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ABSTRACT

Comparative cold-hardiness capacities
of South American lizards in the genus Liolaemus

by
Jason R. Warner
Master of Science in Biology

The ability to survive freezing temperatures is of paramount importance to organisms
living at high elevations. Many ectothermic vertebrates have traits that allow them to
cope with extreme cold, such as the ability to supercool and/or tolerate freezing of
extracellular fluids. I studied several aspects of cold-hardiness of six lizard species in the
genus Liolaemus (Iguania: Liolaemidae) living along a 2525-m elevation gradient (1550–
4075 m) in northwestern Argentina. Specifically, I tested for supercooling, freeze
tolerance, and the temperature of ice inoculation. I hypothesized that high-elevation
(>3000 m) species would have greater capacities to supercool and tolerate freezing, while
being more susceptible to ice inoculation, relative to their low-elevation congeners. Both
conventional statistical analyses and those using independent contrasts with phylogenetic
regressions revealed no correlation between supercooling capacity and elevation. Because
of this, and the fact that all six species were able to supercool, this ability may be the
ancestral condition for the lineage. This may have enabled independent invasions of
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cooler climates by members of this diverse genus. However, independent adaptation
appears to explain freeze tolerance, as larger individuals were more susceptible to ice
formation and high-elevation lizards survived longer during freezing events than their
low-elevation congeners. Body size may partially explain freeze-tolerance capacity, as
larger lizards have greater thermal inertia, which allows them to retain heat longer. Also,
large-bodied Liolaemus generally occur at higher elevations. The cold-hardiness
capacities characterized in this study also were correlated with seasonal low temperatures
experienced in each environment. These results may explain the success of Liolaemus,
which has numerous independent origins of species living in cold climates. Future studies
should consider cold hardiness in a more holistic context of the biology of these lizards
(alongside behavior, morphology, and biochemistry) and include comparisons among
more species, including those from high latitudes, to further test cold hardiness as an
adaptation to cold environments.
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Introduction

Body temperature (Tb) has a profound effect on virtually all aspects of the lives of
reptiles. Despite being ectothermic, most reptiles require high body temperatures for
activity, digestion, reproduction, and other life processes (Espinoza and Tracy 1997).
Accordingly, most reptiles are distributed in climates where achieving high Tb is
facilitated by high ambient temperatures (Shine and Madsen 1996). Conversely,
relatively few squamate reptiles (lizards and snakes) live in environments where they
experience freezing temperatures.
Reptiles living at high elevation (>3000 m) in the tropics and subtropics face a
unique set of thermal challenges. High-elevation, low-latitude localities experience
intense solar radiation by day and relatively unpredictable freezing events throughout the
year (e.g., Swan 1952; Pearson 1954; Halloy and Gonzalez 1993; Piacentini et al. 2003;
Espinoza et al. 2004). Consequently, small ectotherms like lizards can remain active in
these regions throughout the year (Pearson 1954; Halloy and Gonzalez 1993;
Valdecantos et al. 2013). For example, the Peruvian lizard Liolaemus signifer [= L.
multiformis], which occurs from 3600–5000 m (Espinoza et al. 2004), basks on
bunchgrass in mornings when the air temperature (Ta) is below 0 ºC, yet can raise its Tb as
high as 30 °C above Ta on sunny days (Pearson 1954). This remarkable feat can only be
accomplished in a few regions of the world and only under a specific combination of
circumstances: (1) high-elevation mountain ranges in the tropics/subtropics, which
provide less severe seasonality (Janzen 1967; Ghalambor et al. 2006) and high-intensity
solar radiation (when not cloudy; Piacentini et al. 2003), and (2) the lizard must be small
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(<50 g) to facilitate rapid heat exchange (Swan 1952; Pearson 1954; Espinoza et al.
2004). These environments pose an even greater thermoregulatory challenge in winter
and at night, when the lack of thermal resources (e.g., direct solar radiation, sun-warmed
objects) would provide strong selective pressure for physiological cold-coping strategies.
Exposure to freezing temperatures can result in potentially fatal bodily damage.
Perhaps the most obvious form of damage is the mechanical stress caused by the
formation of ice within the body. For example, water expands as it transforms from a
liquid to a solid. Consequently, ice formation can cause structural damage to cells and
tissues, a problem exacerbated upon thawing (Costanzo and Lee 1994). This physical
damage largely explains why most multicellular organisms cannot withstand any degree
of intracellular freezing (Storey and Storey 1996). Cells also experience osmotic stress in
the presence of extracellular ice. As ice forms in the tissues, an osmotic disequilibrium is
created across cell membranes as extracellular water is incorporated into the growing ice
lattice and a hyperosmotic solution is formed immediately adjacent to the cells. This
solution withdraws water via osmosis, dehydrating the cells, and leads to osmotic shock
and irreparable cell-volume collapse. Thawing compounds these effects as the melted
water forms large pools of dilute extracellular fluid (Costanzo and Lee 1994; Storey and
Storey 1996). Finally, the formation of bodily ice causes cardiac activity and respiration
to cease. Following ischemic anoxia, metabolism follows the anaerobic pathway. This
depletes metabolic fuel within the cell and, in conjunction with the effects of ice, disrupts
and prevents nutrients from entering the cell, ultimately interrupting the cell’s ability to
eliminate waste and resulting in cell death (Costanzo et al. 2008).
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Reptiles that live at high elevation have evolved behavioral and physiological
strategies to prevent or ameliorate the consequences imposed by freezing temperatures. In
some situations, reptiles can avoid freezing temperatures behaviorally by moving to
warmer areas. Surviving freezing temperatures physiologically may involve supercooling
and/or tolerating ice in the body. Below, I review the strategies that ectotherms use to
cope with exposure to freezing environmental temperatures.

Behavioral Freeze Avoidance—The most common strategy used by ectothermic
vertebrates to prevent freezing is behavioral freeze avoidance (Storey and Storey 1996).
Animals take refuge from potentially freezing temperatures by moving to relatively
warmer microhabitats (e.g., underground in rodent burrows, beneath rocks, below the
frost line). Climatic data from microhabitats in high-elevation sites in northwestern
Argentina (Table 1) indicate that even these refuges can experience freezing
temperatures, likely forcing animals to conform to subzero temperatures. When
behavioral mechanisms of freeze avoidance are insufficient, ectotherms rely on
physiological cold-hardiness strategies to either supercool and/or tolerate freezing.

Supercooling—Supercooling is a cold-hardiness strategy that allows animals to
physiologically avoid freezing (Lowe et al. 1971; Claussen et al. 1990). Supercooling
maintains fluids at a metastable liquid state at temperatures below their freezing point
(Lowe et al. 1971; Costanzo and Lee 1995; Storey and Storey 1996). The freezing point
(FP) of an animal is determined largely by the osmotic concentration of its blood (FP of
a 1-Osm/L solution is –1.86 ºC). Osmotic concentration and additional factors can
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promote supercooling and resistance to freezing at temperatures below the FP. For
reptiles, these factors include partial dehydration and decreasing the potential for ice
nucleation within the body. For example, Halpern (1979) found that a 5% loss of body
water resulted in a significant decrease in the temperature at which supercooling ceased
in the high-elevation lizard Sceloporus jarrovii. The chance of ice formation in the body
(ice inoculation) increases when lizards are in physical contact with ice in their
environment, especially when ice is in contact with the nostrils, eyes, cloaca, or wounds
(Lowe et al. 1971; Spellerberg and Spellerberg 1972; Costanzo et al. 1995). Avoiding
ambient ice, as well as eliminating internal ice-nucleating agents obtained from ingesting
food or other materials (see Freeze Tolerance below), could therefore also enhance
supercooling capacity.
As a cold-hardiness strategy, supercooling offers reptiles several advantages that
aid in survival at subzero temperatures. Compared to freeze tolerance, little physiological
stress is imposed on the animal during supercooling. For example, the lizards Uta
stansburiana and Zootoca [= Lacerta] vivipara substantially decreased, yet still
maintained, active aerobic metabolism at body temperatures (Tbs) at which each species
tolerates supercooling (Halpern and Lowe 1968; Voituron et al. 2002, respectively). That
supercooling imparts a survival advantage is supported further by the research of
Spellerberg and Spellerberg (1972), who found that 29 species of lizards and four species
of snakes fully recovered if they did not reach the limit of their supercooling capacity.
The low physiological cost of supercooling may be responsible for the long duration that
Z. vivipara is able to survive when supercooled (21 d at –3.5 ºC), as opposed to when
partially frozen (3 d at –3.0 ºC) (Costanzo et al. 1995). Another benefit of supercooling is
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the ability to recover quickly from a subzero state, which allows animals living in
thermally fluctuating environments to resume activity rapidly (Costanzo and Lee 1995).
Thus, reptiles living in otherwise cool places can warm quickly and become active to
exploit thermal opportunities when they become available intermittently (e.g., daytime,
wind subsides, clouds dissipate).
Yet, despite these advantages, the metastability of the supercooled state also
imposes a cost: if Tb continues to drop and the animal remains supercooled, there is an
increased risk that ice will form at a temperature far below the FP. Under these
conditions, ice could spread rapidly—and fatally—throughout the body (Claussen et al.
1990). In such a situation, supercooling would be of greater detriment than benefit.

Freeze Tolerance—Another physiological cold-hardiness strategy is freeze tolerance: the
ability to withstand substantial portions of body-water freezing. For this strategy to be
effective, ice nucleation must occur at a relatively high Tb (ca. FP) to avoid spontaneous
ice formation (Claussen et al. 1990) and the consequent inability to mount a
cryoprotective response (Storey and Storey 1996). Ice inoculation near the FP occurs by
cooling while in contact with environmental ice crystals and/or by having ice-nucleating
agents present in or on the body during freezing (Costanzo and Lee 1996). Although
there is little support for ice-nucleating proteins playing a large role in controlling ice
inoculation among vertebrates, ice-nucleating bacteria can induce freezing at high
subzero temperatures in the frog Lithobates [= Rana] sylvaticus (Lee et al. 1995). The
role of ice-nucleating bacteria in reptiles has received little attention. Once ice has begun
to propagate in extracellular spaces, ectothermic vertebrates respond by producing and
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mobilizing cryoprotectant(s). For L. sylvaticus (Storey and Storey 1987; Costanzo et al.
1993a), the lizard Z. vivipara (Costanzo et al. 1995; Grenot et al. 2000), and the emydid
turtles Chrysemys picta (Storey et al. 1988) and Terrapene carolina (Costanzo et al.
1993b; Storey et al. 1993), glucose appears to play a major role as a cryoprotectant. Upon
freezing, elevated levels of glucose likely reduce cell dehydration, inhibit cell-volume
decrease, and increase the amount of unfreezable, bound water during freezing episodes
(Costanzo and Lee 1994; Storey and Storey 1996).
Freeze tolerance also provides unique and ecologically relevant advantages to
reptiles inhabiting regions prone to subzero temperatures. The advantages include the
ability to survive freezing temperatures in the presence of ambient ice or ice-nucleating
bacteria, and sparing the animal from lethal spontaneous ice formation of a large
percentage of their body water as supercooling reaches its limit (Storey and Storey 1996).
Freeze tolerance may also allow animals to take refuge in shallower, less thermally
buffered shelters. This may give freeze-tolerant animals a greater ability to detect and
respond to thermally favorable conditions compared to those that are sheltered deeper in
refuges (Storey and Storey 1996). For lizards living at high elevation, freezing may
mitigate the cost of low temperatures if conditions are such that the latent heat of
crystallization maintains their Tb above subzero ambient temperatures of short duration
(Storey and Storey 1996).

Previous Research on Lizards—Although a number of studies have been conducted,
relatively few lizard species have been studied for their adaptations to subzero Tbs (Lowe
et al. 1971; Halpern 1979; Claussen et al. 1990; Lemos-Espinal and Ballinger 1992;
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Halloy and Gonzalez 1993; Costanzo et al. 1995; Grenot et al. 2000; Burke et al. 2002;
Voituron et al. 2002). These studies set the foundation for work in this area by providing
accounts of cold-hardiness capacities of single species, while generally associating the
cold hardiness of a species to its distribution in a cold region (Halpern 1979; Halloy and
Gonzalez 1993; Costanzo et al. 1995; Burke et al. 2002; Voituron et al. 2002), and/or by
focusing on biochemical responses to subzero Tbs (Costanzo et al. 1995; Grenot et al.
2000; Voituron et al. 2002). Few studies, however, have addressed questions explicitly
regarding comparative cold hardiness within a clade of lizards. Here, I adopt the methods
used by previous workers to characterize the cold-hardiness strategies of six species in
the genus Liolaemus, that occur along a 2525-m elevational gradient, and relate these
findings to the ecology and evolutionary history the lizards.

Liolaemid Lizards—Throughout southern South America, liolaemid lizards (~280 species
in three genera) reign as the dominant reptiles. Most liolaemids (~86%; ~240 species) are
in the species-rich genus Liolaemus. With a latitudinal distribution ranging from central
Perú to the southern tip of the continent (8–54° South), and an elevation distribution
ranging from sea level to above 5100 m, Liolaemus experience an extremely broad range
of climatic conditions (Cei 1986, 1993; Etheridge and Espinoza 2000; Espinoza et al.
2004; Lobo et al. 2010). Species richness and distribution make this lineage ideally suited
for testing hypotheses related to temperature adaptation. Moreover, numerous species and
clades in Liolaemus have independently invaded high-elevation regions (Schulte et al.
2000; Espinoza et al. 2004; Lobo et al. 2010), thus providing a unique opportunity to
investigate the role of evolutionary history on adaptations to freezing conditions.
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The cold-hardiness abilities of high-elevation lizards likely differ from those of
their low-elevation congeners. Reptiles living at high elevation can experience extreme
fluctuations in daily temperature. For example, in the high Andes (>4000 m) of northern
Argentina, freezing nights and daytime ground temperatures exceeding 35 ºC occur
nearly every day of the year (Fig. 1). In contrast, temperatures tend to be less severe at
lower elevations (Table 1). Coupled with the limited availability of thermal resources,
thermal challenges may be compounded for high-elevation species because of fewer
suitable refuges (Costanzo and Lee 1995).
Previous studies have investigated a number of physiological traits in an effort to
explain how some species of Liolaemus occur at high elevations (e.g., thermal tolerances,
field Tb, selected Tb, etc.) (Carothers et al. 1997; Espinoza et al. 2004; Cruz et al. 2005,
2011; Labra et al. 2009; Valdecantos et al. 2013). In a study of 15 species of Liolaemus,
Cruz et al. (2011) hypothesized that energy expenditure would be lower in species from
harsh high-elevation climates. Carothers et al. (1997) hypothesized that critical thermal
minima (CTmin) would negatively correlate with elevation. However, both studies were
able to reject these physiological traits as mechanisms to explain the elevational
distribution of Liolaemus.
Despite their suitability as a system for studying the evolution of adaptation to
freezing conditions, only one study has previously investigated cold-hardiness attributes
in a liolaemid. Halloy and Gonzales (1993) compared observations of survival during
freezing events for L. haucahausicus in nature (4250 m) and tested for survival after
exposing lizards to freezing temperatures in a lab at low elevation (470 m). They
concluded that the elevation of the experiment probably influenced freeze-tolerance
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capacities. Despite the limitations of the study (no period of acclimation, unknown
husbandry practices, comparing freeze tolerance during different seasons), their
investigation brought attention to the cold hardiness of high-elevation Liolaemus.

Objectives and Hypotheses—The objectives of my study were to determine the relative
roles of ecological adaptation and phylogeny on the cold-hardiness capacities among
members of a diverse clade of lizards. I collected six species of Liolaemus along an
elevation gradient (1550–4075 m) in northwestern Argentina, measured annual operative
temperature data at each locality, characterized lizards’ supercooling capacities (Tc,S), ice
inoculation susceptibilities (Tc,I; the temperature of crystallization when an external ice
source is present), and freeze tolerance capacities (the capacity to survive a freezing
event), and attempted to identify factors (ecological vs. evolutionary) influencing these
physiological traits. This study is the first to use an explicit phylogenetic framework to
test the evolution of cold-hardiness strategies in a diverse assemblage of lizards. I tested
whether strategies for coping with freezing temperatures have been conserved
evolutionarily (sensu Bogert 1949: i.e., within an evolutionary group all species exhibit
the same cold-hardiness capacities regardless of whether they live in a high-elevation
environment) or adaptively labile (species in the same climatic region exhibit the similar
responses to cold stress regardless of their evolutionary history).
One of my two alternative hypotheses contended that species living in habitats
that routinely experience freezing temperatures (>3000 m) will have greater coldhardiness capacities (i.e., lower Tc,S, higher Tc,I, and a greater probability of survival
following a freezing event of greater intensity and longer duration) than their low-
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elevation congeners. If this is true, phylogenetic conservatism would play a less
important role in determining cold hardiness, given the numerous independent invasions
of cold climates by liolaemids (Espinoza et al. 2004).
Alternatively, if evolutionary changes in elevation are not correlated with
evolutionary changes in cold hardiness, I hypothesized that supercooling and freezetolerance abilities ought to be considered more conserved in the evolutionary history of
these lizards. If this is the case, then I predicted that closely related species would have
similar Tc,S, Tc,I, and freeze-tolerance capacities.
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Materials and Methods

Overview—Individuals of six species of Liolaemus were collected along a 2525-m
elevational gradient. At each collection site, I deployed temperature dataloggers to
approximate the thermal habitats of the species. Eight individuals of each species were
subjected to cooling in the absence of an external ice source to determine their
supercooling temperature of crystallization (Tc,S), i.e., the temperature at which
supercooling reaches its limit and body water freezes. Eight different individuals of each
species were then tested for their susceptibility to freeze (the temperature of
crystallization when in the presence of ice, Tc,I), as well as their capacity to tolerate
freezing of various amounts of body water. Data were analyzed using conventional
statistics and phylogenetically informed comparative methods.

Lizards—The six lizard species used for this study were collected from the following
localities in northwestern Argentina (Fig. 2): Liolaemus multicolor, ~24 km SE of San
Antonio de los Cobres off Ruta Nacional 51, La Poma Department, Salta Province
(24.3310 °S, 66.1537 °W, 4075 m; Fig 2A); L. albiceps, ~20 km SE of San Antonio de
los Cobres on Ruta Nacional 51, La Poma Department, Salta Province (24.2983 °S,
66.1503 °W, 3975 m; Fig 2B); L. parvus, Aguadas la Pinchagua, Reserva de Uso
Múltiples Don Carmelo, Ullum Department, San Juan Province (30.9580 °S, 69.0837
°W, 3120 m; Fig 2C); L. ramirezae, near km marker 95 off Ruta Provincial 307, Tafí del
Valle Department, Tucumán Province (26.6846 °S, 65.8114 °W, 2850 m; Fig. 2D); L.
quilmes, ~1.7 km NW of Amaicha del Valle off Ruta Provincial 307, Tafí del Valle
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Department, Tucumán Province (26.5774 °S, 65.9318 °W, 1975 m; Fig. 2E); and L.
scapularis, ~10.5 km E of Cafayate off Ruta Nacional 68, Cafayate Department, Salta
Province (26.0533 °S, 65.8873 °W, 1550 m; Fig. 2F). All lizards were adults and were
collected by hand or by noose in January (austral summer) of 2012 and 2013. A second
sample of L. ramirezae was collected in 2013 to rerun supercooling experiments.
I recorded the elevation at each site with a handheld GPS unit (Garmin Oregon
400t, Olathe, KS). Lizards were kept individually in ventilated plastic bags with paper
towels and fasted at ambient temperatures (~23–35 ºC) for ≥2 d prior to acclimating them
to colder temperatures. Under these conditions, I expected the animals to purge most icenucleating bacteria harbored in the gut, permitting subsequent experiments to test the
innate cold-hardiness capacities of the lizards (Costanzo and Lee 1998). Prior to
experiments, I measured the mass of each lizard with a digital balance (± 0.05 g; Denver
Instrument MXX-612, Bohemia, NY) and measured snout–vent length (SVL) using a
transparent, plastic ruler (Table 2). Following experiments, all specimens were killed
with sodium pentobarbital, fixed in 10% formalin, preserved in 70% ethanol, and
deposited at Museo de Ciencias Naturales–Universidad Nacional de Salta (MCN–UNSa).

Operative Temperatures—To test the extent to which these lizards experience subzero
temperatures in nature, as well as support the experimental rates of cooling used in this
study, I characterized the seasonal thermal environments experienced by each species at
their collection site. I did this by deploying 1 or 2 miniature temperature dataloggers
(iButtons, DS1921G/DS1922E, ± 0.5 ºC, Maxim Integrated, San Jose, CA) in potential
thermal refuges, including beneath rocks, ~1 m deep in rodent burrows, at the base of
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shrubs, in clumps of vegetation, and on ground or rock surfaces such as those I observed
the lizards using as basking sites. iButtons were programmed to record temperatures at
66-min intervals (to optimize the number of data points collected before retrieval over the
course of a year) and secured to their deployment locations with 1.6-mm diameter steel
wire. The use of iButtons as estimators of operative temperatures (Te) is appropriate
because of the small size of the lizards under study (3.6–15.3 g; Vitt and Sartorius 1999;
Shine and Kearney 2001; Vitt et al. 2005; Table 2).

General Experimental Protocols—Eight adults of each species were assigned randomly
to the supercooling experiments, and eight different individuals per species were used in
the experiments associated with freeze tolerance. Because thermocouples placed inside
the cloaca might become a focus for ice nucleation (Costanzo et al. 2008), Tb was
recorded during all experiments by securing a fine thermocouple (30 AWG, type K) to
each lizard’s chest and tail base with athletic tape. The thermocouple tip terminated at the
center of the chest (Costanzo et al. 1995). The efficacy of using an external thermocouple
to estimate core Tb was tested by taping one thermocouple to a dead lizard’s belly and
inserting another thermocouple into the lizard’s cloaca. For this I used an adult L. parvus,
(8.01 g), which was midsized among the six species. Both thermocouples recorded
similar measurements (y = 1.05x – 0.64 [where: y = belly temperature, x = cloaca
temperature]; r2 = 0.997) from –2 to 22 ºC over an approximately 20-min period. Because
the temperatures closely approximated one another and this test had a much faster
cooling rate than used in experiments (roughly –1 ºC min–1 versus –0.03 ºC min–1,
respectively), I assumed equilibration between internal and external Tbs during the
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experiments described below. Thermocouple data (time and Tb) were monitored and
recorded by a multichannel datalogger (TC-08, pico Technology, Tyler, TX).
I conducted supercooling and freeze-tolerance experiments by placing animals in
a cooling chamber constructed of eight aluminum tubes (25.8 ×!6.0 cm, ~730 cm3)
surrounded by a water jacket of 0.6-cm thick acrylic sheeting. A refrigerated bath
circulator (Thermo Scientific NESLAB RTE-7, Waltham, MA) chilled an ethylene glycol
solution (95%) through the water jacket, causing the air in the aluminum tubes to
equilibrate to the temperature of the chilled solution. In all experiments, lizards were
chilled at a rate of –2 °C h–1, which represents an intermediate rate recorded by the
iButtons in refuges from the coldest locality sampled (L. albiceps and L. multicolor).
Prior to each experiment, I acclimated lizards to 6–8 ºC (Voituron et al. 2002) for ≥6 h in
a domestic refrigerator.
I observed an exotherm (a positive spike in the Tb profile, indicating a release of
heat as ice is formed) in all supercooling experiments except those conducted on L.
ramirezae in 2012. For this trial, only two individuals experienced a flash-freezing event.
I attributed this to an initially lower concentration of ethylene glycol solution (~50%) in
the circulating waterbath than ultimately used in subsequent experiments, and high
ambient temperatures (>32 °C) in the lab, which likely prevented the chilled solution
from attaining temperatures required to freeze these lizards. After that trial, I increased
the proportion of ethylene glycol used in the refrigerated bath to ~95% for all subsequent
experiments. All L. ramirezae exhibited an exotherm in a subsequent trial (2013),
indicating the aforementioned issue was technical, not biological.
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Supercooling Capacity—To determine the minimum Tb that a species attains before
supercooling ceases, I conducted supercooling experiments on eight individuals of each
species, with all individuals of the same species tested simultaneously. Cooling chamber
tubes were cleaned and dried prior to each experiment to minimize the potential of an
external source of ice inoculation. Following the period of acclimation, I placed a single
lizard into each tube. The cooling process began with tubes equilibrated to 4 ºC. The
supercooling temperature of crystallization (Tc,S) was then recorded as the lowest Tb
achieved immediately before supercooling ceased and body fluids began to freeze. I
determined Tc,S as the Tb just prior to the appearance of an exothermic spike in the Tb data
profile, which corresponds to the heat liberated at the point of ice formation (Lowe et al.
1971; Claussen et al. 1990; Muir et al. 2010). I did not observe condensation or ice in the
tubes during the supercooling experiments. Tc,S was compared to the FP data obtained
from freeze-tolerance experiments (described below) to confirm that supercooling
occurred.

Susceptibility to Ice Inoculation and Freeze Tolerance—The experiments on both
temperature of ice inoculation and freeze tolerance were conducted on eight individuals
of each species, with all individuals of the same species tested at the same time.
Randomizing among all species within an experiment was not possible because of
anticipated differences in cold-hardiness capacities. After a period of acclimation (≥6 h at
4 ºC), each lizard was placed into its own tube of the cooling chamber, which was at 4 ºC
and contained ca. 100 g of ice chips (Costanzo et al. 1995, 2006; Baker et al. 2007). I
introduced additional ice chips when the tubes reached 3 ºC. The additional ice ensured
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the lizards were in constant contact with ice throughout each experiment. The chamber
was cooled at a rate of –2 ºC h–1 until the timed trial was complete (see Freeze Tolerance
below). This protocol mimics environmental conditions and initiates the gradual freezing
of body fluids at Tbs much higher than Tc,S, thereby avoiding the sudden, often lethal,
freezing event experienced immediately following the limit of supercooling (Storey and
Storey 1988; Costanzo et al. 2008). Sample sizes for the ice-inoculation and freezetolerance experiments were n = 8 for all species, except L. scapularis (n = 7 for ice
inoculation and freeze tolerance) and L. multicolor (n = 7 for freeze tolerance) because of
faulty thermocouples.
Susceptibility to Ice Inoculation—Beginning with the experiments on
susceptibility to ice inoculation, I wanted to determine the Tb at which lizards would
freeze when exposed to an external ice source. As described above, the occurrence of a
freezing event was observed as a spike in the Tb data profile, albeit to a much lesser
degree than the exotherm observed for Tc,S. Tbs at which lizards began to freeze indicated
the temperature of ice inoculation (Tc,I) (similar to Tc,S experiments).
Freeze Tolerance—Freeze-tolerance experiments were conducted in conjunction
with the ice-inoculation experiments. After recording Tc,I, individuals of each species
remained in their tubes. Then each tube was randomly selected to keep its lizard in a
frozen state for one of eight time treatments (15, 30, 45, 60, 90, 120, 150, and 180 min).
Following each treatment, lizards were removed, placed in a styrofoam cooler (ca. 30.5
×!25.4 ×!20.3 cm, ~5.1 cm thick), and passively thawed at ~13 ºC (following Costanzo et
al. 1993a). Thermocouples were removed from the lizards after they achieved thermal
equilibrium with the thawing chamber. After thawing, the survival of each lizard was
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tested every ~8 h for 2 d while lizards were kept in ventilated plastic bags under ambient
lab conditions (~26–32 ºC). To assess functional responses, I checked the righting reflex
via tactile stimulation with a blunt probe (Costanzo et al. 1991, 1995; Burke et al. 2002;
Muir et al. 2010). As noted above, faulty thermocouples resulted in a sample-size
reduction for some species (i.e., n = 7 for L. multicolor and L. scapularis in the freezetolerance analysis). However, these data “losses” were irrelevant to the timed trials as
both individuals were randomly assigned to the 180-min trial and no individual from any
trial survived beyond the 90-min trial.
The temperature attained by a lizard at the point it was removed from the cooling
chamber (Tx) was used to estimate the percent body water that was converted to ice. Ice
composition (F) was estimated with equation 1 (following Claussen and Costanzo 1990;
Claussen et al. 1990):
equation 1:

F = Imax – Imax (FP!Tx –1),

where F = percentage of body water frozen, FP = freezing point, Imax = percent of body
water available to freeze, Tx = temperature at time x when the lizard was removed from
the cooling chamber.
I determined the freezing point (FP) at the end of each freeze-tolerance
experiment. As lizards passively thawed, the FP was determined as the maximum of the
endothermic curve observed during the melting of body ice immediately before Tb
increased (Claussen and Costanzo 1990; Grenot et al. 2000), as the freezing point of a
substance is also its melting point. These data were used in equation 1 and in the analysis
to determine whether supercooling had occurred.
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To calculate Imax, I used a different set of individuals to estimate the maximum
amount of bound water for each species (L. albiceps: n = 6, L. multicolor: n = 5, L.
parvus: n = 2, L. quilmes: n = 5, L. ramirezae: n = 3, L. scapularis: n = 2). This provided
an independent and more accurate estimate of the ice content in the lizards subjected to
the previous set of timed, freeze-tolerance experiments. I placed lizards in a domestic
freezer (ca. –12.0 °C) and allowed them to freeze well beyond the temperature at which
ice inoculation occurs. Lizards remained at this temperature for ~48 h. Under these
conditions, lizards likely became as frozen as possible, allowing me to quantify the
difference between the theoretical water content available to freeze and the actual water
available to freeze. I then used calorimetry to estimate the ice composition, and thus the
maximum percent of freezable water (Imax), in these lizards. After lizards attained their
maximum ice content, frozen lizards of known initial Tb were placed in a 290-ml vacuum
flask (Layne and Lee 1987) containing 150 ml of water. A styrofoam plug (mushroom
shaped in profile, extending ~5 cm into the opening of the flask to minimize air space)
was inserted immediately following introduction of the lizard. The temperature of the
water was monitored (Burke et al. 2002; Voituron et al. 2002) using a type-K
thermocouple. The mass of ice in a frozen lizard (Wi) was then estimated by equation 2
(Claussen et al. 1990):
equation 2:

Wi =

[Fc ×!Ww ×!Sw Ti !–!Tf ]+(Ts !–!Tf )[ Wd ×!Sd + (Ws ×!Sw )
Q +!Sw Ts !–!Tf +!Si FP -!Ts +!Sw (Tf !– FP)

,

where Q = heat of fusion of water (79.7 cal g–1 ºC), Si = specific heat of ice (0.5 cal g–1
ºC), Sw = specific heat of water (at 20 ºC, 0.9988 cal g–1 ºC), Tf = final temperature of
water in the calorimeter (ºC), Ti = initial temperature of water in the calorimeter (ºC), Ts =
absolute temperature of ice (ºC), Wi = mass of ice (g), Ws = mass of water in tissue (g),
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and Ww = mass of water in the calorimeter (g). For the specific heat of dry lizard tissue
(Sd), I used 0.25 cal g–1, the mean value from published estimates for other species of
lizards (Claussen et al. 1990; Burke et al. 2002; Voituron et al. 2002, 2004). This value is
a reasonable approximation because there is little difference among values for lacertid
lizards (Podarcis muralis, P. sicula, and Z. vivipara; Sd range: 0.23–0.27 cal g–1) and I
assumed that the body composition of the lizards used in my study were not different
from each other or the three previously studied lacertids.
The calorimeter constant (Fc) was determined using equation 3 (Claussen et al.
1990; Layne and Lee 1991):
equation 3:

Fc !=!

Wi × Si × Ts + Wi × Sw × Tf + (Wi × Q)
Sw Ww + Wi !× (Ti !– Tf )

,

where Q = heat of fusion of water (79.7 cal g–1 ºC), Si = specific heat of ice (0.5 cal g–1
ºC), Sw = specific heat of water (at 20 ºC, 0.9988 cal g–1 ºC), Tf = final temperature of
water in the calorimeter (ºC), Ti = initial temperature of water in the calorimeter (ºC), Ts =
absolute temperature of ice (ºC), Wi = mass of ice (g), and Ww = mass of water in the
calorimeter (g). The difference between the actual mass of water and the calorimetrically
determined mass of ice was used to calculate Imax in equation 1. Thus, the estimated
amount of ice formed more closely approximates actual values (Claussen et al. 1990).

Data Analysis—I conducted conventional statistical analyses in SYSTAT v. 13 (Chicago,
IL) and JMP 11.1 (Cary, NC). SVL was used throughout as the measurement of body size
because the two body-size parameters were highly correlated with each other (r = 0.912,
df = 93, P < 0.001) and the SVL data better met standard data assumptions for statistical
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tests. Mann-Whiney U tests were used to determine whether each species had the
capacity to supercool by comparing the mean Tc,S for each species with its respective FP.
I detected heteroscedasticity among species in their Tc,S values. When analyzing
the effect of elevation on supercooling capacity, I first plotted Tc,S by SVL, which
returned homoscedastic residuals. A log transformation rendered the residuals normal.
Residuals were then plotted against elevation. This procedure allowed me to account for
multiple independent variables. Because the data did not meet the assumptions for
parametric statistics, I could not use ANCOVA or multiple regression. I used a model 1
regression to determine the relationship between the size-adjusted Tc,S and elevation. To
determine differences in Tc,S among species, I used a Welch’s ANOVA with GamesHowell posthoc tests.
FP values were used to compare with Tc,S values and to calculate the estimated
percent body-ice composition in frozen lizards. FP also provides an assessment of an
individual’s response to freezing, and so this variable was also analyzed for its
relationship to elevation and log(SVL) using multiple regression. I used multiple
regression to determine relationships among elevation and body size with FP and Tc,I.
Prior to analysis, both Tc,I and SVL were log transformed to meet the assumptions of
linear regression.
Species and elevation were confounded because each species was only collected
from one site. Because of this inferential limitation, I analyzed elevation separately from
species via planned contrasts, comparing high- to low-elevation lizards. I categorized
species into high- (>3000 m; L. multicolor, L. albiceps, and L. parvus) and low-elevation
(<3000 m; L. ramirezae, L. quilmes, and L. scapularis) groups and used ANCOVA with a
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planned comparison to test explicitly for a categorical effect of elevation. These
categories were determined from an examination of the Te data (Table 1), which showed
that only the high-elevation sites (L. albiceps, L. multicolor, and L. parvus) recorded
surface temperatures well below –0.5 ºC in summer. This difference in seasonal
temperature provided a biological basis for separating high- and low-elevation species in
statistical analyses. Logistic regression using the log-likelihood deviance G2 test was used
to test whether the probability of survival during a freezing event between the high- and
low-elevation groups was affected by body size and could be explained by bodily ice
composition (%) and/or the amount of time frozen. I used logistic regression to calculate
values corresponding to a 0.5 probability of survival in a freezing episode.
The role of phylogeny on the traits of interest among species was determined by
examining differences between conventional analyses and those that accounted for
phylogenetic relationships among the species of Liolaemus studied here. I used
independent contrasts (Felsenstein 1985; Garland et al. 1992), to take the evolutionary
relationships of the species into account before using conventional comparative analyses.
First, I created a pruned tree of the species included in my study from a robust, wellresolved phylogeny of 95 liolaemid species (Espinoza et al. 2004). Although the original
matrix included diverse kinds of data (morphology, ecology, and mtDNA sequences), not
all data were available for all the species included in my study. Consequently, I set all
branch lengths equal to one for analyses. Simulations have demonstrated that independent
contrasts is robust to the absence of specific branch-length data (Díaz-Uriarte and
Garland 1998). Independent contrasts and phylogenetic regressions were implemented
using the PDAP module (Midford et al. 2005) within Mesquite v. 2.75 (Maddison and
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Maddison 2011). I tested for relationships between standardized contrasts of elevation
and FP, Tc,I, Tc,S residuals, and the maximum amount of time an individual from a species
was frozen yet survived. Relationships were tested using linear regression forced through
the origin (Garland et al. 1992). I further explored the relationship between clade and
supercooling capacity using an ANOVA with a planned comparison. For the planned
comparison, lizards were grouped by clade: L. parvus and L. ramirezae in one group
(corresponding to subgenus Liolaemus; Schulte et al. 2000), and the remaining species in
another group (corresponding to subgenus Eulaemus; Schulte et al. 2000).
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Results

Operative Temperature—All functioning iButtons recovered from each of the field sites
recorded temperatures below 0 ºC. I was unable to retrieve Te data from iButtons placed
on the surface at the sites with L. albiceps and L. multicolor, and from the thermal
refuges at the sites with L. ramirezae and L. scapularis. Therefore, surface temperatures
from the site of the syntopic species L. albiceps and L. multicolor were taken from data
collected similarly in 2006 (Fig. 1). After haphazardly examining >20 daily temperature
profiles (irregularly spaced drops in temperature during winter lasting in excess of 6 h),
the experimental cooling rate I used was confirmed to be within the range of cooling rates
recorded by the iButtons in nature. These Tes also confirmed that high-elevation sites had
lower minimum surface temperatures (–18 ºC and – 24 ºC for the high-elevation sites: L.
multicolor/L. albiceps and L. parvus, respectively, compared to –12, –6, and –10 ºC for
the low-elevation sites: L. ramirezae, L. quilmes and L. scapularis, respectively; Table 1).
The minimum surface temperature recorded in late summer/early fall at a low-elevation
site was 0 ºC (~1 h in March at the L. ramirezae site).

Supercooling Capacity—I found Tc,S to be significantly lower than FP for all six species
of Liolaemus (Table 2), indicating the capacity for each species to supercool (L. albiceps,
L. multicolor, L. parvus, L. quilmes, L. ramerizae: Mann-Whitney test; U = 64, df = 1, P
= 0.001; L. scapularis: U = 56, df = 1, P = 0.001; Fig. 3).
The use of residuals (generated by plotting Tc,S by SVL ) did not appear to
influence the differences in Tc,S values among species (i.e., analyses of residuals followed
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a similar general trend as the raw data; compare Fig. 4 and 5). There was no significant
relationship between elevation and the residuals from log-transformed Tc,S on SVL (Fs =
1.577,, df = 1,4, P > 0.05; Fig. 5).
I found inequality of variances among the six species in their capacities to
supercool (Levene’s test for homogeneity of variances, based on means; W = 6.594, P <
0.001). There were also significant differences among the six species regarding Tc,S
(Welch’s ANOVA; F5, 19.003 = 5.684, P = 0.002). Specifically, Tc,S was significantly higher
for L. parvus compared to L. multicolor and L. scapularis (Games-Howell posthoc
comparisons; P < 0.05; Fig. 6).
However, the differences among species did not represent an elevational trend as
there was no significant effect of elevation on supercooling capacity when comparing the
high- and low-elevation groups (ANCOVA with planned comparison of high- and lowelevation species; F1,41 = 1.30, P = 0.26; Fig. 7).

Susceptibility to Ice Inoculation—For Tc,I experiments, I observed an exotherm in body
temperature profiles for all individuals tested. Regression analyses failed to show
elevation as a significant predictor of Tc,I when accounting for body size, but indicated
that Tc,I increased with increasing lizard body size (t = 2.072, df = 44, P = 0.044; Fig. 8).
However, when explicitly testing for the effect of elevation on Tc,I, the high-elevation
group had significantly higher Tc,I values (ANCOVA with planned comparison; F1,40 =
12.16, P = 0.001; Fig. 9).
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Freeze Tolerance—FP values were recorded from all individuals included in the freezetolerance experiments. In these experiments, the high-elevation species had lower FP
than their low-elevation congeners (t = 2.742, df = 44, P = 0.009; Fig. 10).
Testing specifically for the effect of elevation on FP, I found a significant
negative effect of elevation on FP when comparing the high- and low-elevation groups,
with the former having lower FP values (ANCOVA with a planned comparison; F1,40 =
9.89, P = 0.003; Fig. 11).
There were no significant differences among species in Imax values (KruskalWallis test; H = 4.260, df = 5, P = 0.513). Because of this, and the unequal number of
individuals (L. albiceps: n = 6, L. multicolor: n = 5, L. parvus: n = 2, L. quilmes: n = 5, L.
ramirezae: n = 3, L. scapularis: n = 2), I used the mean Imax value (80.0 ± 3.2%) in
calculations used to estimate percent body-ice composition. This is comparable to the
81.8% value calculated for Podarcis muralis by Claussen et al. (1990).
Following time trials of the freeze-tolerance experiments, I observed that all
lizards had a laterally curled body position, no breathing movement, and were inflexibly
rigid (Fig. 12). The degree of body curling appeared to correlate positively to the duration
of the freezing event. I found no significant differences between high- and low-elevation
species in lethal body-ice content (only percent ice had a significant effect on survival;
logistic regression with a log-likelihood deviance G2 test, G2 = 11.389, df = 1, P < 0.001).
Because there was no significant difference detected, all individuals were used in a
logistic regression analysis to estimate the 0.5 probability of surviving a freezing episode.
The ice composition of freezable body water corresponding to a 50% chance of survival
was 65.2% (Fig. 13). Despite the similarity in lethal percent ice composition among
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species and its effect on survival, high-elevation lizards survived longer during freezing
events (time × elevation category had a significant effect, logistic regression using loglikelihood deviance G2 test; G2 = 139.268, df = 1, P < 0.001). Specifically, high-elevation
species had a 0.5 probability of survival for 91 min when containing some amount of
body ice (only L. albiceps and L. multicolor survived the 90-min freezing trial), whereas
low-elevation species had the same probability of survival after 75 min (Fig. 14). Body
size was included in both analyses, but had no significant effect on survival (P > 0.05).

Phylogenetic Analyses— None of the analyses using independent contrasts produced a
statistical conclusion different from tests using conventional analyses. FP and the
maximum amount of time that a lizard was frozen and survived had a significant
relationship with elevation (r2 = 0.72, P = 0.03 and r2 = 0.88, P = 0.005; Fig. 15, 16). I
found no significant relationship between elevation and the residuals of Tc,S versus SVL
or between elevation and Tc,I, after accounting for the phylogenetic relationships among
the species studied (r2 = 0.04, P = 0.50 and r2 = –1.72, P = 0.42; Fig. 17, 18).
However, when grouped by clade, species belonging to the subgenus Eulaemus
(L. scapularis, L. quilmes, L. albiceps, and L. multicolor) had significantly lower
supercooling capacities than those in the subgenus Liolaemus (L. parvus and L.
ramirezae) (ANOVA with planned comparison; F1,42 = 6.648, P = 0.014; Fig. 19).
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Discussion

All six species of Liolaemus included in this study had the capacity to supercool and
tolerated freezing events; however, the species varied in their cold-hardiness capacities.
The differences in supercooling capacities among the species may be attributed, in part,
to phylogenetic differences (subgenus Eulaemus had lower Tc,S than subgenus
Liolaemus). The cold-hardiness capacities of high-elevation lizards (>3000 m) differed
from those of their low-elevation congeners with respect to susceptibility to ice formation
(high-elevation lizards froze at higher temperatures when in contact with ice) and extent
of freeze tolerance (high-elevation species survived longer during freeze events). These
phenomena may be linked to the generally larger body sizes of high-elevation species. In
sum, the cold-hardiness capacities characterized in this study indicate that the thermal
ecology of these lizards played an important role in their adaptive physiology.

Supercooling Capacity & Phylogeny—Evolutionary relationships played a role in
determining the supercooling capacity of the populations of Liolaemus that I studied. In
general, I found that lizards in the montanus group (subgenus Eulaemus; Schulte et al.
2000) supercooled to lower Tb than lizards in the chiliensis group (subgenus Liolaemus;
Schulte et al. 2000). The reasons for this difference between the two clades is not clear.
Although many species in the montanus group live above 4000 m, so do numerous
species in the chiliensis group (e.g., L. alticolor, L. pagaburoi, L. paulinae, L. puna, L.
tacnae, L. variegatus, L. walkeri, L. yanalcu; Espinoza et al. 2004). Members in each
clade could very well have substantial cold-hardiness capacities. However, the number of
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species studied in each group is insufficient to make generalizations about the cold
hardiness of other members of either clade.
Nevertheless, the capacity for all species to supercool, regardless of species
variation in the Tb at which supercooling ceases, is biologically interesting. The
presumably conserved supercooling capacity may explain the success of Liolaemus.
Espinoza et al. (2004) concluded that the ancestor of Liolaemidae was most likely from a
warm climate and suggested that the clade evolved ecophysiological traits conducive to
living in cold climates early in the lineage’s history. If the ability to supercool is the
ancestral state, this cold-hardiness strategy may partly explain why numerous species
from different clades within the genus Liolaemus have been so successful at invading
and/or occupying high-latitude and high-elevation environments.

Ice Inoculation & Body Size—Lizards with larger body sizes were more prone to freeze at
higher Tbs. Body size could directly affect Tc,I if the greater fluid volume of a largebodied lizard increases the probability of containing an ice nucleator (Costanzo and Lee
1998). Converting body water to ice at relatively high Tbs when in contact with an
external ice source is important if a lizard encounters moisture during a freezing episode.
If a lizard resists freezing biochemically, at a Tb close to its Tc,S, the rapid freezing
following the termination of supercooling would likely prove fatal. Based on my results,
there may have been selection for larger body size in lizards that are likely to encounter
ice when Tes are below freezing.
Whether because of body size or biochemistry, the species from the highest
elevation sites had the greatest Tc,I. These species, L. albiceps and L. multicolor, had the
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third and first highest Tc,I, respectively (Table 2). However, one species in the lowelevation group, L. scapularis, had the second highest. That L. scapularis is an
arenicolous species may shed light on its susceptibility to ice inoculation. In both field
and laboratory studies, this species buries itself only shallowly in sand (Halloy et al.
1998). Because of the porosity of sand, being superficially buried likely exposes these
lizards to water during precipitation events. Should precipitation be coincident with
subfreezing temperatures, it would be advantageous for this low-elevation species to be
more susceptible to freezing, and thus have a greater chance of surviving a freezing
episode.
My findings on temperatures of ice inoculation are concordant with similar
studies that have been conducted on a diversity of animal species. After examining the
relationship between body size and Tc,I among insects, arachnids, fishes, amphibians,
reptiles, and mammals, Lee and Costanzo (1998) showed that species with larger body
sizes have higher Tc,I. This same trend was revealed in a recent study of 31 species of
terrestrial snails: species with lower water content (generally the smaller species) were
more resistant to freezing (Ansart et al. 2014). The lizards in my study also followed
these trends, as Tc,I increased significantly with an increase in body size (Fig. 6).
Furthermore, these results may provide an explanation for the positive relationship
between body size and elevation for Liolaemus after accounting for phylogeny (R. E.
Espinoza unpubl. data).

Freeze Tolerance & Elevation—In my study, lizards from high elevations survived
freezing for a longer period of time when compared to lizards from low elevations (Fig.
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13). Surviving in a frozen state for a longer period of time increases a lizard’s chances of
surviving a freezing event. That high-elevation lizards are more freeze tolerant than lowelevation lizards corresponds with the Te data, which recorded the most extreme Te
minima at high elevations (Table 1). Thus, the physiological traits that confer cold
hardiness are important adaptations that these lizards have apparently evolved to live at
high elevations.
The freeze-tolerance capacities of the six species of Liolaemus used in this study
were at the upper limits of internal ice formation reported for other freeze-tolerant lizards.
In my study, lizards had a 50% chance of survival when ice formation accounted for 65%
of freezable body water. This value is at the upper limits (65–70% of body water
converted to ice) for other freeze-tolerant vertebrates (Storey and Storey 1992; Costanzo
et al. 1995). The only lizard known to have a freeze-tolerance capacity this high (55–
66%) is Z. vivipara (Costanzo et al. 1995).
I did not detect a statistical relationship between freeze tolerance and body size.
This was an unexpected result, as the benefits of a larger body size are evident when
examining previous work conducted on the relationship between body size and the rate of
internal ice formation. In larger animals, ice growth occurs more slowly as less water
freezes in a given amount of time (Costanzo et al. 2006). In a study of 10 species of
Liolaemus, Carothers et al. (1997) showed that body mass determined thermal inertia, as
larger lizards took longer to cool. Perhaps the range of lizard body sizes in my study was
insufficient to detect this trend.
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Relationship of Ecophysiology to Other Aspects of the Biology of Liolaemus—The
ecophysiological traits studied here provide insight into how these species cope with
cold-temperature stress in their respective habitats. My results suggest that before the
species diverged the whole lineage had considerable ability to supercool. This could have
allowed for lizards to cope with freezing temperatures when in refuges (and consequently
not in contact with an external ice source). If this is true, the capacity to supercool likely
allowed some lineages of Liolaemus to invade or persist in cold-climate habitats, where
the presence of an external ice source during cold spells selected for larger body sizes
(permitting higher Tc,I values) and the higher probability to survive freezing at higher
elevations.
Although this interpretation provides a general understanding of what allowed
Liolaemus to live at high elevations, it lacks detailed support concerning how species
have their respective cold-hardiness capacities. But, the results of this study become more
informative when integrated into the broader context of the biology of these lizards,
particularly in light of aspects of their abiotic environment, as well as their behavior,
morphology, and biochemistry.
Abiotic Conditions—Although Te data were collected for this study, a more
detailed understanding of the climatic patterns of the regions inhabited by these lizards
would improve our understanding of why these lizards have the abilities to both
supercool and tolerate freezing to the extent that they do. In general, the habitats from
which the high-elevation lizards in this study were collected can be characterized as
having relatively long periods of subzero temperatures during winter and brief periods of
subzero temperatures (at least at the surface) during summer (Table. 1). These sites also
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have extremely dry winters, receiving the majority of annual precipitation during summer
(Pearson 1954). These seasonal patterns of both temperature and precipitation likely
influence which cold-hardiness strategy prevails under various climatic conditions. For
example, in the summer, the presence of water/ice combined with brief periods of
subzero temperatures may have selected for tolerance to freezing in lizards from highelevations. In contrast, low-elevation lizards rarely encounter simultaneous wet/icy and
cold conditions, imposing less pressure to tolerate freezing. However, the long dry cold
winters that characterize the habitats of all six species may have selected for the evolution
and maintenance of the physiological capacity to mount a supercooling response.
Behavior—The seasonal-correlation hypothesis posited above also may be
supported by the behavior of these lizards. For example, Maia-Carneiro and Rocha
(2013) found L. lutzae (a tropical beach dweller from Brazil) to be a thermoconformer
during the dry season, but a more active thermoregulator during the rainy season. If this
is true for other species of Liolaemus, it may have implications regarding cold-climate
pressures and the capacity for a lizard to survive a freezing episode. For example, the
high-elevation lizard L. huacahuasicus ranges up to 4650 m, where it sleeps at or near the
surface in summer, but overwinters for months below ground (Halloy and Gonzalez
1993). Although it is likely that L. huacahuasicus behaviorally exposes itself to freezing
temperatures while in contact with ice, this behavior also affords this species greater
access to solar radiation, earlier emergence, and longer periods of activity than refugeseeking species. By overwintering for months below ground, this species can select the
warmest, yet perhaps still subzero temperatures available. That L. huacahuasicus subjects
itself to summer freezing may explain the freeze-tolerance capacities reported for the six
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species of Liolaemus in my study. First, the high-elevation species are the only ones that
experience subzero surface temperatures in the summer (Table 1). Second, high-elevation
species typically inoculate ice formation at higher Tbs than the low-elevation species (Fig.
7), avoiding the potential to flash-freeze and die as supercooling reaches its limit. This
indicates that high-elevation species rely on freeze tolerance to a greater extent and
suggests that these species share the same thermoregulatory behavior as L.
huacahuasicus. Last, high-elevation species are generally more freeze-tolerant.
Specifically, high-elevation species had a 50% probability of surviving a freezing event
of 91 min (Table 2; Fig. 14). This finding corresponds with surface Te data, which
showed that in late summer, 25% of freezing events at the site with L. parvus (3120 m)
and 35% of those at the collection locality of L. albiceps and L. multicolor (3975 and
4075 m) lasted < 90 min. Of those cold spells lasting > 90 min, most lasted into late
morning when the rising sun would likely allow lizards frozen on the surface to thaw.
Thus, the physiological ability to supercool is complemented by the behavioral tendency
to seek refuge in thermally buffered microhabitats.
Morphology—Seasonal environmental pressures play a role in various
morphological traits that could affect the cold-hardiness capacities of Liolaemus. Naya et
al. (2008, 2010) found significant seasonal plasticity in organ size in L. bellii and L.
moradoensis. More specifically, these investigators found an increase in liver mass
during summer and an increase in kidney mass during winter. The authors attributed the
increase in liver mass to increased lipid storage in response to greater food availability
during the activity season. However, as a major site of gluconeogenesis, hypertrophied
livers may have been exapted for an increased physiological response to a freezing event
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by synthesizing and mobilizing glucose, a well-documented cryoprotectant (Costanzo et
al. 1993a, 1995; Storey and Storey 1987; Storey et al. 1988, 1993; Grenot et al. 2000).
Likewise, with enlarged and presumably hyperactive kidneys, lizards could withstand
greater concentrations of solutes in the blood (e.g., rat kidneys increase in size with large
concentrations of blood solutes [Song et al. 2004]), thereby depressing the blood’s
freezing point and inhibiting the formation of internal ice during winter. Measuring
seasonal plasticity in organ morphology and function may provide another indicator of
adaptive responses towards the evolution of cold hardiness than body size alone.
Biochemistry—The biochemical basis for cold hardiness also plays an important
role in determining post-freezing survival. After a freezing event, FP changed
dramatically among the species in my study following internal ice formation. For
example, FP and Tc,I might be predicted to have a positive relationship, yet I found the
opposite, with low-elevation species having a lower susceptibility to ice formation
followed by high FPs. This suggests that low-elevation species depend primarily on
freeze avoidance and resisting ice inoculation as an alternative to mounting a biochemical
response to depress their freezing point (e.g., cryoprotectant induction). In contrast, highelevation species more readily initiate freezing and, afterwards, are able to stave off the
injurious effects of freezing by presumably decreasing their FP by synthesizing and
mobilizing cryoprotectants. A follow-up study of the biochemical basis of freeze
tolerance and freezing point depression in Liolaemus is warranted.

Evolutionary & Biogeographical Implications—Physiological cold-hardiness capacities
may be helpful in understanding the geographic distribution of Liolaemus throughout the
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evolutionary history of the group. If the ability to supercool evolved early in the clade, it
may have served as a trait that allowed some lineages to invade cold-climate areas. This
preexisting trait may have allowed some lineages to disperse by “mountain climbing” to
expand their distribution and occupy new cold-climate habitats. Alternatively, both
factors associated with freeze tolerance (susceptibility of internal ice formation and
freeze tolerance) were strongest in the high-elevation species. This suggests that freeze
tolerance and susceptibility to ice formation may be adaptive traits that evolved during
long term “mountain riding” geological events. This would provide an explanation for
how recurring vicariant events, following ongoing Andean uplift, promoted phylogenetic
divergence within Liolaemus (Schulte et al. 2000).
Although lizards from the high-elevation group are more susceptible to freezing
and survive after longer freezing events, this study did not necessarily find that highelevation lizards are more cold hardy than low-elevation lizards. If high-elevation lizards
were more cold hardy, heightened cold-hardiness should be reflected in all aspects of
their physiology investigated here (supercooling capacity, susceptibility to ice
inoculation, and capacity to survive a freezing event). One way to integrate these traits is
to use susceptibility of ice formations as a proxy for freeze-tolerance capacities
(assuming it is strongly correlated with a higher probability of survival of bodily freezing
events) and compare the differences between Tc,I and Tc,S among species (Fig. 20). Using
this integrative approach, Tc,I should increase with increasing elevation (indicating greater
susceptibility to freezing and therefore a greater likelihood to rely on freeze tolerance at
higher elevations; Fig. 20 dotted line), whereas Tc,S values should decrease with
increasing elevation (demonstrating a strong capacity to supercool at higher elevations;
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Fig. 20, dashed lines). If species from high elevations are adapted to live in cold climates,
the columns would form a wedge-shaped trend. However, a horizontal line could indicate
an adapted, preexisting trait; as suggested by my supercooling data (Fig. 20, solid line).
Examination of the slopes of these lines, if constructed from a more robust sample of
species, may help to elucidate the evolutionary history of these traits.

Future Directions—As illustrated by this study, an integrative comparative investigation
can provide more explanatory power when attempting to elucidate why, when, and to
what extent terrestrial vertebrate ectotherms adopt various cold-hardiness strategies. A
comprehensive investigation of cold hardiness should include detailed abiotic,
behavioral, morphological, and biochemical data during times of cold stress. However, it
is not often that time, resources, and logistics afford the luxury of such a study, and less
comprehensive studies often provide incremental progress at assembling a complete
picture of the biological system under observation.
Foremost, we need to study more species. This would grant more power in
determining the basis for supercooling capacity and other factors associated with cold
hardiness. Although I detected conservatism in supercooling, this finding is inferentially
limited by the small number of species studied relative to the size of the genus (six out of
~240 species). I hope my study inspires researchers to more rigorously address these
findings. If evolutionary conservatism (Bogert 1949) is rejected as being primarily
responsible for the supercooling capacities among species, then adaptive habitat tracking
provides a plausible alternative explanation.
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Climatic heterogeneity may also help explain variation in supercooling capacities
if these abilities are a consequence of local adaptation. Another aspect of interest
concerning the supercooling capacities found here is the high intraspecific variation in
Tc,S, which can be attributed to differences in supercooling limits. A similar phenomenon
was reported in a study of the thermal tolerance ranges of other Liolaemus (Carothers et
al. 1997). This study showed the experimental voluntary maximum temperature range of
L. leopardinus (1800–2750 m; Espinoza et al. 2004) was ~2 ºC, whereas the range for L.
nigroviridis (500–4000 m; Espinoza et al. 2004) and L. bellii (2000–3000 m; Espinoza et
al. 2004) was about 10 ºC. In this case, climatic heterogeneity (Ghalambor et al. 2006)
may also play a role in predicting the cold-hardiness capacity of a species. For example,
species that live in regions with less microhabitat heterogeneity for thermoregulation
(such as high-elevation sites; Costanzo and Lee 1995; Valdecantos et al. 2013) should
experience greater fluctuations in Te. Therefore, the difference found by Carothers et al.
(1997; that there was less variation in a physiological trait at lower elevation) may be
predicted by habitat heterogeneity as well as elevation. The intraspecific variation in
supercooling capacity, or perhaps even other cold-hardiness traits, could be explained by
the thermal heterogeneity created by habitat structure. In my study, the species with the
greatest variation in Tc,S, as well as the lowest Tc,S, were indeed those most likely to
experience the greatest climatic heterogeneity (Fig. 1, 6). Liolaemus albiceps and L.
multicolor both inhabit sparsely vegetated areas that lack large rock formations, and L.
scapularis inhabits sand dunes (Fig. 1). These habitats probably do not afford these
lizards the structure required for substantial thermal buffering via behavioral
thermoregulation (Bujes and Verrastro 2006). Because I did not collect data on habitat

37

structure, the correlation between habitat heterogeneity and supercooling remains to be
tested.
Another limitation of my study is that each species was collected at a single
locality. The assumption here is that a species can be characterized from a few
individuals living within a single population. Intraspecific studies, including populations
spanning the range of elevationally widespread species, could distinguish intraspecific
ecotypic variation from species-specific differences in cold hardiness across elevational
gradients. Are high-elevation populations of a species more cold hardy than lowelevation populations? Do different species from similar elevations share similar coldhardiness capacities? Answering this last question (by including different species from
the same, or similar, elevations) would provide a more direct test of the determinants of
cold hardiness across an elevation gradient.
If a lizard’s cold-hardiness strategy is dependent on seasonal abiotic cues (i.e.,
temperature and moisture), and the refuge-seeking behavior of a lizard varies among
seasons, then the major flaw with the hypothesis that season plays a role in determining
cold-hardiness strategy is that lizards in summer would have to “know” when they could
or could not withstand a freezing event. Lizards that remain at the surface for a freezing
event in summer place themselves in a precarious situation in which the gamble to freeze,
and potentially gain greater access to thermal resources, are lost if the animal dies. Thus,
it would be interesting to identify the environmental cues used by lizards relating to
whether or not they can tolerate a freezing event.
I proposed that high-elevation species of Liolaemus evolved to freeze readily so
that they could increase their diel activity during summer. However, in general, my
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results indicate that liolaemids are more susceptible to freezing, yet less freeze tolerant
than other cold-hardy lizards. One of the longest freezing events survived a lizard in my
study was by an L. albiceps, which had a Tc,I = –0.35 ºC, survived freezing for 90 min,
and reached a temperature of –3.8 ºC with 61.8% of its body water converted to ice. In
contrast, Z. vivipara, a cold-adapted lizard that reaches northern Eurasia, can attain a Tc,I
of –2.9 ºC before freezing (Voituron et al. 2002), tolerate freezing for roughly 3 d at –2 to
–2.5 ºC (Costanzo et al. 1995), and survive an ice content of 41% for 36 h (Voituron et al.
2002). The differences between the findings in my study and those for Z. vivipara suggest
that the cold-climate pressures experienced by these two groups are considerably
different. Indeed, northernmost Eurasia experiences a wet cold season and a much drier
warm season (Rawlins et al. 2009), which may explain the greater freeze tolerance of Z.
vivipara. The tendency to stave off freezing may be important also, as this species could
rely on supercooling to a greater extent without the detrimental effects of rapid freezing.
The lower ice content required for survival by Z. vivipara may be explained by the less
severe temperatures it experiences during freezing given its hibernacula are insulated by
snowpack (Grenot et al. 2000). The evolution of extreme cold hardiness may have
evolved within Z. vivipara, which is naturally the most widespread terrestrial reptile
(Schmidtler and Böhme 2011), but not its closest relatives. It is not known whether any
species of Liolaemus can survive in a supercooled state for several weeks at –3.5 ºC, like
Z. vivipara (Costanzo et al. 1995). Conducting a comparative study that includes multiple
taxa and experimental protocols based on multiple environmental conditions would be
helpful in distinguishing whether such physiological capacities are the result of
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adaptation, general trends in morphology, evolutionary history, or something thus far not
considered.
The same comparative integrative approach could also be implemented using
closely related species of Liolaemus that differ greatly in the kind of cold-climate
pressures they experience. For example, it is likely that high-latitude species of
Liolaemus (such as L. magellanicus, ranging to ~54 ºS; Jaksić and Schwenk 1983) rely
on physiological cold-hardiness strategies much differently than their low-latitude
congeners. At the southernmost extent of its range, L. magellanicus experiences snow
cover for half the year and cool windy conditions year around (Jaksić and Schwenk
1983). Its habitat is dominated by small shrubs (Mulinum sp.) and bunchgrasses (Festuca
sp.), but these regions are sometimes devoid of the rodent burrows that provide other
species shelter from lengthy subfreezing winters (Jaksić and Schwenk 1983). These highlatitude coastal habitats are probably more like the habitats occupied by Z. vivipara of
north-central Europe. Consequently, the cold-hardiness capacities of L. magellanicus may
be more similar to this lacertid than to other liolaemids. Conducting cold-hardiness
experiments on this species would also more rigorously test claims that L. magellanicus
lacks adequate physiological adaptations to deal with a much different suite of coldclimate stressors (Ibargüengoytía et al. 2010) than those identified for the species in my
study.

Summary—My study is the first to compare cold-hardiness capacities in species of South
American lizards. Elevation only partially explains why some species of Liolaemus have
adapted to live in cold climates, as species from high elevations tolerated the freezing of
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body water for longer periods of time. However, larger body sizes caused lizards to
inoculate ice formation at higher Tbs than smaller lizards. Although supercooling
capacities were correlated with clade membership, hinting at the potential role of
phylogeny, a broader study is warranted given the relatively small number of species
tested here. My study also draws comparisons among cold-hardiness strategies and the
environments occupied by each species. Overall, the results of this study help to explain
how these species of Liolaemus cope with the abiotic stresses imposed by their cold
climates. In addition, my study extends our knowledge of terrestrial vertebrate cold
hardiness by weaving results from this investigation into the fabric of previous research
and offers new pathways and hypotheses for future studies.
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APPENDIX A: TABLES

Table 1. Operative temperature (Te) data collected from habitats of the six species of
Liolaemus used in this study. The same Te data were used for L. multicolor and L.
albiceps, as these species were collected in similar habitats on the same slope of a single
mountain. Data are from 2006 for L. multicolor and L. albiceps, 2012 for L. parvus, and
2011 for all others. The dotted line separates high- and low-elevation species.

species
(elevation)

elevation
category

L. multicolor
(4075 m)

high

refuge

surface …………………………………………………… surface

min T
(ºC)

min T
(ºC)

% time
below
–0.5 ºC

minimum
T (ºC)
(Jan.–Apr.)

% time
below
–0.5 ºC
(Jan.–Apr.)

% sub –0.5
ºC events
≤90 min
(Jan.–Apr.)

–9

–18

34

–10

4

35

L. albiceps
(3975 m)

high

L. parvus
(3120 m)

high

–8

–24

18

–4.5

<1

25

L. ramirezae
(2850 m)

low

n/a

–12

6

0*

—

—

L. quilmes
(1950 m)

low

–2

–6

<1

5.5

—

—

L. scapularis
(1550 m)

low

n/a

–10

2

5.5

—

—

* 0 ºC for approximately 1 h
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Table 2. Body size and cold-hardiness data for six species of Liolaemus. Values are means ± SE. SVL =
snout–vent length; Tc,S = temperature of crystallization at which supercooling ceased; Tc,I = temperature of
crystallization when in contact with external ice source; FP = freezing point.

supercooling

freeze tolerance
freeze
tolerance
(min)
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species
(elevation)

SVL
(mm)

mass
(g)

Tc,S
(ºC)

SVL
(mm)

mass
(g)

Tc,I
(ºC)

FP
(ºC)

L. multicolor
(4075 m)

64.9
± 1.5

8.3
± 0.7

–5.96
± 0.32

63.9
± 2.1

8.3
± 0.8

–0.40
± 0.04

–0.65
± 0.10

90

L. albiceps
(3975 m)

77.5
± 2.4

15.3
± 2.0

–5.39
± 0.38

75.5
± 2.2

13.9
± 1.9

–0.29
± 0.03

–0.67
± 0.05

90

L. parvus
(3120 m)

54.0
± 2.5

5.2
± 0.6

–5.01
± 0.09

57.8
± 2.1

5.9
± 0.7

–0.50
± 0.08

–0.39
± 0.05
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L. ramirezae
(2850 m)

49.8
± 1.8

3.6
± 0.3

–5.38
± 0.17

54.3
± 1.6

4.6
± 0.4

–1.14
± 0.07

–0.35
± 0.08

60

L. quilmes
(1950 m)

53.6
± 1.4

4.9
± 0.4

–5.43
± 0.10

54.3
± 0.8

4.8
± 0.2

–0.80
± 0.19

–0.53
± 0.07

60

L. scapularis
(1550 m)

57.5
± 2.4

6.3
± 0.7

–6.02
± 0.23

52.9
± 3.8

5.7
± 1.2

–0.35
± 0.05

–0.19
± 0.07

60

APPENDIX B: FIGURES

Figure Legends

Figure 1. Surface operative temperature profile from a basking site of Liolaemus
multicolor (2006, Nevados de Acay, Salta; 4295 m).

Figure 2. Habitat photos from the sites where the six species of Liolaemus were collected
(see Methods for precise localities). A and B are from the locations of the syntopic
species L. multicolor and L. albiceps (dominated by the “tola” species: Adesmia,
Baccharis, and Fabiana). Photo C: boulder-strewn habitat of L. parvus. D: habitat of L.
ramirezae (dominated by Baccharis and Parastrephia: Asteraceae). E: L. quilmes
(dominated by Larrea: Zygophyllaceae). F: sand dune habitat of L. scapularis.

Figure 3. Comparisons of Tc,S to FP for six species (n = 8 for each species) of Liolaemus
living along an elevation gradient. All species supercooled to a temperature significantly
lower than their respective freezing points (Mann-Whitney U; all P ≤ 0.001).

Figure 4. Unadjusted Tc,S values of six species of Liolaemus as a function of the elevation
where they were collected (n = 8 per species). White and gray symbols represent highand low-elevation species, respectively.
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Figure Legends (continued)

Figure 5. Body-size adjusted supercooling capacities of six species of Liolaemus as a
function of the elevation where they were collected (n = 8 per species, Fs = 1.577, df =
1,4, P > 0.05). White and gray symbols represent high- and low-elevation species,
respectively.

Figure 6. Supercooling capacities (means ± SE) of six species of Liolaemus (n = 8 per
species) living along an elevation gradient. Analyses are based on a Welch’s ANOVA
(F5, 19.003 = 5.684, P = 0.002). Games-Howell posthoc comparisons were used to detect
differences among species; bars sharing a letter were not significantly different (alpha =
0.05). Order of species is from lowest (left) to highest (right) in elevation; white and gray
bars represent high- and low-elevation species, respectively.

Figure 7. Relationship between body size and supercooling capacity of six species of
Liolaemus living along an elevation gradient. White symbols with dashed lines represent
high-elevation species, gray symbols with solid lines represent low-elevation species.
High- and low-elevation groups were not significantly different in supercooling capacity
(ANCOVA with planned comparison; F1,42 = 1.30, P = 0.26).
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Figure Legends (continued)

Figure 8. Relationship among lizard body size (SVL, mm), elevation, and the body
temperature at which freezing initiated for six species of Liolaemus. Larger lizards froze
at higher temperatures (t = 2.072, df = 44, P = 0.044), but there was no significant
relationship between FP and elevation. White and gray symbols represent high- and lowelevation species, respectively.

Figure 9. Relationship between body size and temperature at which ice forms in the body
of six species of Liolaemus. White symbols and dashed lines represent high-elevation
species, gray symbols and solid lines represent low-elevation species. There was a
significant effect of elevation on temperature of ice inoculation when comparing the
high- and low-elevation groups (ANCOVA with a planned comparison using logtransformed values of Tc,I; F1,40 = 12.16, P = 0.001).

Figure 10. FP temperatures as a function of elevation and SVL for six species of
Liolaemus. Lizards at higher elevations had lower FP (t = 2.742, df = 44, P = 0.009).
There was no significant relationship between FP and body size. White and gray symbols
represent high- and low-elevation species, respectively.
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Figure Legends (continued)

Figure 11. Relationship between body size and freezing point of six species of Liolaemus.
White and gray symbols represent high- and low-elevation species, respectively. There
was a significant effect of elevation when comparing the high elevation group to the low
elevation group (ANCOVA with planned comparison; F1,40 = 9.89, P = 0.003).

Figure 12. Liolaemus multicolor after a 90-min freeze trial. The photograph was taken
approximately 2 min after removal from the cooling chamber.

Figure 13. Lethal body-ice content for six species of Liolaemus (n = 8 for L. albiceps, L.
parvus, L. quilmes, and L. ramirezae; n = 7 for L. multicolor and L. scapularis).
Individuals of species at high elevations did not differ significantly from those at low
elevations in percent ice composition and its effect on survival of a freezing event (only
percent had a significant effect on survival, logistic regression with log-likelihood
deviance G2 test; G2 = 11.389, df = 1, P < 0.001). In general, a 65.2% ice composition
equated to a 0.50 survival probability (dotted line).
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Figure Legends (continued)

Figure 14. Survival of timed freezing events for high- and low-elevation lizards in
Liolaemus when chilled at a rate of –2 ºC h–1. High-elevation species (broken line)
survived longer during freezing events than did low-elevation congeners (solid line)
(logistic regression with log-likelihood deviance G2 test; G2 = 139.268, df = 1, P < 0.001).
Specifically, high-elevation species could survive a 91-min freezing event with a 0.50
probability of survival, whereas low-elevation species could survive a 75-min freezing
episode with a 0.50 probability. The only lizards that survived the 90-min trial were highelevation species.

Figure 15. Standardized contrasts of elevation versus standardized contrasts of freezing
point (FP) determined during freeze-tolerance experiments for six species of Liolaemus.
After accounting for phylogeny, FP decreases in species from higher elevations (r2 =
0.72, P = 0.03).

Figure 16. Standardized contrasts of elevation versus standardized contrasts of the
maximum amount of time a lizard was frozen yet survived for six species of Liolaemus.
After accounting for phylogeny, the maximum duration of a survived freezing event had
a significant relationship with elevation (r2 = 0.88, P = 0.005).
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Figure Legends (continued)

Figure 17. Standardized contrasts of elevation versus standardized contrasts of the
capacity to supercool (Tc,S) for six species of Liolaemus. After accounting for phylogeny,
Tc,S had no significant relationship with elevations (r2 = 0.04, P = 0.50).

Figure 18. Standardized contrasts of elevation versus standardized contrasts of the body
temperature at which ice inoculation occurs (Tc,I) for six species of Liolaemus. After
accounting for phylogeny, Tc,I had no significant relationship with elevation (r2 = –1.72, P
= 0.42).

Figure 19. Phylogeny (pruned from Espinoza et al. 2004) of the six species of Liolaemus
along with their respective Tc,S. Eulaemus had significantly lower Tc,S than Liolaemus
(ANOVA with planned comparison between clades [L. albiceps, L. quilmes, L.
scapularis, and L. multicolor in subgenus Eulaemus versus L. ramirezae and L. parvus in
subgenus Liolaemus]; F1,42 = 6.648, P = 0.014). White and gray bars correspond to highand low-elevation species, respectively.
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Figure Legends (continued)

Figure. 20. Tc,I and Tc,S for six species of Liolaemus (the top of each column is defined by
the respective Tc,I for each species and the bottom of each column is defined by the
respective Tc,S for each species, as determined in this study). The dotted line represents
the theoretical trend in Tc,I and the dashed line represents the theoretical trend in Tc,S if
cold-hardiness capacities are adaptive traits evolved by lizards to live in cold climates.
The solid line is used to illustrate the Tc,S results found in the this study.
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