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Abstract

Zoologists rely on mechanistic niche models of behavioral thermoregulation to understand how animals re-
spond to climate change. These models predict that species will need to disperse to higher altitudes to persist in
a warmer world. However, thermal stress and, thus, thermoregulatory behavior may depend on atmospheric ox-
ygen as well as environmental temperatures. Severe hypoxia causes animals to prefer lower body temperatures,
which could be interpreted as evidence that oxygen supply limits heat tolerance. Such a constraint could prevent
animals from successfully dispersing to high elevations during climate change. Still, an effect of oxygen supply
on preferred body temperature has only been observed when oxygen concentrations fall far below levels expe-
rienced in nature. To see whether animals perceive greater thermal stress at an ecologically relevant level of hy-
poxia, we studied the thermoregulatory behavior of lizards (Sceloporus tristichus) exposed to oxygen concen-
trations of 13% and 21% (equivalent to PO, at 4000 m and 0 m, respectively). In addition, we exposed lizards
to 29% oxygen to see whether they would accept a higher body temperature at hyperoxia than at normoxia. At
each oxygen level, we measured a behavioral response to heat stress known as the voluntary thermal maximum:
the temperature at which a warming animal sought a cool refuge. Oxygen concentration had no discernable ef-
fect on the voluntary thermal maximum, suggesting that lizards experience thermal stress similarly at all 3 lev-
els of oxygen (13%, 12% and 29%). Future research should focus on thermoregulatory behaviors under ecologi-
cally relevant levels of hypoxia.
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INTRODUCTION

Zoologists rely increasingly on mechanistic models
of the niche to understand how animals respond to cli-
mate change (Kearney & Porter 2009; Kearney et al.
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fers the body temperatures needed to survive and repro-
duce. Given the climate of a region, one can use a mech-
anistic niche model to predict the geographic range of a
species (Kearney et al. 2008; Buckley et al. 2010; Chap-
man et al. 2017). In principle, then, such models can tell
us where species can live in future climates (Kearney
et al. 2010b; Chapman et al. 2017; Petric et al. 2017).
However, researchers recognize that current models still
contain glaring oversimplifications that likely preclude
accurate predictions for the distant future (Sinclair et al.
2016). Inaccuracies result from averaging environmen-
tal temperatures (Vasseur et al. 2014; Camacho et al.
2015), ignoring biotic interactions (Angert et al. 2013)
and omitting life stages (Levy et al. 2015). Until these
issues are resolved, mechanistic niche models are more
of a tool for guiding research than a key to predicting
impacts.

Here, we focus on another oversimplification of niche
models revealed by studies of heat tolerance. An animal
can overheat when high temperatures cause tissues to
require more oxygen than the respiratory and circulatory
systems can supply, and increasing reliance on anaero-
bic metabolism eventually causes death (Hicks & Wood
1985; Portner 2001, 2002a,b). Perhaps for this reason,
many ectothermic animals choose lower temperatures
when exposed to a hypoxic environment (reviewed by
Wood & Gonzales 1996; Hicks & Wang 2004). For ex-
ample, reptiles and amphibians exposed to oxygen con-
centrations below 10% preferred lower body tempera-
tures than those exposed to normoxia ( Hicks & Wood
1985; Branco et al. 1993; Bicego-Nahas et al. 2001; Ca-
dena & Tattersall 2010; He et al. 2013; Li et al. 2016).
This shift in thermoregulatory behavior, referred to as
behavioral hypothermia or hypoxic anapyrexia, involves
sensory neurons that respond to the deficit in circulating
oxygen (Tamaki & Nakayama 1987; Steiner & Branco
2002) and chemical messengers that mediate a change
in body temperature (Steiner & Branco 2001, 2002). To
facilitate cooling, some lizards even lighten their body
color under hypoxia, reducing heating by solar radiation
(de Velasco & Tattersall 2008). Behavioral hypother-
mia can prevent an abnormally low concentration of ox-
ygen or energetic molecules in the blood. For example,
experimental reduction of ATP caused toads to choose
lower temperatures (Branco & Malvin 1996). If animals
thermoregulate differently when exposed to hypoxia, at-
mospheric oxygen and environmental temperature could
interact to limit the potential distribution of a species.

The interactive effect of oxygen and temperature
becomes especially relevant considering that climate
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warming shifts the elevational ranges of species. As
climates have warmed, many species have moved up
mountains (Parmesan & Yohe 2003) because air cools
by an average of 0.65 °C for every 100 m of elevation
(Dillon et al. 2006). As long as predators, competitors
and other factors remain within tolerable limits, dispers-
ing upward provides a way for threatened species to per-
sist. Nevertheless, biologists overestimate the potential
for dispersal along mountains by focusing exclusively
on temperature. Ascending in elevation not only cools
the environment but also reduces atmospheric pressure,
increases solar radiation and alters vegetation cover.
These changes interact to create a unique operative en-
vironment, which may lie outside the fundamental niche
of a species. In particular, a low partial pressure of ox-
ygen (PO,) at high elevation could exacerbate the stress
of warming by reducing an animal’s lethal temperature.
Consequently, the elevational limit of a species may de-
pend on the combined stresses of radiative load and ox-
ygen supply. Even if a species persists at high elevation,
its rate of growth and reproduction might suffer if low
PO, prevents activity at high temperatures.

Still, at least 2 factors prevent us from inferring
the ecological significance of behavioral hypothermia
during hypoxia. First, this response occurs at oxygen
concentrations far below levels commonly experienced
by animals in nature. By comparison, most ectothermic
animals experience partial pressures of oxygen between
13 and 21 kPa, which is equivalent to 13% to 21% ox-
ygen at sea level. Second, animals rarely permit their
body temperatures to approach lethal limits when giv-
en a choice. By choosing cool locations or evaporating
body water, animals avoid reaching temperatures that
impair physiological functions (Martin & Huey 2008).
An animal overheats only after exhausting its behavioral
and physiological options for cooling. Thus, researchers
have focused on voluntary warming under severe hy-
poxia, whereas nature imposes involuntary warming un-
der modest hypoxia. We must understand how animals
respond to extreme heating under realistic levels of hy-
poxia to know whether these conditions will constrain
their geographic distribution.

We measured the voluntary thermal maximum of pla-
teau fence lizards (Sceloporus tristichus Cope, 1875)
exposed to oxygen levels ranging from hypoxia to hy-
peroxia. The voluntary thermal maximum equals the
temperature at which a warming animal seeks refuge
from heat (Camacho et al. 2018). This parameter re-
flects an animal’s perception of thermal stress and can
be used to model thermal constraints on activity time
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and geographic distribution (Kearney & Predavec 2000;
Buckley et al. 2015; Levy et al. 2016). Our experiment
focused on a species that ranges from sea level to ele-
vations of 3050 m. At the highest elevation in this cur-
rent range, low air pressure impairs the diffusion of oxy-
gen, analogous to breathing air with 15% oxygen at sea
level; however, in the coming century, the elevational
range of this species could shift to the point where some
individuals experience effective concentrations of oxy-
gen as low as 13% (Buckley 2010; Buckley et al. 2010).
We sought to determine whether this level of hypox-
ia would alter the thermoregulatory behavior of lizards
and, therefore, impair the ability of S. tristichus to shift
its range to higher altitudes. To confirm that a shift in
behavior was mediated by oxygen supply, we also mea-
sured the voluntary thermal maxima of lizards under hy-
peroxia. If oxygen limits the thermal tolerance of these
lizards, we expected individuals exposed to lower levels
of oxygen to seek refuge from heat at lower body tem-
peratures.

MATERIALS AND METHODS

In May 2015, we collected adult lizards (143:149)
from a population of S. tristichus in Navajo County, Ari-
zona (elevation = 1930 m). These lizards were transport-
ed to Arizona State University, where they were housed
individually in plastic terraria (30 x 20 x 20 cm). The
terraria were kept in an incubator (Percival DR-36VL,;

Figure 1 The voluntary thermal maximum
of lizards was measured in a dark, metal-
lic chamber, warmed from the outside with
a fluorescent bulb. The lizard could escape
the heat by exiting the chamber through a
partially opened lid. Oxygen concentration
was controlled by a Roxy-1 O, Regulator
connected an oxygen sensor in front of the
chamber. The temperature of the chamber
wall and the temperature of the lizard were
recorded with thermocouples connected to
a Madgetech Temperature Recorder.

Percival Scientific, Perry, 1A, USA) that maintained a
diel cycle of 33 °C for 8 h of photophase and 20 °C for
14 h of scotophase. Lizards were offered crickets (Ache-
ta domesticus) and water daily. The experiments were
conducted approximately 3 months after lizards were
collected in the field to provide sufficient time for fe-
males to lay eggs and regain weight. Snout-vent lengths
ranged from 55 to 66 mm in males and from 48 to 69
mm in females.

We measured the voluntary thermal maximum of
each lizard at 3 normobaric concentrations of oxygen:
13%, 21% and 29%. Measurements were made at one
oxygen concentration per day, using a random order of
concentrations for each lizard. Each lizard was placed in
a cylindrical aluminum chamber (400 mL), warmed by
a 60-W incandescent bulb (Fig. 1). The chamber resided
in a Styrofoam box (22 x 22 x 32 cm), which, in turn,
resided in a transparent plastic container (67 x 41 x 31
cm). Prior to placing a lizard in the chamber, the oxygen
concentration of the box was set with an electronic ox-
ygen controller (ROXY-1, Sable Systems International,
Las Vegas, NV, USA). Throughout the experiment, the
ROXY-1 continuously monitored oxygen concentration
through a sensor that was placed inside the plastic box,
just outside the Styrofoam container. The ROXY-1 auto-
matically added nitrogen or oxygen as needed to main-
tain the desired concentration of oxygen (x0.5%).

During a trial, a lizard was placed in the chamber and
heated 0.7 °C-min ' (range = 0.2-1.8 °C-min"') from an

430 © 2018 International Society of Zoological Sciences, Institute of Zoology/

Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd

85U8017 SUOWIWOD SA 181D 3qeo! dde au Aq peusenob afe sajole YO ‘9SO Sa|nJ Joj Aeiqi8UIIUO AB]IAA UO (SUOPUOO-PUB-SLUB)LIOY™AB | 1M Afe.d [Bu[UO//:SdNY) SUONPUOD PUe SWe | 8u) 89S *[202/2T/8T] U ARiqi18uliuo A8|IM ‘|1Zeid - Ofted 0eS JO AluN Aq OTEZT'L/8-672T/TTTT'OT/IOP/WO0D A8 | Akeiq i ul|uo//Stiy Woly pepeojumoa ‘v ‘8T0Z ‘2.8v6Y.LT



initial temperature of 33 °C, the preferred body tempera-
ture of the species (Buckley et al. 2015). Temperatures
were recorded every 5 s during the trial. Temperature in-
side the aluminum chamber was monitored by a thermo-
couple attached to the inner surface. A plastic flap at one
end of the chamber enabled the animal to exit and expe-
rience room temperature (approximately 25 °C). A ther-
mocouple wire was also taped to the groin of the lizard,
enabling us to record skin temperature while permitting
lizards to move. Using this method previously, we found
that differences between the temperature of the cloaca
and the temperature of the groin were smaller than the
error of the thermocouples (Camacho et al., in review).

While warming, the lizard could explore the cham-
ber and exit through the plastic flap if desired. We de-
fined the voluntary thermal maximum as the body tem-
perature at which a lizard’s head or limb first protruded
from the chamber. We recorded the temperature and
time when this event occurred, before returning lizards
to their terrarium. The mean rate of heating was calcu-
lated from the time taken to heat from the initial tem-
perature to the voluntary thermal maximum.

To quantify sources of variation in the voluntary ther-
mal maximum, we fit general linear mixed models us-
ing the nime library of the R Statistical Package (R Core

Oxygen supply and response to thermal stress

Team 2014). Oxygen concentration and sex were fixed
factors, heating rate was a covariate, and the identity of
the lizard was a random factor. We omitted snout-vent
length because this variable was uncorrelated with the
voluntary thermal maximum (r* = 0.01); however, any
effect of body size was absorbed in the random effect
of the individual. Following Burnham and Anderson
(2002), we used multimodel averaging to estimate the
most likely values of means. First, we used the MuMIn
library (Barton 2013) to fit all possible models to the
data. Then, we calculated the Akaike information crite-
rion and Akaike weight of each model, the latter vari-
able being the probability that the model best describes
the data (Table 1). Finally, we calculated the weighted
average of each parameter including estimates from all
models. The resulting values of parameters were used to
calculate the most likely mean for each combination of
factors.

RESULTS

Oxygen supply had no discernable effect on the vol-
untary maximum temperature of lizards. The most like-
ly models excluded an effect of oxygen concentration
(Table 1). By summing the Akaike weights for all mod-

Table 1 Factors affecting the voluntary thermal maximum of 28 adult S. tristichus lizards lizards (143:149), according to a mod-
el averaging procedure. The most likely model of the voluntary thermal maximum included an effect of heating rate but no effect of

oxygen concentration.

Terms in the model K log L AlC AAIC w

Heating rate 4 —-132.1 272.7 0 0.31
Heating rate + sex 5 -131.6 274.0 1.33 0.16
Null 3 —134.1 274.6 1.92 0.12
Heating rate + sex + (heating rate - sex) 6 —130.8 2747 2.02 0.11
Sex 4 —133.5 2755 2.84 0.07
Oxygen + heating rate 6 -131.2 2755 2.85 0.07
Oxygen + heating rate + sex + (heating rate - sex) 8 -129.4 276.8 4.10 0.04
Oxygen + heating rate + sex 7 -130.8 277.0 4.37 0.03
Oxygen 5 —1334 277.6 4.96 0.03
Oxygen + sex 6 -132.8 278.7 6.04 0.02
Oxygen + heating rate + (oxygen - heating rate) 8 -130.6 279.1 6.46 0.01
Oxygen + heating rate + sex + (oxygen - heating rate) 9 —129.8 280.0 7.39 0.01

Models are ranked according to their Akaike information criterion (AIC), which depends on the log likelihood (log L) and the num-
ber of parameters (K). For each model, we provide the Akaike weight (w), which equals the probability that the model describes the
data better than the other models. All models contained an intercept and a random effect of individuals.
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els with an effect of oxygen, we estimated the likelihood
that oxygen was an important factor to be only 23%.
Although some individuals had higher or lower volun-
tary thermal maxima when exposed to lower concentra-
tions of oxygen, the effect of oxygen concentration esti-
mated by multi-model averaging was close to zero (Fig.
2). The 2 most likely models included an effect of heat-
ing rate, although this effect accounted for a small pro-
portion of the variation (Fig. 3). On average, faster heat-
ing decreased the voluntary thermal maximum by 1 °C
when comparing values obtained from heating lizards
at the slowest and fastest rates (see Fig. 3). The sec-
ond-best model also included an effect of sex, but this
effect was even weaker than the effect of heating rate;
the mean voluntary thermal maximum of males exceed-
ed that of females by only 0.2 °C (see Fig. 3).

DISCUSSION

Although some species of lizards exposed to severe
hypoxia prefer lower temperatures or thermoregulate
less precisely (Hicks & Wood 1985; Branco et al. 1993;
Bicego-Nahas et al. 2001; Cadena & Tattersall 2010;
He et al. 2013; Li et al. 2016), our results make us ques-
tion the ecological relevance of these results. No active
lizard experiences an atmospheric concentration of ox-
ygen below 10%, or its partial-pressure equivalent, ei-
ther now or in recent history (Berner et al. 2007). Even
if climate warming pushed the range of a species to the
top of a mountain, a lizard would experience a partial

Figure 2 Oxygen concentration had no effect on the mean vol-
untary thermal maximum of lizards. Blue and red symbols de-
note model-averaged means for males and females, respective-
ly. Lines show raw data for individuals.

pressure of oxygen that equates to a concentration of
13% oxygen at sea level. Neither this realistic level of
hypoxia nor the hyperoxic treatment had a discernable
effect on a lizard’s voluntary thermal maximum. Lizards
remained in the chamber until body temperature reached
an average of 40.8 °C (SD = 1.2 °C): extremely close to
the critical thermal maximum of 41.1 °C (SD = 1.2 °C)
reported by Buckley and colleagues (2015). Thus, liz-
ards likely experienced thermal stress for reasons other
than a shortage of oxygen in the environment.

Because metabolism depends on the capacity to trans-
port oxygen from the lungs to other tissues, we should
consider the carrying capacity of blood in a hypoxic at-
mosphere. Two factors determine the amount of oxygen
that a reptile can supply to its tissues as body tempera-
ture rises: the amount of hemoglobin and its degree of
saturation. Because reptiles have a heart with partially
divided ventricles, they can shunt deoxygenated blood
from the systemic circuit to the pulmonary circuit as tis-
sues demand more oxygen (Wang & Hicks 2002). Such
shunting would oxygenate more hemoglobin and com-
pensate for the greater oxygen demand during heating
(Hicks & Wang 1996). In addition, both temperature and
PO, determine saturation of hemoglobin. At tempera-
tures near the voluntary thermal maximum, hemoglobin
would be right-shifted, decreasing its affinity for oxygen
and increasing the chance of being unsaturated at nor-
moxia (Wood 1991, 1995; Burmester & Hankeln 2014).
In theory, a hypoxic atmosphere amplifies the loss of af-
finity at high temperatures (Wood et al. 1987). How-

Figure 3 Lizards that warmed faster had a lower voluntary
thermal maximum. Blue and red lines denote model-averaged
relationships for males and females, respectively. Points show
raw data for individuals.
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ever, the lack of an effect of hypoxia on the voluntary
thermal maximum suggests that lizards did not reach the
saturation limit during warming. In which case, great-
er cardiac output and pulmonary ventilation might have
compensated for the drop in atmospheric oxygen (Boy-
er 1966; Dawson & Templeton 1966; Glass & Wood
1983).

The demand for oxygen also plays a role in behav-
ioral hypothermia. We studied the effect of hypoxia on
resting animals; however, active animals face a great-
er demand for oxygen that makes them more susceptible
to hypoxia. Activity may exacerbate the effect of hypox-
ia on preferred body temperature because of the lactate
that accumulates during anaerobic metabolism. Hence,
studies of active animals could reveal behavioral hypo-
thermia even at moderate levels of hypoxia. This hy-
pothesis accords with experimental studies of toads con-
ducted by Pértner and his colleagues. During exercise,
lactate concentration in plasma increases before an ani-
mal reaches its critical PO, (Portner et al. 1991). Even-
tually, this lactate must be converted to pyruvate, which
occurs faster when muscles have oxygen. Therefore, an-
imals needing to sustain locomotor activity or repay ox-
ygen debt should be more sensitive to hypoxia than
resting animals. In support of this model, P6rtner and
colleagues (1994) were able to stimulate behavioral hy-
pothermia by infusing lactate in the blood of toads. Fur-
thermore, infusions of lactate caused toads to consume
oxygen faster (Pinz & Portner 2003), presumably to re-
pay a perceived oxygen debt. Given these results, we
believe future work should focus on behavioral hypo-
thermia in active animals exposed to hypoxia.

Although the voluntary thermal maximum of adult
lizards appears insensitive to hypoxia, other life stag-
es may be affected more strongly by this change in ox-
ygen (Flewelling & Parker 2015). For example, em-
bryos of S. tristichus suffered an exponential loss of
thermal tolerance as the atmospheric concentration of
oxygen dropped from 21% to 12% (Smith et al. 2015).
This greater susceptibility to hypoxia could stem from
two factors. First, the cardiovascular and respiratory
systems of embryos are at a less developed stage than
that of adult lizards. Second, the delivery of oxygen de-
pends on diffusion across the egg shell, which would be
compounded in the mother’s uterus by the lower solu-
bility of oxygen in plasma than in air (Andrews 2002).
As another case study, pregnant females have greater
metabolic demands (Angilletta & Sears 2000), poten-
tially making them more susceptible to hyperthermia.
Although females do not necessarily choose lower tem-
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peratures when carrying eggs (Angilletta et al. 2000),
they sometimes increase thermoregulatory precision to
avoid extreme heat (Mathies & Andrews 1997). Nev-
ertheless, we cannot currently evaluate this hypothesis
because experiments comparing the thermoregulatory
performance of pregnant females to that of non-preg-
nant females have been conducted only under normoxia
(Beuchat & Ellner 1987; Mathies & Andrews 1997; An-
gilletta et al. 2000).

Because montane species will likely shift to higher
elevations as climates warm, biologists should continue
to question whether oxygen supply sets the thermal tol-
erance of terrestrial animals and limits their geographic
range. Although heat tolerances of aquatic animals are
often limited by oxygen supply (Verberk et al. 2016), air
breathing animals likely overheat for reasons other than
an insufficient supply of oxygen (Klok et al. 2004; Mc-
Cue & Santos 2013; Fobian et al. 2014). However, this
conclusion holds only for resting animals, which have
far lower demands for oxygen than active animals. Once
an animal becomes active, its performance at high tem-
peratures may depend on its ability to acquire oxygen
(Teague et al. 2017). Moreover, adults of many terres-
trial species begin life as embryos or larvae developing
in an aqueous environment, which could limit oxygen
consumption during development. A population can de-
cline if the additive or interactive effects of hypoxia
and hyperthermia reduce growth or survival of individ-
uals early in the life cycle. Although moderate hypox-
ia failed to affect the behavior of adult lizards in our ex-
periment, it does reduce the heat tolerance of embryonic
lizards (Smith et al. 2015). Thus, we should ask whether
this interaction between PO, and temperature will pre-
vent lizards from dispersing to higher elevations. Not
only might abiotic factors such as PO, interact with tem-
perature, but so might biotic factors such as the quali-
ty and quantity of competitors or mutualists. For exam-
ple, the heat tolerance of some animals depends on their
community of endosymbionts (Mandrioli & Manicar-
di 2013; Schwab et al. 2016; Ziegler et al. 2017). The
strength of this interaction likely changes throughout
the life cycle, just as the interaction between tempera-
ture and PO, does. Clearly, biologists should consider
the significance of these interactions by modeling multi-
ple dimensions of the niche.
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