 1984. Stress-induced inhibition of sexual behavior:
corticosterone inhibits courtship behaviors of a male amphibian (Taricha
granulosa). Hormones and Behavior 18:400-410.

Moore, I. T., and R. T. Mason. 2001. Behavioral and hormonal responses to
corticosterone in the male red-sided garter snake, Thamnophis sirtalis parietalis.
Physiology & behavior 72:669-674.

Moore, M. C. 1986. Elevated testosterone levels during nonbreeding-season territoriality
in a fall-breeding lizard,Sceloporus jarrovi. Journal of Comparative Physiology A
158:159-163.

Moore, M. C. 1987. Circulating steroid hormones during rapid aggressive responses of
territorial male mountain spiny lizards, Sceloporus jarrovi. Hormones and
Behavior 21:511-521.

Moore, M. C. 1988. Testosterone control of territorial behavior: tonic-release implants
fully restore seasonal and short-term aggressive responses in free-living castrated
lizards. General and Comparative Endocrinology 70:450-459.

Morgan, K. N., and C. T. Tromborg. 2007. Sources of stress in captivity. Applied Animal
Behaviour Science 102:262-302.

105



Morgan, M., C. Wilson, and L. Crim. 1999. The effect of stress on reproduction in
Atlantic cod. Journal of Fish Biology 54:477-488.

Munck, A., P. M. Guyre, and N. J. Holbrook. 1984. Physiological functions of
glucocorticoids in stress and their relation to pharmacological actions. Endocrine
reviews 5:25-44.

Narayan, E. J., J. F. Cockrem, and J.-M. Hero. 2013. Sight of a predator induces a
corticosterone stress response and generates fear in an amphibian. PLoS ONE
8:e73564.

Newcomb Homan, R., J. V. Regosin, D. M. Rodrigues, J. M. Reed, B. S. Windmiller, and
L. M. Romero. 2003. Impacts of varying habitat quality on the physiological
stress of spotted salamanders (Ambystoma maculatum). Animal Conservation
6:11-18.

@verli, @., C. A. Harris, and S. Winberg. 1999. Short-term effects of fights for social
dominance and the establishment of dominant-subordinate relationships on brain
monoamines and cortisol in rainbow trout. Brain, Behavior and Evolution 54:263-
275.

@verli, @., C. A. Harris, and S. Winberg. 2000. Short-term effects of fights for social
dominance and the establishment of dominant-subordinate relationships on brain
monoamines and cortisol in rainbow trout. Brain, Behavior and Evolution 54:263-
275.

Pacifici, M., W. B. Foden, P. Visconti, J. E. Watson, S. H. Butchart, K. M. Kovacs, B. R.
Scheffers, D. G. Hole, T. G. Martin, and H. R. Ak¢akaya. 2015. Assessing species
vulnerability to climate change. Nature Climate Change 5:215-224.

Parmesan, C., N. Ryrholm, C. Stefanescu, and J. K. Hill. 1999. Poleward shifts in
geographical ranges of butterfly species associated with regional warming. Nature
399:579.

Perry, G., M. C. Wallace, D. Perry, H. Curzer, and P. Muhlberger. 2011. Toe Clipping of
Amphibians and Reptiles: Science, Ethics, and the Law. Journal of Herpetology
45:547-555.

Petren, K., and T. J. Case. 1996. An experimental demonstration of exploitation
competition in an ongoing invasion. Ecology:118-132.

Pianka, E. R. 1981. Competition and niche theory. Theoretical ecology principles and
applications:167-196.

Pinheiro, J., D. Bates, S. DebRoy, D. Sarkar, and R. C. Team. 2012. nlme: Linear and
nonlinear mixed effects models. R package version 3:103.
106



Pitt, W. C. 1999. Effects of multiple vertebrate predators on grasshopper habitat
selection: trade-offs due to predation risk, foraging, and thermoregulation.
Evolutionary Ecology 13:499-516.

Polo, V., P. Lopez, and J. Martin. 2005. Balancing the thermal costs and benefits of
refuge use to cope with persistent attacks from predators: a model and an
experiment with an alpine lizard. Evolutionary Ecology Research 7:23-35.

Porter, W. P., J. W. Mitchell, W. A. Beckman, and C. B. DeWitt. 1973. Behavioral
implications of mechanistic ecology: thermal and behavioral modeling of desert
ectotherms and their microenvironment. Oecologia 13:1-54.

Possingham, H. P. 1989. The distribution and abundance of resources encountered by a
forager. The American Naturalist 133:42-60.

Post, E. 2013. Ecology of climate change: the importance of biotic interactions. Princeton
University Press.

Preest, M. R., and A. Cree. 2008. Corticosterone treatment has subtle effects on
thermoregulatory behavior and raises metabolic rate in the New Zealand common
gecko, Hoplodactylus maculatus. Physiological and Biochemical Zoology
81:641-650.

Pyke, G. H., H. R. Pulliam, and E. L. Charnov. 1977. Optimal foraging: a selective
review of theory and tests. The quarterly review of biology 52:137-154.

R-Core-Team. 2015. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-

project.org/.

Ramirez-Bautista, A., O. Ramos-Flores, and J. W. Sites Jr. 2002. Reproductive cycle of
the spiny lizard Sceloporus jarrovii (Sauria: Phrynosomatidae) from north-central
México. Journal of Herpetology 36:225-233.

Rees, A., S. Harvey, and J. Phillips. 1985. Transitory corticosterone responses of ducks
(Anas platyrhynchos) to exercise. General and Comparative Endocrinology
59:100-104.

Regal, P. 1971. Long term studies with operant conditioning techniques, of temperature
regulation patterns in reptiles. Journal de physiologie 63:403.

Robinson, S. K., and R. T. Holmes. 1982. Foraging behavior of forest birds: the

relationships among search tactics, diet, and habitat structure. Ecology 63:1918-
1931.

107


https://www.r-project.org/
https://www.r-project.org/

Rojas, A. D., G. Kortner, and F. Geiser. 2012. Cool running: locomotor performance at
low body temperature in mammals. Biology letters:rsbl201202609.

Romero, L. M. 2004. Physiological stress in ecology: lessons from biomedical research.
Trends in ecology & evolution 19:249-255.

Romero, L. M., and M. Wikelski. 2001. Corticosterone levels predict survival
probabilities of Galapagos marine iguanas during El Nino events. Proceedings of
the National Academy of Sciences 98:7366-7370.

Root, T. L., J. T. Price, K. R. Hall, S. H. Schneider, C. Rosenzweig, and J. A. Pounds.
2003. Fingerprints of global warming on wild animals and plants. Nature 421:57-
60.

Rose, R. M., I. S. Berstein, and T. P. Gordon. 1975. Consequences of social conflict on
plasma testosterone levels in rhesus monkeys. Psychosomatic Medicine 37:50-61.

Ruby, D. E. 1978. Seasonal changes in the territorial behavior of the iguanid lizard
Sceloporus jarrovi. Copeia:430-438.

Ruby, D. E. 1981. Phenotypic correlates of male reproductive success in the lizard,
Sceloporus jarrovi. Natural selection and social behavior:96-107.

Rummel, J. D., and J. Roughgarden. 1985. Effects of reduced perch-height separation on
competition between two Anolis lizards. Ecology 66:430-444.

Rusch, T. W., and M. J. Angilletta. 2017. Competition during Thermoregulation Altered
the Body Temperatures and Hormone Levels of Lizards. Functional Ecology.

Rusch, T. W., and M. J. Angilletta. In Press. Competition during Thermoregulation
Altered Body Temperatures and Hormone Levels of Lizards. Functional Ecology.

Sapolsky, R. M. 2002. Endocrinology of the Stress-Response. Pages 409-450 in J. B.
Becker, M. S. MBreedlove, D. Crews, and M. M. McCarthy, editors. Behavioral
endocrinology. The MIT Press, USA.

Sapolsky, R. M. 2005. The influence of social hierarchy on primate health. Science
308:648-652.

Sapolsky, R. M., L. M. Romero, and A. U. Munck. 2000. How do glucocorticoids
influence stress responses? Integrating permissive, suppressive, stimulatory, and
preparative actions. Endocrine reviews 21:55-89.

Schoener, T. W. 1971. Theory of feeding strategies. Annual review of ecology and
systematics 2:369-404.

108



Schoener, T. W. 1982. The controversy over interspecific competition: despite spirited
criticism, competition continues to occupy a major domain in ecological thought.
American Scientist 70:586-595.

Schoener, T. W. 1983a. Field experiments on interspecific competition. American
Naturalist:240-285.

Schoener, T. W. 1983b. Simple models of optimal feeding-territory size: a reconciliation.
The American Naturalist 121:608-629.

Schuett, G. W. 1997. Body size and agonistic experience affect dominance and mating
success in male copperheads. Animal Behaviour 54:213-224.

Schuett, G. W., and M. S. Grober. 2000. Post-fight levels of plasma lactate and
corticosterone in male copperheads, Agkistrodon contortrix (Serpentes,
Viperidae): differences between winners and losers. Physiology & behavior
71:335-341.

Schuett, G. W., H. J. Harlow, J. D. Rosg, E. A. Van Kirk, and W. J. Murdoch. 1996.
Levels of plasma corticosterone and testosterone in male copperheads
(Agkistrodon contortrix) following staged fights. Hormones and Behavior 30:60-
68.

Schuler, M. S., M. W. Sears, and M. J. Angilletta. 2011. Food consumption does not
affect the preferred body temperature of Yarrow's spiny lizard (Sceloporus
jarrovi). Journal of Thermal Biology 36:112-115.

Scrimgeour, G. J., and J. M. Culp. 1994. Feeding while evading predators by a lotic
mayfly: linking short-term foraging behaviours to long-term fitness consequences.
Oecologia 100:128-134.

Sears, M. W. 2006. Proceed with caution: Invalidating tests of the cost-benefit model of
thermoregulation with spatially-explicit movement simulations. Pages E127-E127
in Integrative and Comparative Biology.

Sears, M. W., and M. J. Angilletta. 2015. Costs and benefits of thermoregulation
revisited: both the heterogeneity and spatial structure of temperature drive
energetic costs. The American Naturalist 185:E94-E102.

Sears, M. W., M. J. Angilletta, M. S. Schuler, J. Borchert, K. F. Dilliplane, M. Stegman,
T. W. Rusch, and W. A. Mitchell. 2016. Configuration of the thermal landscape
determines thermoregulatory performance of ectotherms. Proceedings of the
National Academy of Sciences:10595-10600.

109



Sears, M. W., E. Raskin, and M. J. Angilletta. 2011. The world is not flat: defining
relevant thermal landscapes in the context of climate change. Integrative and
Comparative Biology 51:666-675.

Seebacher, F. 2005. A review of thermoregulation and physiological performance in
reptiles: what is the role of phenotypic flexibility? Journal of Comparative
Physiology B 175:453-461.

Seebacher, F., and G. Grigg. 2000. Social interactions compromise thermoregulation in
crocodiles Crocodylus johnstoni and Crocodylus porosus.

Senar, J. C. 2006. Color displays as intrasexual signals of aggression and dominance.
Bird coloration 2:87-136.

Shillington, C. 2002. Thermal ecology of male tarantulas (Aphonopelma anax) during the
mating season. Canadian Journal of Zoology 80:251-259.

Sih, A. 1987. Predators and prey lifestyles: an evolutionary and ecological overview.
Predation: direct and indirect impacts on aquatic communities:203-224.

Simon, C. A. 1975. The influence of food abundance on territory size in the iguanid
lizard Sceloporus jarrovi. Ecology:993-998.

Sinervo, B., F. Mendez-de-la-Cruz, D. B. Miles, B. Heulin, E. Bastiaans, M. V. Cruz, R.
Lara-Resendez, N. Martinez-Mendez, M. L. Calderon-Espinosa, R. N. Meza-
Lazaro, H. Gadsden, L. J. Avila, M. Morando, I. J. De la Riva, P. V. Sepulveda,
C. F. D. Rocha, N. Ibarguengoytia, C. A. Puntriano, M. Massot, V. Lepetz, T. A.
Oksanen, D. G. Chapple, A. M. Bauer, W. R. Branch, J. Clobert, and J. W. J.
Sites. 2010a. Erosion of lizard diversity by climate change and altered thermal
niches. Science 328.

Sinervo, B., F. Méndez-de-la-Cruz, D. B. Miles, B. Heulin, E. Bastiaans, M. Villagran-
Santa Cruz, R. Lara-Resendiz, N. Martinez-Méndez, M. L. Calder6n-Espinosa, R.
N. Meza-Léazaro, H. Gadsden, L. J. Avila, M. Morando, 1. J. De la Riva, P. V.
Sepulveda, C. F. D. Rocha, N. Ibargiiengoytia, C. A. Puntriano, M. Massot, V.
Lepetz, T. A. Oksanen, D. G. Chapple, A. M. Bauer, W. R. Branch, J. Clobert,
and J. W. Sites. 2010b. Erosion of Lizard Diversity by Climate Change and
Altered Thermal Niches. Science 328:894-899.

Skelly, D. K. 1994. Activity level and the susceptibility of anuran larvae to predation.
Animal Behaviour 47:465-468.

Smith, D. C. 1929. The direct effect of temperature changes upon the melanophores of
the lizard Anolis equestris. Proceedings of the National Academy of Sciences of
the United States of America 15:48-56.

110



Smith, R. J. F. 1992. Alarm signals in fishes. Reviews in Fish Biology and Fisheries
2:33-63.

Stephens, D. W., J. S. Brown, and R. C. Ydenberg. 2007. Foraging: behavior and
ecology. University of Chicago Press.

Stevenson, R. D., C. R. Peterson, and J. S. Tsuji. 1985. The thermal dependence of
locomotion, tongue flicking, digestion, and oxygen consumption in the wandering
garter snake. Physiological Zoology 58:46-57.

Summers, C. H. 2002. Social interaction over time, implications for stress
responsiveness. Integrative and Comparative Biology 42:591-599.

Sunday, J. M., A. E. Bates, and N. K. Dulvy. 2011. Global analysis of thermal tolerance
and latitude in ectotherms. Proceedings of the Royal Society of London B:
Biological Sciences 278:1823-1830.

Tattersall, G. J., J. P. Luebbert, O. K. LePine, K. G. Ormerod, and A. J. Mercier. 2012.
Thermal games in crayfish depend on establishment of social hierarchies. Journal
of Experimental Biology 215:1892-1904.

Taylor, P. D., L. Fahrig, K. Henein, and G. Merriam. 1993. Connectivity is a vital
element of landscape structure. Oikos:571-573.

Thaker, M., S. L. Lima, and D. K. Hews. 2009a. Acute corticosterone elevation enhances
antipredator behaviors in male tree lizard morphs. Hormones and Behavior 56:51-
57.

Thaker, M., S. L. Lima, and D. K. Hews. 2009b. Alternative antipredator tactics in tree
lizard morphs: hormonal and behavioural responses to a predator encounter.
Animal Behaviour 77:395-401.

Thomas, C. D., A. Cameron, R. E. Green, M. Bakkenes, L. J. Beaumont, Y. C.
Collingham, B. F. Erasmus, M. F. De Siqueira, A. Grainger, and L. Hannah.
2004. Extinction risk from climate change. Nature 427:145-148.

Treves, A. 2000. Theory and method in studies of vigilance and aggregation. Animal
Behaviour 60:711-722.

Trivers, R. L. 1976. Sexual selection and resource-accruing abilities in Anolis garmani.
Evolution:253-269.

Trompeter, W. P., and T. Langkilde. 2011. Invader danger: lizards faced with novel
predators exhibit an altered behavioral response to stress. Hormones and Behavior
60:152-158.

111



Urban, M. C. 2015. Accelerating extinction risk from climate change. Science 348:571-
573.

Valeix, M., H. Fritz, R. Matsika, F. Matsvimbo, and H. Madzikanda. 2008. The role of
water abundance, thermoregulation, perceived predation risk and interference
competition in water access by African herbivores. African Journal of Ecology
46:402-410.

Walther, G.-R., E. Post, P. Convey, A. Menzel, C. Parmesan, T. J. Beebee, J.-M.
Fromentin, O. Hoegh-Guldberg, and F. Bairlein. 2002. Ecological responses to
recent climate change. Nature 416:389-395.

Webb, J. K., and M. J. Whiting. 2005. Why don't small snakes bask? Juvenile broad-
headed snakes trade thermal benefits for safety. Oikos 110:515-522.

Weese, A. O. 1917. An experimental study of the reactions of the horned lizard,
Phrynosoma modestum Gir, a reptile of the semi-desert. Biological Bulletin
32:98-116.

Whittingham, M. J., and K. L. Evans. 2004. The effects of habitat structure on predation
risk of birds in agricultural landscapes. Ibis 146:210-220.

Wiley, R. H., and J. Poston. 1996. Perspective: Indirect mate choice, competition for
mates, and coevolution of the sexes. Evolution 50:1371-1381.

Wilson, R. S., M. J. Angilletta Jr, R. S. James, C. Navas, and F. Seebacher. 2007.
Dishonest signals of strength in male slender crayfish (Cherax dispar) during
agonistic encounters. The American Naturalist 170:284-291.

Wingfield, J. C., and T. P. Hahn. 1994. Testosterone and territorial behaviour in
sedentary and migratory sparrows. Animal Behaviour 47:77-89.

Wingfield, J. C., R. E. Hegner, A. M. Dufty Jr, and G. F. Ball. 1990. The" challenge
hypothesis™: theoretical implications for patterns of testosterone secretion, mating
systems, and breeding strategies. American Naturalist:829-846.

Wingfield, J. C., K. Hunt, C. Breuner, K. Dunlap, G. S. Fowler, L. Freed, and J. Lepson.
1997. Environmental stress, field endocrinology, and conservation biology.
Behavioral approaches to conservation in the wild. Cambridge University Press,
Cambridge:95-131.

Wingfield, J. C., and L. M. Romero. 2001. Adrenocortical responses to stress and their
modulation in free-living vertebrates. Comprehensive Physiology.

112



Withers, P. C., and J. D. Campbell. 1985. Effects of environmental cost on
thermoregulation in the desert iguana. Physiological Zoology 58:329-339.

Wong, B., and U. Candolin. 2005. How is female mate choice affected by male
competition? Biological Reviews 80:559-571.

Ybarrondo, B. A., and B. Heinrich. 1996. Thermoregulation and response to competition
in the African dung beetle Kheper nigroaeneus (Coleoptera: Scarabaeidae).
Physiological Zoology:35-48.

Zagar, A., M. A. Carretero, N. Osojnik, N. Sillero, and A. Vrezec. 2015. A place in the
sun: interspecific interference affects thermoregulation in coexisting lizards.
Behavioral Ecology and Sociobiology 69:1127-1137.

Zarnetske, P. L., D. K. Skelly, and M. C. Urban. 2012. Biotic multipliers of climate
change. Science 336:1516-1518.

Zielinski, W. J., and J. G. Vandenbergh. 1993. Testosterone and competitive ability in
male house mice, Mus musculus: laboratory and field studies. Animal Behaviour
45:873-891.

Zuur, A., F, E. leno, N, N. Walker, J, A. Saveliev, A, and G. Smith, M. 2009. Mixed

Effects Models and Extensions in Ecology with R.in M. Gail, K. Krickeberg, J.
M. Samet, A. Tsiatis, and W. Wong, editors. Springer, New York, NY.

113



APPENDIX A
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Fig S2.1. On average, lizards preferred the same body temperatures before and after
surgical implantation of temperature loggers. Black symbols represent the mean
temperature of each lizard in a thermal gradient. Red symbols and grey bars denote

means and standard deviations computed by multimodel averaging.
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Table S2.1. Outline of experimental design indicating when specific events occurred.

Day Event
1-2 Habituation in isolation

3-4 Treatment #1

5 Blood draw #1

6-12 Rest (provided food and water daily)
13-14  Habituation in isolation

15-16  Treatment #2

17 Blood draw #2
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Table S2.2. A ranking of mean distance from heat lamp models based on the likelihood of
being the best model. For each model, we provide the Akaike weight, which equals the
probability that the model describes the data better than other models. Only models with
an Akaike weight of at least 1% are listed, in addition to the full model and the null model.
All likely models included effects of rank and treatment, as well as the interaction among
these variables. Each model also contained an intercept and a random term associated with

individual lizards.

Model K logLik AIC. AAIC. Weight

Models with likelihood > 0.01

1. block + mass + rank + treatment+ 8 -1055 2323 0 0.36
(treatment - rank)

2. block + rank + treatment + 7 -107.3 2325 0.15 0.33
(treatment - rank)

3. mass + rank + treatment + 7 -108.8 2356 330 0.07
(treatment - rank)

4. block + order + rank + 8 -107.2 2357 3.36 0.07
treatment + (treatment - rank)

5. block + mass + order + rank + 9 -1054 2358 342 0.06
treatment + (treatment - rank)

6. rank + treatment + 6 -111.2 2373 4.98 0.03
(treatment - rank)

7. block + order + rank + 9 -106.9 238.8 6.46 0.01
treatment + (order - treatment) +
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(treatment - rank)

8. mass + order + rank + treatment+ 8 -108.8 238.9 6.55
(treatment - rank)

9. block + mass + order + rank + 10 -105.1 239.0 6.67
treatment + (order -treatment) +

(treatment - rank)

Full model (ranked 22nd). block + 12 -104.4 246.3 13.93
mass + treatment + rank + order +

(treatment - rank) +

(treatment - order) + (rank - order) +

(treatment - rank - order)

Null model (ranked 48™). 4 -121.9 2532 20.85
intercept only

0.01

0.01

0.00

0.00
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Table S2.3. A ranking of body temperature models based on the likelihood of being the
best model. For each model, we provide the Akaike weight, which equals the probability
that the model describes the data better than other models. Only models with an Akaike
weight of at least 1% are listed, in addition to the full model and the null model. All likely
models included effects of rank, treatment, and order, as well as the interaction among
these variables. Each model also contained an intercept and a random term associated with

individual lizards.

Model K logLik AIC. AAIC: Weight
Models with likelihood > 0.01

1. day of trial + block + order + 17 -9695.7 194256 O 0.28
rank + time of day + treatment +

(order - rank) + (order - treatment) +

(rank - treatment) +

(order - rank - treatment)

2. block + order + rank + 16 -9696.8 19425.6 0.12 0.27
time of day + treatment +

(order - rank) + (order - treatment) +

(rank - treatment) +

(order - rank - treatment)

Full Model. day of trial + block + 18 -9695.8 194257 1.96 0.11
mass + order + rank + time of day +

treatment + (order - rank) +

(order - treatment) +
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(rank - treatment) +

(order - rank - treatment)

4. block + mass + order + rank + 17 -9696.7
time of day + treatment +

(order - rank) + (order - treatment) +

(rank - treatment) +

(order - rank - treatment)

5. day of trial + order + rank + 16 -9698.4
time of day + treatment +

(order - rank) + (order - treatment) +

(rank - treatment) +

(order - rank - treatment)

6. order + rank + time of day + 15 -9699.5
treatment + (order - rank) +

(order - treatment) +

(rank - treatment) +

(order - rank - treatment)

7. day of trial + block + order + 16 -9699.3
rank + treatment + (order - rank) +

(order - treatment) +

(rank - treatment) +

(order - rank - treatment)

8. block + order + rank + 15 -9700.2
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19427.5 2.08

194276 3.39

19429.1 3.53

19429.1 4.91

19430.5 5.04

0.10

0.05

0.05

0.02

0.02



treatment + (order - rank) +

(order - treatment) +

(rank - treatment) +

(order - rank - treatment)

9. day of trial + mass + order + 17 -9698.4
rank + time of day + treatment +

(order - rank) + (order - treatment) +

(rank - treatment) +

(order - rank - treatment)

10. order + rank + time of day + 16 -9699.5
treatment + (order - rank) +

(order - treatment) +

(rank - treatment) +

(order - rank - treatment)

11. day of trial + block + mass + 17 -9699.2
order + rank + treatment +

(order - rank) + (order - treatment) +

(rank - treatment) +

(order - rank - treatment)

Null model (ranked 297t™). 7 -9739.9

intercept only

19430.6 5.33 0.02

194309 5.46  0.02

19431.0 6.86 0.01

194939 68.28 0.00
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Table S2.4. A ranking of total movement models based on the likelihood of being the best
model. For each model, we provide the Akaike weight, which equals the probability that
the model describes the data better than other models. Only models with an Akaike weight
of at least 1% are listed, in addition to the full model and the null model. All likely models
included effects of treatment. Each model also contained an intercept and a random term

associated with individual lizards.

Model K logLik AIC. AAIC. Weight
1. mass + treatment 5 -3015 6150 O 0.19
2. treatment 4 -3029 6152 0.25 0.17
3. rank + treatment 5 -302.1 6162 121 0.10
4. mass + order + treatment 6 -301.1 6171 217 0.06
5. order + treatment 5 -3029 6178 284 0.05
6. block + treatment 5 -3029 617.8 2.87 0.05
7. mass + rank + treatment 6 -301.5 617.8 2.89 0.04
8. block + mass + treatment 6 -301.5 6179 2.89 0.04
9. rank + treatment + 6 -301.5 6179 293 0.04

(rank - treatment)

10. order + rank + treatment 6 -302.0 6189 3.98 0.03
11. block + rank + treatment 6 -302.1 619.0 4.01 0.03
12. mass + order + treatment + 7 -300.6 619.1 4.5 0.02

(order - treatment)
13. order + treatment + 6 -3024 619.6 4.62 0.02

(order - treatment)
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14. mass + rank + treatment +

(rank - treatment)

15. mass + order + rank+ treatment
16. block + mass + order + treatment
17. block + order + treatment

18. order + rank + treatment +
(rank - treatment)

19. block + rank + treatment +
(rank - treatment)

20. order + rank + treatment +
(order - treatment)

Null model (ranked 439).
intercept only

Full model (ranked 74™). block +
mass + order + rank + treatment +
(order - rank) +(order - treatment) +
(rank - treatment) +

(order - rank - treatment)

|

-300.9
-301.0
-301.1
-302.8
-301.4
-301.4
301.46

-309.8

-299.4

619.8

620.1

620.2

620.6

620.9

620.9

620.9

626.3

636.3

4.81

5.10

5.25

5.61

5.90

5.93

5.96

11.33

21.33

0.02

0.02

0.01

0.01

0.01

0.01

0.01

0.00

0.00
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Table S2.5. A ranking of corticosterone models based on the likelihood of being the best

model. For each model, we provide the Akaike weight, which equals the probability that

the model describes the data better than other models. Only models with an Akaike weight

of at least 1% are listed, in addition to the full model and the null model. All likely models

included effects of treatment. Each model also contained an intercept and a random term

associated with individual lizards.

Model K logLik AIC. AAIC. Weight
1. rank + treatment + 9 -1216 2682 O 0.26
(rank - treatment)

2. treatment 7 -126.0 2700 181 0.11
3. treatment + mass 8 -1246 2705 238 0.08
4. order + rank + treatment + 10 -1209 270.7 250 0.08
(rank - treatment)

5. mass + order + treatment 9 -1229 2708 265 0.07
6. rank + treatment 8 -1247 2708 265 0.07
7. rank + treatment + mass + 10 -121.3 2714 329 0.05
(rank - treatment)

8. block + rank + treatment + 10 -1215 2718 3.66 0.04
(rank - treatment)

9. block + mass + order + rank + 11 -119.8 2726 450 0.03
treatment + (rank - treatment)

10. order + treatment 8 -125.7 2728 468 0.03
11. order + rank + treatment 9 -1240 273.0 485 0.02
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12. block + treatment

13. block + mass + treatment

14. order + rank + treatment +
(order - rank) + (rank - treatment)
15. block + rank + treatment

16. mass + order + treatment +
(order - treatment)

17. order + rank + treatment +
(order - treatment) +

(rank - treatment)

18. block + order + rank +
treatment + (rank - treatment)

19. block + mass + rank +
treatment + (rank - treatment)

20. mass + order + rank + treatment +
(order - rank) + (rank - treatment)
21. order + rank + treatment +
(order - rank)

Null model (ranked 36™).
intercept only

Full model (ranked 67t). block +
mass + order + rank + treatment +

(order - rank) +(order - treatment) +

10

11

11

11

12

10

-126.0
-124.3

-120.4

-124.6

-122.9

-120.8

-120.9

-121.1

-119.1

-123.5

132.49

-118.0

273.3

273.5

273.8

274.2

274.5

274.6

274.8

275.2

275.7

275.9

280.0

289.9

5.11

5.34

5.68

6.01

6.39

6.47

6.60

7.01

7.52

7.71

11.74

21.75

0.02

0.02

0.02

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.00

0.00
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(rank - treatment) +

(order - rank - treatment)
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Table S2.6. A ranking of testosterone models based on the likelihood of being the best

model. For each model, we provide the Akaike weight, which equals the probability that

the model describes the data better than other models. Only models with an Akaike weight

of at least 1% are listed, in addition to the full model and the null model. Each model also

contained an intercept and a random term associated with individual lizards.

Model K logLik AIC. AAIC. Weight
1. rank + treatment + 9 -1516 3282 O 0.40
(rank - treatment)

2. rank 7 -156.4 330.7 2.52 0.11
3. rank + treatment + order + 10 -151.4 331.6 3.45 0.07
(rank - treatment)

4. rank + treatment + block + 10 -151.6 332.0 3.78 0.06
(rank - treatment)

5. rank + treatment + mass + 10 -1516 3321 3.88 0.06
(rank - treatment)

6. mass 7 -157.6 333.2 497 0.03
7. rank + order 8 -156.1 333.6 5.42 0.03
8. treatment 7 -158.0 334.0 5.75 0.02
9. rank + block 8 -156.3 334.0 5.75 0.02
10 Null model. intercept only 6 -159.5 334.0 5.77 0.02
11. rank + treatment 8 -156.4 334.0 584 0.02
12. rank + mass 8 -156.4 3341 5.85 0.02
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13. rank + treatment + order +

(rank - treatment) +

(order - treatment)

14. treatment + mass

15. rank + treatment + order +

(rank - treatment) + (order - rank)
16. rank + treatment + order +

block + (rank - treatment)

17. rank + treatment + order + mass +
(rank - treatment)

18. order + mass

19. rank + treatment + block +

mass + (rank - treatment)

20. block + mass

21. order

22. treatment + order

Full model (ranked 72"9). block +
mass + order + rank + treatment +
(order - rank) + (order - treatment) +
(rank - treatment) +

(order - rank - treatment)

11 -151.1
8 -157.2
11 -151.4
11 -151.4
11 -151.4
8 -1574
11 -1516
8 -157.6
7 -1594
8 -157.8
15 -151.0

335.3

335.6

335.8

335.8

335.8

336.2

336.2

336.5

336.8

336.9

355.9

7.07

7.44

7.58

7.63

7.64

7.95

7.97

8.30

8.57

8.70

27.73

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.00
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Table S2.7. Coefficients and standard errors for the model of distance from heat lamp,

based on full model averaging.

Independent variable Coefficient  SE
intercept 24.92 13.18
block 4.48 2.31
mass -0.36 0.44
rank 11.96 3.87
treatment 8.97 1.85
order 0.04 0.92
rank - treatment -18.06 3.83
order - treatment -0.07 0.72
order - rank -0.05 0.76
order - rank - treatment 0.01 0.34
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Table S2.8. Coefficients and standard errors for the model of body temperatures, based

on full model averaging.

Independent variable Coefficient ~ SE

intercept 38.75 1.88
day of trial -0.06 0.09
block -0.73 0.45
order -2.23 0.68
rank -5.46 1.34
time of day -0.04 0.02
treatment -2.59 0.56
mass -0.00 0.04
order - rank 2.45 0.81
order - treatment 1.22 0.35
rank - treatment 4.15 0.68
order - rank - treatment -1.20 0.04
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Table S2.9. Coefficients and standard errors for the model of total movement, based on

full model averaging.

Independent variable Coefficient ~ SE
Intercept 5323.03 2324.24
mass -49.72 75.00
treatment -1268.91 474.62
rank 152.04 560.10
order -115.07 358.51
block 20.68 235.05
rank - treatment -59.37 254.56
order - treatment 45.46 224.06
order - rank 13.62 172.23
order - rank - treatment -0.16 19.80
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Table S2.10. Coefficients and standard errors for the model of corticosterone, based on

full model averaging.

Independent variable Coefficient SE

intercept 35.01 9.79
rank 5.36 6.08
treatment -5.04 1.67
mass -0.32 0.64
order -1.66 3.65
block -0.28 1.84
rank - treatment -4.74 5.15
order - rank -0.29 2.16
order - treatment 0.04 0.60
order - rank - treatment 0.00 0.11
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Table S2.11. Coefficients and standard errors for the model of testosterone, based on full

model averaging.

Independent variable Coefficient SE
intercept 48.24 28.36
rank -28.78 16.32
treatment -10.59 10.57
order -0.956 4.32
mass 0.12 0.80
block -0.22 3.35
rank - treatment 18.17 15.34
order - treatment 0.096 1.29
order - rank -0.06 2.25
order - rank - treatment -0.00 0.23
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Table S3.1. Outline of experimental design indicating when specific events occurred.

Day Event Time

1 Placed in arenas 1800

2-3 Treatment #1 0820-1240
4 Blood draw #1 0900-930

Returned to laboratory

5-6 Rest (provided food and water)  Whole day
7 Placed in arenas 1800

8-9 Treatment #2 0820-1240
10 Blood draw #2 0900-930

Table S3.2. A ranking of mean circulating corticosterone models based on the likelihood

of being the best model. For each model, we provide the Akaike weight, which equals the

probability that the model describes the data better than other models. Only models with

an Akaike weight of at least 1% are listed, in addition to the full model and the null model.

All likely models included effects of patches and treatment. Each model also contained an

intercept and a random term associated with individual lizards.

Model K logLik AIC. AAIC. Weight
1. group + patches + rank + 10 -115.2 256.4 0.00 0.27
treatment + (rank - treatment)

2. patches + rank + treatment + 9 -1174 2576 1.16 0.15
(rank - treatment)

3. group + patches + treatment 8 -1195 258.8 2.36 0.08

4. patches + treatment 7 -121.1 259.0 2.62 0.07
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5. group + order + patches + rank + 11 -115.2 259.8 3.38 0.05
treatment + (rank - treatment)
6. group + mass + patches + rank + 11 -115.2 259.8 3.39 0.05
treatment + (rank - treatment)
7. group + patches + rank + treatment 9 -118.8 260.4 3.93 0.04
8. mass + patches + rank + 10 -117.4 260.8 4.34 0.03
treatment + (rank - treatment)
9. patches + rank + treatment 8 -1205 260.8 4.35 0.03
10. order + patches + rank + 10 -117.4 260.8 4.36 0.03

treatment + (rank - treatment)

11. group + mass + patches + 9 -1191 2609 4.48 0.03
treatment

12. mass + patches + treatment 8 -120.8 2614 494  0.02
13. group + order + patches + 9 -1195 2618 5.39 0.02
treatment

14. order + patches + treatment 8 -121.1 2619 550 0.02
15. group + patches + rank + 12 -115.0 2629 6.47 0.01

treatment + (patches - treatment) +

(rank - treatment)

16. group + patches + rank + 12 -1151 263.1 6.64 0.01
treatment + (patches - rank) +

(rank - treatment)

17. group + mass + order + patches + 12 -115.2 263.4 6.96 0.01
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rank + treatment + (rank - treatment)

18. group + mass + patches + rank +

treatment

19. group + order + patches + rank +

treatment

20. patches + rank + treatment +
(patches - treatment) +
(rank - treatment)

21. order + patches + rank +

treatment

22. mass + patches + rank +

treatment

23. patches + rank + treatment +
(patches - rank) + (rank - treatment)
24. group + mass + order + patches +
treatment + (rank - treatment)

25. mass + order + patches + rank +
treatment + (rank - treatment)

26. mass + order + patches +

treatment

Full model (raked 97%). group +
mass + order + patches + rank +

treatment + (patches - rank) +

10 -118.8
10 -118.8
11 -117.2
9 -1205
9 -1205
11 -117.3
10 -119.1
11 -117.4
9 -120.8
18 -114.7
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263.6 7.13

263.6 7.13

263.8 7.33

263.8 7.39

263.8 7.40

263.9 7.47

264.1 7.66

264.2 7.72

264.4 7.96

289.0 32.57

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.00



(patches - treatment) +

(rank - treatment) +

(patches - rank - treatment)

Null model (ranked 137t™). 4 -168.9 346.8 90.37 0.00

intercept only
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Table S3.3. A ranking of mean circulating testosterone models based on the likelihood of

being the best model. For each model, we provide the Akaike weight, which equals the

probability that the model describes the data better than other models. Only models with

an Akaike weight of at least 1% are listed, in addition to the full model and the null model.

All likely models included effects of rank and treatment, as well as their interaction. Each

model also contained an intercept and a random term associated with individual lizards.

Model K logLik AIC. AAIC. Weight
1. group + rank + treatment + 8 -178.9 377.5 0.00 0.39
(rank - treatment)

2. group + order + rank + treatment+ 9 -177.6 377.9 0.39 0.32
(rank - treatment)

3. group + mass + rank + treatment+ 9 -178.9 380.6 3.03 0.09
(rank - treatment)

4. group + mass + order + rank + 10 -177.6 381.1 3.60 0.06
treatment + (rank - treatment)

5. rank + treatment + 7 -182.6 382.1 456 0.04
(rank - treatment)

6. group + patches + rank + 10 -178.5 382.9 5.40 0.03
treatment + (rank - treatment)

7. order + rank + treatment + 8 -181.7 383.1 5.54 0.02
(rank - treatment)

8. group + order + patches + rank + 11 -177.1 383.6 6.04 0.02

treatment + (rank - treatment)
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9. mass + rank + treatment + 8 -182.6 384.8 7.28 0.01
(rank - treatment)

Full model (raked 50™). group + 18 -174.9 409.3 31.79 0.00
mass + order + patches + rank +

treatment + (patches - rank) +

(patches - treatment) +

(rank - treatment) +

(patches - rank - treatment)

Null model (ranked 78t). 1 -203.0 4149 37.4 0.00

intercept only
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Table S3.4. A ranking of mean probability of exposure models based on the likelihood of

being the best model. For each model, we provide the Akaike weight, which equals the

probability that the model describes the data better than other models. Only models with

an Akaike weight of at least 1% are listed, in addition to the full model and the null model.

All likely models included effects of patches, treatment, and the first principle component

analysis (PC1). Each model also contained an intercept and a random term associated with

individual lizards.

Model K logLik AIC. AAIC. Weight
1. group + patches + PC1 + 8 -770.2 1556.5 0.00 0.19
treatment + (patches - treatment)

2. group + mass + patches + PC1 + 9 -769.6 1557.3 0.83 0.13
treatment + (patches - treatment)

3. group + order + patches + PC1 + 9 -769.6 1557.4 0.92 0.12
treatment + (patches - treatment)

4. group + mass + order + patches+ 10 -768.9 1558.0 1.53 0.09
PC1 + treatment +

(patches - treatment)

5. group + patches + PC1 + rank + 9 -770.0 1558.0 1.56 0.09
treatment + (patches - treatment)

6. group + order + patches + PC1 + 10 -769.4 1559.0 2.49 0.06
rank + treatment +

(patches - treatment)

7. group + mass + patches + PC1 + 10 -769.6 1559.3 2.84 0.05
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rank + treatment +

(patches - treatment)

8. group + mass + order + patches +
PC1 + rank + treatment +

(patches - treatment)

9. group + patches + PC1 + rank +
treatment + (patches - treatment) +
(rank - treatment)

10. group + order + patches + PC1 +
rank + treatment +

(patches - treatment) +

(rank - treatment)

11. group + patches + PC1 + rank +
treatment + (patches - rank) +
(patches - treatment)

12. group + mass + patches + PC1 +
rank + treatment +

(patches - treatment) +

(rank - treatment)

13. group + patches + PC1 +
treatment

14. group + order + patches + PC1 +

rank + treatment + (patches - rank) +

11 -768.9
10 -770.0
11 -769.4
11 -769.5
11 -769.6
6 -774.7
12 -768.9
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1560.0

1560.1

1561.0

1561.1

1561.4

1561.5

1562.0

3.52

3.59

4.52

4.62

4.88

4.97

5.55

0.03

0.03

0.02

0.02

0.02

0.02

0.01



(patches - treatment)

15. group + mass + order + patches +
PC1 + rank + treatment +

(patches - treatment) +

(rank - treatment)

16. group + mass + patches + PC1 +
rank + treatment +

(patches - treatment) +

(patches - rank)

17. group + mass + patches + PC1 +
treatment

18. group + order + patches + PC1 +
treatment

19. group + mass + order + patches +
PC1 + rank + treatment +

(patches - rank) +

(patches - treatment)

20. group + mass + order + patches +
PC1 + treatment

21. group + patches + PC1 + rank +
treatment

22. group + patches + PC1 + rank +

treatment + (patches - rank) +

12 -768.9
12 -769.0
7 7741
7 7741
13 -768.3
8 -7734
7 7745
12 -769.5
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1562.0

1562.3

1562.3

1562.4

1562.9

1563.0

1563.0

1563.1

5.55

5.77

5.81

5.90

6.43

6.50

6.54

6.66

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01



(patches - treatment) +

(rank - treatment)

Full model (raked 49™). group + 16 - 1568.9 12.43 0.00
768.25

mass + order + patches + PC1 + rank

+ treatment + (patches - rank) +

(patches - treatment) +

(rank - treatment) +

(patches - rank - treatment)

Null model (ranked 289t™).

intercept only 1 -846.2 1694.4 137.90 0.00
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Table S3.5. A ranking of mean minimum total movement models based on the likelihood

of being the best model. For each model, we provide the Akaike weight, which equals the

probability that the model describes the data better than other models. Only models with

an Akaike weight of at least 1% are listed, in addition to the full model and the null model.

All likely models included effects of patches and treatment, as well as their interaction.

Each model also contained an intercept and a random term associated with individual

lizards.

Model K logLik AIC. AAIC. Weight
1. group + mass + order + patches+ 16 -173.0 395.6 0.00 0.36
treatment + (patches - treatment)

2. group + order + patches + rank + 16 -173.3 396.1 0.51 0.28
treatment + (patches - treatment)

3. group + order + patches + 15 -176.4 3979 234 0.11
treatment + (patches - treatment)

4. group + mass + order + patches+ 17 -172.0 398.4 2.85 0.09
rank + treatment +

(patches - treatment)

5. group + order + patches + rank + 17 -172.3 399.0 3.42 0.06
treatment + (patches - treatment) +

(rank - treatment)

6. group + mass + patches + 15 -177.7 400.4 4.89 0.03
treatment + (patches - treatment)

7. group + patches + treatment + 14 -180.0 400.7 5.18 0.03
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(patches - treatment)

8. group + mass + order + patches + 18 -170.9
rank + treatment +

(patches - treatment) +

(rank - treatment)

9. group + order + patches + rank + 18 -171.5
treatment + (patches - rank) +

(patches - treatment)

10. group + patches + rank + 15 -179.3
treatment + (patches - treatment)

Full model (raked 46™). group + 22 -169.4
mass + order + patches + rank +

treatment + (patches - rank) +

(patches - treatment) +

(rank - treatment) +

(patches - rank - treatment)

Null model (ranked 106™). 8 -213.0

intercept only

401.3 5.78

402.6 7.10

403.6 8.08

423.2 27.65

445.6 50.07

0.02

0.01

0.01

0.00

0.00
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Table S3.6. A ranking of mean minimum habitat use models based on the likelihood of

being the best model. For each model, we provide the Akaike weight, which equals the

probability that the model describes the data better than other models. Only models with

an Akaike weight of at least 1% are listed, in addition to the full model and the null

model. All likely models included effects of patches and treatment, as well as their

interaction. Each model also contained an intercept and a random term associated with

individual lizards.

Model

logLik

AlIC.

AAIC,

Weight

1. group + patches + rank +
treatment + (patches - rank) +
(patches - treatment)

2. group + order + patches + rank +
treatment + (patches - rank) +
(patches - treatment)

3. group + patches + rank +
treatment + (patches - treatment)
4. group + patches +rank +
treatment + (patches - rank) +
(patches - treatment) +

(rank - treatment)

5. group + mass + patches +
treatment + (patches - treatment)

6. group + order + patches + rank +

12

13

10

13

10

11

-165.5

-164.0

-169.6

-164.5

-169.9

-168.3
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364.0

364.7

365.2

365.7

365.8

366.0

0.00

0.72

1.18

1.73

1.80

1.98

0.18

0.12

0.10

0.08

0.07

0.07



treatment + (patches - treatment)

7. group + patches + treatment +
(patches - treatment)

8. group + order + patches + rank +
treatment + (patches - rank) +
(patches - treatment) +

(rank - treatment)

9. group + patches + rank +
treatment + (patches - treatment) +
(rank - treatment)

10. group + mass + order + patches +
treatment + (patches - treatment)

11. group + mass + patches + rank +
treatment + (patches - rank) +
(patches - treatment)

12. group + order + patches +
treatment + (patches - treatment)

13. group + order + patches + rank +
treatment + (patches - treatment) +
(rank - treatment)

14. group + mass + patches + rank +
treatment + (patches - treatment)

15. group + mass + order + patches +

9 -171.9
14 -162.9
11 -168.7
11 -168.9
13 -165.2
10 -170.8
12 -167.4
11 -169.3
14 -163.8
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366.5

366.5

366.8

367.1

367.1

367.6

367.7

368.0

368.3

2.52

2.53

2.78

3.08

3.13

3.57

3.73

4.02

4.28

0.05

0.05

0.04

0.04

0.04

0.03

0.03

0.02

0.02



rank + treatment + (patches - rank) +
(patches - treatment)

16. group + mass + patches + rank +
treatment + (patches - rank) +
(patches - treatment)

17. group + mass + order + patches +
rank + treatment +

(patches - treatment)

18. group + mass + patches + rank +
treatment + (patches - treatment) +
(rank - treatment)

19. group + mass + order + patches +
rank + treatment + (patches - rank) +
(patches - treatment) +

(rank - treatment)

20. group + mass + order + patches +
rank + treatment +

(patches - treatment) +

(rank - treatment)

Full model (raked 34™). group +
mass + order +patches + rank +
treatment + (patches - rank) +

(patches - treatment) +

14 -164.2
12 -168.1
12 -168.5
15 -162.7
13 -167.2
17 -161.7
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369.1

369.2

369.8

370.3

371.1

377.8

5.05

5.20

5.82

6.33

7.14

13.81

0.01

0.01

0.01

0.01

0.01

0.00



(rank - treatment) +
(patches - rank - treatment)
Null model (ranked 72").

intercept only 3 -208.2 423.0 58.97 0.00
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Table S3.7. A ranking of mean minimum habitat use models based on the likelihood of
being the best model. For each model, we provide the Akaike weight, which equals the
probability that the model describes the data better than other models. Only models with
an Akaike weight of at least 1% are listed, in addition to the full model and the null
model. All likely models included effects of patches and treatment, as well as their
interaction. Each model also contained an intercept and a random term associated with

individual lizards.

Model K logLik AIC. AAIC. Weight
1. patches 5 -29.9 79.7 000 0.74
2. Null model. intercept only 3 -369 827 3.01 0.16
3. Full model. group + patches 6 -27.8 843 459 0.07
4. group 4 -36.3 86.3 6.56 0.03
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Table S3.8. Coefficients and standard errors for the model of corticosterone, based on full

model averaging.

Independent variable Coefficient SE
intercept 34.7 2.3
group -0.9 1.0
4-patches -3.6 1.1
16-patches -7.0 1.1
rank 3.1 2.6
treatment -17.6 1.7
rank - treatment -3.0 2.7
order 0.0 0.3
mass 0.0 0.0
4-patches - treatment 0.1 0.6
16-patches - treatment 0.0 0.5
4-patches - rank 0.0 0.3
16-patches - rank 0.0 0.3
4-patches - rank - treatment 0.0 0.0
16-patches - rank - treatment 0.0 0.0
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Table S3.9. Coefficients and standard errors for the model of testosterone, based on full

model averaging.

Independent variable Coefficient SE
intercept 67.4 10.7
group -12.4 5.9
rank -43.7 6.6
treatment -21.6 2.8
rank - treatment 30.8 3.9
order 3.2 4.8
mass 0.0 0.3
4-patches -0.2 1.8
16-patches -0.3 1.9
4-patches*treatment 0.0 0.2
16-patches - treatment 0.0 0.2
4-patches - rank 0.0 0.5
16-patches - rank 0.0 0.5
4-patches - rank - treatment 0.0 0.0
16-patches - rank - treatment 0.0 0.0
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Table S3.10. Coefficients and standard errors for the model of probability of exposure,

based on full model averaging.

Independent variable Coefficient SE
intercept 0.7 0.4
group 0.4 0.1
4-patches 0.4 0.2
16-patches 0.5 0.3
PC1 0.4 0.0
treatment -1.4 0.2
4-patches - treatment 0.6 0.3
16-patches - treatment 0.8 0.4
mass 0.0 0.0
order -0.1 0.1
rank 0.0 0.1
rank - treatment 0.0 0.1
4-patches - rank 0.0 0.1
16-patches - rank 0.0 0.1
4-patches - rank - treatment 0.0 0.0
16-patches - rank - treatment 0.0 0.0
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Table S3.11. Coefficients and standard errors for the model of minimum total movement,

based on full model averaging.

Independent variable Coefficient SE
intercept 62.8 7.0
group -18.5 15
mass 0.2 0.2
order 51 2.1
4-patches 43.6 6.7
16-patches 36.9 5.1
treatment 50.9 8.3
4-patches - treatment -81.5 11.2
16-patche - treatment -66.5 9.9
rank -1.9 2.3
rank - treatment 0.5 2.1
4-patches - rank 0.0 0.8
16-patches - rank 0.1 1.1
4-patches - rank - treatment 0.0 0.1
16-patches - rank - treatment 0.0 0.0
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Table S3.12. Coefficients and standard errors for the model of minimum habitat use,

based on full model averaging

Independent variable Coefficient SE
intercept 64.9 9.1
group -9.6 2.7
4-patches 33.5 55
16-patches 43.0 6.3
rank -9.4 7.2
treatment 35.9 4.7
4-patches - rank 5.4 6.8
16-patches - rank 8.1 9.0
4-patches - treatment -58.3 6.2
16-patches - treatment -56.0 6.2
order 1.4 24
rank- treatment 1.5 3.7
mass 0.1 0.2
4-patches - rank - treatment 0.0 0.9
16-patches - rank - treatment -0.1 1.2
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Table S3.13. Coefficients and standard errors for the model of aggression score, based on

full model averaging

Independent variable Coefficient SE
intercept 13.0 29
4-patches -10.3 2.4
16-patches -7.5 2.4
group -0.3 2.2

Table S3.14 Principal components describing the covariation between operative

environmental temperatures.

Variable PCl1 PC2
Maximal operative temperature  0.71  -0.71

Range of operative temperature  0.71  0.71

Eigenvalue 191 0.09
% of variance 95.6 4.4
Cumulative 95.6 100
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Fig S4.1. On average, lizards preferred the same body temperatures before and after
surgical implantation of temperature loggers. Black symbols represent the mean
temperature of each lizard in a thermal gradient. Red symbols and grey bars denote

means and standard deviations computed by multimodel averaging.
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Fig S4.2. Schematic of aggregated (1-patch) thermal arena with cable flyways. Note, only
one predator was flown at a time during experiments.
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Table S4.1. Outline of experimental design indicating when specific events occurred.

Day Event Time

1 Placed in arenas 1800

2-3 Habituation Whole day
3 Blood draw #1 1230-1300
4 Rest (provided food) Whole day
5-6 Treatment 0720-1220
6 Blood draw #2 1230-1300
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Table S4.2. A ranking of mean minimum total movement models based on the likelihood

of being the best model. For each model, we provide the Akaike weight, which equals the

probability that the model describes the data better than other models. Only models with

an Akaike weight of at least 1% are listed, in addition to the full model and the null model.

All likely models included effects of day, patches, and treatment, as well as their

interaction. Each model also contained an intercept and a random term associated with

individual lizards.

Model K logLik AIC. AAIC. Weight
1. day + patches + treatment + 19 -436.0 9162 O 0.72
(day - patches - treatment)

2. day + mass + patches + treatment + 20 -435.7 918.4 2.23 0.24
(day - patches - treatment)

3. day + group + patches + 26 -429.3 9229 6.73 0.02
treatment +

(day - patches - treatment)

4. Full Model. day + group + mass+ 27 -428.7 9246 8.42 0.01
patches + treatment +

(day - patches - treatment)

Null model (ranked 65™). 8 -534.7 1086.4 170.22 0.00

intercept only
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Table S4.3. A ranking of mean minimum habitat use models based on the likelihood of
being the best model. For each model, we provide the Akaike weight, which equals the
probability that the model describes the data better than other models. Only models with
an Akaike weight of at least 1% are listed, in addition to the full model and the null model.
All likely models included effects of day, patches, and treatment, as well as their
interactions. Each model also contained an intercept and a random term associated with

individual lizards.

Model K logLik AIC:.  AAIC:. Weight
1. day + patches + treatment + 16 -495.7 1027.7 O 0.33

(day - treatment) +

(patches - treatment)

2. day + patches + treatment + 19 -492.0 10283 0.65 0.24
(day - treatment) + (day - patches) +

(patches - treatment) +

(day - patches - treatment)

3. day + mass + patches + treatment+ 17 -495.6 1030.1 2.39 0.1
(day - treatment) +

(patches - treatment)

4. day + patches + treatment + 17 -495.7 1030.2 2.58 0.09
(day - treatment) + (day - patches) +

(patches - treatment)

5. day + mass + patches + treatment + 20 -492.0 10309 3.19 0.07

(day - treatment) + (day - patches) +
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(patches - treatment) +

(day - patches - treatment)

6. day + group + patches + 23 -487.8
treatment + (day - treatment) +

(patches - treatment)

7. day + group + patches + 26 -484.1
treatment + (day - treatment) +

(day - patches) +

(patches - treatment) +

(day - patches - treatment)

8. day + mass + patches + treatment + 18 -495.6
(day - treatment) + (day - patches) +

(patches - treatment)

9. day + mass + patches + treatment + 24 -487.3
(day - treatment) +

(patches - treatment)

10. day + group + patches + 24 -487.8
treatment + (day - treatment) +

(day - patches) +

(patches - treatment)

11. Full Model. day + group + 27 -483.6
mass + patches + treatment +

(day - treatment) + (day - patches) +
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(patches - treatment) +

(day - patches - treatment)

12. day + group + mass + patches+ 25 -487.3 1035.8 8.17 0.01
treatment + (day - treatment) +

(day - patches) +

(patches - treatment)

Null model (ranked 66t").

intercept only 8 -555.2 1127.5 99.85 0.00
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Table S4.4. A ranking of mean body temperature models based on the likelihood of being
the best model. For each model, we provide the Akaike weight, which equals the
probability that the model describes the data better than other models. Only models with
an Akaike weight of at least 1% are listed, in addition to the full model and the null
model. All likely models included effects of day, patches, PC1, and treatment. Each

model also contained an intercept and a random term associated with individual lizards.

Model K logLik AIC. AAIC. Weight
1. day + patches + PC1 + 38 -7156.4 14389.6 O 0.66

treatment + (day - treatment)

2. Full Model. day + patches + 43 -7152.8 143927 3.13  0.14
PC1 + treatment + (day - patches) +

(day - treatment) +

(patches - treatment) +

(day - patches - treatment)

3. day + patches + PC1 + treatment + 41 -7155.1 14393.2 3.62 0.11
(day - patches) + (day - treatment) +

(patches - treatment)

4. day + patches + PC1 + treatment + 34 -7162.8 14394.3 4.73 0.06
(patches - treatment)

5. day + patches + PC1 + 36 -7161.9 14396.6 7.05 0.02
treatment

Null Model (ranked 10%).

intercept only 21 -7468.1 149785 588.94 0.00
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Table S4.5. A ranking of mean probability of exposure models based on the likelihood of

being the best model. For each model, we provide the Akaike weight, which equals the

probability that the model describes the data better than other models. Only models with

an Akaike weight of at least 1% are listed, in addition to the full model and the null

model. All likely models included effects of day, patches, and treatment, as well as the

interaction of day and treatment. Each model also contained an intercept and a random

term associated with individual lizards.

Model K logLik  AIC. AAIC: Weight
1. day + patches + treatment + 8 -1499.5 30151 O 0.22
(day - treatment)

2. day + patches + treatment + 9 -1499.0 3016.1 0.98 0.14
(day - patches) + (day - treatment)

3. day + patches + treatment + 10 -1498.4 30169 1.79 0.09
(day - treatment) +

(patches - treatment)

4. day + mass + patches + treatment+ 9  -1499.5 3017.1 1.97 0.08
(day - treatment)

5. day + patches + PCA + treatment+ 9  -1499.5 3017.2 2.02  0.08
(day - treatment)

6. day + patches + treatment + 11 -1497.8 3017.8 2.67 0.06
(day - patches) + (day - treatment) +

(patches - treatment)

7. day + mass + patches + treatment + 10 -1499.0 3018.1 2.95  0.05
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(day - patches) + (day - treatment)
8. day + patches + PCA + treatment +
(day - patches) + (day - treatment)
9. day + mass + patches + treatment +
(day - treatment) +

(patches - treatment)

10. day + patches + PCA +
treatment + (day - treatment) +
(patches - treatment)

11. day + mass + patches +
treatment + (day - treatment)

12. day + patches + treatment +
(day - patches) +

(day - treatment) +

(patches - treatment) +

(day - patches - treatment)

13. day + mass + patches +
treatment + (day - patches) +

(day - treatment) +

(patches - treatment)

14. day + patches + PCA

+ treatment + (day - patches) +
(day - treatment) +

10 -1499.0

11 -1498.4

11 -1498.4

10 -1499.5

13 -1496.6

3018.1

3018.9

3018.9

3019.1

3019.4

3.00

3.81

3.81

3.99

431

12 -1497.8 3019.8 4.69

12 -1497.8 3019.8 4.69
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(patches - treatment)
15. day + mass + patches +
treatment + (day - patches) +

(day - treatment)

16. day + mass + PCA + patches +

treatment + (day - treatment) +

(patches - treatment)

17. day + mass + patches +
treatment + (day - patches) +
(day - treatment) +

(patches - treatment) +

(day - patches - treatment)
18. day + PCA + patches +
treatment + (day - patches) +
(day - treatment) +

(patches - treatment)

19. day + mass + patches + PCA +

treatment + (day - patches) +
(day - treatment) +

(patches - treatment)

20. Full Model. day + mass +

patches + PCA + treatment +

(day - patches) + (day - treatment) +

11 -1499.0 3020.1 4.97

12 -1498.4 3021.0 5.83

14 -1496.6 3021.5 6.33

14 -1496.6 30215 6.34

13 -1497.8 3021.8 6.71

15 -1496.6 3023.5 8.36
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0.02

0.01

0.01

0.01

0.01

0.00



(patches - treatment) +
(day - patches - treatment)
Null model (ranked 69t). 2 -1549.6 3103.2 88.06 0.00

intercept only
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Table S4.6. A ranking of mean circulating corticosterone models based on the likelihood
of being the best model. For each model, we provide the Akaike weight, which equals the
probability that the model describes the data better than other models. Only models with
an Akaike weight of at least 1% are listed, in addition to the full model and the null
model. All likely models included effects of measure, patches, and treatment, as well as
the interaction of measure and treatment. Each model also contained an intercept and a

random term associated with individual lizards.

Model K logLik AIC.  AAIC. Weight
1. measure + patches + treatment + 16 -440.6 9175 0 0.25

(measure - patches) +

(measure - treatment) +

(measure - patches - treatment)

2. measure + patches + treatment + 11 -447.3 9186 1.08 0.15
(measure - treatment)

3. measure + patches + SNL + 17 -440.2 9194 1.90 0.10
treatment + (measure - patches) +

(measure - treatment) +

(measure - patches - treatment)

4. mass + measure + patches + 17 -440.4 919.8 224 0.08
treatment + (measure - patches) +

(measure - treatment) +

(patches - treatment) +

(measure - patches - treatment)
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5. measure + patches + treatment +
(measure - treatment) +

(patches - treatment)

6. measure + patches + SVL +
treatment + (measure - treatment)
7. mass + measure + patches +
treatment + (measure - treatment)
8. measure + patches + treatment +
(measure - patches) +

(measure - treatment)

9. measure + patches + SNL +
treatment + (measure - treatment) +
(patches - treatment)

10. mass + measure + patches +
treatment + (measure - treatment) +
(patches - treatment)

11. mass + measure + patches +
SVL + treatment +

(measure - patches) +

(measure - treatment) +

(patches - treatment) +

(measure - patches - treatment)

12. measure + patches + treatment +

13

12

12

12

14

14

18

-445.5

-447.1

-447.2

-447.3

-445.2

-445.3

-440.2

919.8

920.7

920.8

921.0

921.6

921.9

922.0

14 -445.5 922.2
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3.14

3.32

3.46

4.08

4.42

4.50

4.72

0.08

0.05

0.05

0.04

0.03

0.03

0.03
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(measure - patches) +

(measure - treatment) +

(patches - treatment)

13. mass + measure + patches +
SVL + treatment +

(measure - treatment)

14 measure + patches + SVL +
treatment + (measure - patches) +
(measure - treatment)

15. mass + measure + patches +
treatment + (measure - patches) +
(measure - treatment)

16. mass + measure + patches +
SVL + treatment +

(measure - treatment) +

(patches - treatment)

17. measure + patches + SVL +
treatment + (measure - patches) +
(measure - treatment) +

(patches - treatment)

18. mass + measure + patches +
treatment + (measure - patches) +

(measure - treatment) +

13

13

13

15

15

15

-447.1

-447.1

-447.2

-445.1

-445.1

-445.3
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923.1

923.1

923.3

924.1

924.1

924.4

5.54

5.56

5.73

6.55

6.57

6.90

0.02

0.02

0.01

0.01

0.01

0.01



(patches - treatment)

Full Model (ranked 32"9). group +
mass + measure + patches + SVL +
treatment + (measure - patches) +
(measure - treatment) +

(measure - patches - treatment)
Null Model (ranked 145t™).

intercept only

25

5

-555.5

-434.8 9309 13.36 0.00

1121.4 203.86 0.00
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Table S4.7. Coefficients and standard errors for the model of minimum total movement,

based on full model averaging.

Independent variable Coefficient SE

(Intercept) 484 3.0
day 1.2 39
group 2 01 0.6
group 3 0.0 0.3
group 4 0.1 0.6
group 5 01 04
group 6 0.0 0.3
group 7 01 0.8
group 8 0.0 0.3
mass 00 0.1
patches -124 3.3
P1-treatment -34.5 34
P2-treatment -1.8 34
day - patches -3.6 4.6
day - P1-treatment 128 4.8
day - P2-treatment -29.1 438
patches - P1-treatment 204 3.9
patches - P2-treatment 34 41
day - patches - P1-treatment -18 55
day - patches - P2-treatment 16.8 5.8
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Table S4.8. Coefficients and standard errors for the model of minimum habitat use, based

on full model averaging.

Independent variable Coefficient SE

intercept 40.2 35
day -16 35
group 2 0.7 1.9
group 3 03 12
group 4 0.7 1.9
group 5 10 26
group 6 03 13
group 7 11 28
group 8 -0.1 1.0
mass 00 01
patches -6.5 35
P1-treatment -2866 3.2
P2-treatment -0.7 5.0
day - patches -1.0 37
day - P1-treatment 119 338
day - P2-treatment -21.2 6.0
patches - P1-treatment 148 4.0
patches - P2-treatment 51 7.4
day - patches - P1-treatment 0.0 38
day - patches - P2-treatment 56 9.0
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Table S4.9. Coefficients and standard errors for the model of probability of exposure,

based on full model averaging.

Independent variable Coefficient SE

intercept 02 0.2
day 01 0.2
mass 00 00
patches 04 01
PC1 0.0 0.0
P1-treatment -0.7 0.2
P2-treatment 02 0.2
day - patches -0.1 0.2
day - P1-treatment 08 0.2
day - P2-treatment -1.0 0.2
patches - P1-treatment -0.1 0.2
patches - P2-treatment 00 0.2
day - patches - P1-treatment 00 01
day - patches - P2-treatment 00 0.2
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Table S4.10. Coefficients and standard errors for the model of body temperature, based

on full model averaging.

Independent variable Coefficient SE

intercept 29.2 05
day 06 0.6
patches 1.4 05
P1-treatment -1.3 0.7
P2-treatment 05 06
day - patches -0.2 0.6
day - P1-treatment 1.4 09
day - P2-treatment -1.1 09
patches - P1-treatment 02 06
patches - P2-treatment -0.2 0.6
day - patches - P1-treatment -0.2 07
day - patches - P2-treatment 02 0.8
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Table S4.11. Coefficients and standard errors for the model of corticosterone, based on

full model averaging.

Independent variable Coefficient SE

intercept 86 4.7
group 2 32 13
group 3 06 15
group 4 16 1.3
group 5 0.0 15
group 6 33 13
group 7 02 15
group 8 16 14
mass 00 01
measure -04 14
patches 46 1.2
P1-treatment -01 23
P2-treatment 03 25
SVL 01 01
measure - patches 19 21
measure - P1-treatment 27.3 3.8
measure - P2-treatment 33.7 44
patches - P1-treatment 0.0 35
patches - P2-treatment 06 44
measure - patches - P1-treatment -84 45
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measure - patches - P2-treatment -13.1 4.9

Table S4.12. Principal components describing the covariation between operative

environmental temperatures.

Variable PC1 PC2
Maximal operative temperature  -0.71  0.71

Range of operative temperature  -0.71  0.71

Eigenvalue 1.39 023
% of variance 97.3 2.7
Cumulative 97.3 100
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