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ABSTRACT

Thermal physiology helps us understand how ectotherms re-
spond to novel environments and how they persist when intro-
duced to new locations. Researchers generally measure thermal
physiology traits immediately after animal collection or after a short
acclimation period. Because many of these traits are plastic, the
conclusions drawn from such research can vary depending on
the duration of the acclimation period. In this study, we mea-
sured the rate of change and extent to which cold tolerance
(critical thermal minimum [CTmin]) of nonnative Italian wall liz-
ards (Podarcis siculus) fromHempstead, New York, changed dur-
ing a cold acclimation treatment. We also examined how cold
acclimation affected heat tolerance (critical thermal maximum
[CTmax]), thermal preference (Tpref), evaporative water loss (EWL),
restingmetabolic rate (RMR), and respiratory exchange ratio (RER).
We predicted that CTmin, CTmax, and Tpref would decrease with cold
acclimation but that EWL and RMR would increase with cold
acclimation.We found that CTmin decreased within 2 wk and that
it remained low during the cold acclimation treatment; we sus-
pect that this cold tolerance plasticity reduces risk of exposure to
lethal temperatures during winter for lizards that have not yet
found suitable refugia. CTmax and Tpref also decreased after cold
acclimation, while EWL, RMR, and RER increased after cold ac-
climation, suggesting trade-offs with cold acclimation in the form
of decreased heat tolerance and increased energy demands. Taken
together, our findings suggest that cold tolerance plasticity aids
the persistence of an established population of invasive lizards.
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More generally, our findings highlight the importance of account-
ing for the plasticity of physiological traits when investigating how
invasive species respond to novel environments.
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Introduction

Temperature has a profound impact on terrestrial ectotherms at
multiple biological scales. Consequently, behavioral thermoreg-
ulation and tolerance to extreme temperatures are commonly
studied when investigating an ectotherm’s adaptation to its ther-
mal environment (Kearney and Porter 2004; Huey et al. 2009;
Clusella-Trullas et al. 2011). These physiological traits can be used
to estimate how ectotherms will respond to novel stressful con-
ditions (Kearney and Porter 2004; Deutsch et al. 2008; Sinervo
et al. 2010). The capacity for change in physiological traits within
an individual’s lifetime (i.e., reversible plasticity) can also alter an
organism’s fitness and be informative as to how ectotherms will
respond to novel environments (Fusco and Minelli 2010; Gun-
derson and Stillman 2015).

One way that organisms are exposed to novel environments
is through introduction to a new region. The ability of an intro-
duced species to rapidly acclimatize to novel stressors can quickly
facilitate its successful establishment in a novel environment (Gab-
riel et al. 2005). One meta-analysis found that nonnative species
generally exhibit greater plasticity than co-occurring native spe-
cies (Davidson et al. 2011). Plasticity of a trait is therefore im-
portant to consider when using a trait to investigate how some
species survive introductions to stressful environments. For ex-
ample, McCann et al. (2018) found that in nonnative populations
of cane toads (Rhinella marina), populations from cool climates
showed a decrease in cold tolerance (critical thermal minimum
[CTmin]) after an overnight acclimation treatment to cooler tem-
peratures, whereas populations from warmer climates did not show
this plasticity. Had cold tolerance beenmeasured in only the toads
from the warm climate or without any acclimation treatment at
all, this seemingly adaptive plastic responsewould not have been
discovered. When researchers do incorporate the plasticity of a
physiological trait, however, they tend to focus on whether a value
changes in response to a temperature change in a lab setting (e.g.,
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studies reviewedbyClusella-Trullas andChown2014;Gunderson
andStillman2015)orinresponsetoaseasonaltemperaturechange
in awild setting (Litmer andMurray 2020). The rate of the change
and/or the extent towhicha traithaschanged is rarelydetermined
or considered.
For a trait such as cold tolerance, which correlates with am-

bient temperature (Araújo et al. 2013) and tends to show high
variability and plasticity (Clusella-Trullas and Chown 2014; Gun-
derson and Stillman 2015; Litmer and Murray 2019), taking the
duration of acclimation into account when measuring and re-
porting values is particularly important. Pintor et al. (2016) found
that because of short experimental acclimation times of 0–2 wk,
most studies measuring cold tolerance of reptiles may overes-
timate the CTmin that could be reached given an extended ac-
climation treatment. Overestimating CTmin would lead one to mis-
interpret the negative effect of cold exposure and to possibly
overlook cold tolerance plasticity as a key factor in an ectotherm’s
winter survival. One could account for plasticity of CTmin by
holding animals for a relatively long period before testing and/
or by comparing only animals that have experienced similar
thermal regimes before testing. For example, Leal and Gunder-
son (2012) found that a nonnative population of Puerto Rican
anoles (Anolis cristatellus) that experienced a colder climate than
the native source population had a lower CTmin than the source
population, even after extensive exposure (∼49 d) to nearly
identical conditions. Although one can make comparisons fol-
low ing extensive exposure to similar conditions under the as-
sumption that CTmin has reached a stable value, it is necessary to
measure CTmin throughout acclimation to determine whether
there was a plastic response in the first place. Determining this
can also inform how incipient populations of lizards will respond
to colder environments.
Nonnative species introduced to cold climates provide test

cases for how an ectotherm will respond to extreme cold as a
stressor. One such ectotherm, the Italian wall lizard (Podarcis
siculus, Rafinesque 1810), has been remarkably successful at es-
tablishing populations in various locations across the northern
United States (Kolbe et al. 2013; Donihue et al. 2015; Donihue
2017). A population introduced to Hempstead, Long Island, New
York, in 1966 is thought to be the source of more recently
established populations in and outside of New York (Burke and
Deichsel 2008; Donihue et al. 2015). Given the extreme winter
weather of the northeastern United States, we were interested in
whether plasticity of physiological traits may help these lizards
survive extreme cold. We focused on lizards from Hempstead,
New York, because of their relatively long-term success in a region
that experiences prolonged freezing winter conditions. We inves-
tigated how cold acclimation would affect cold tolerance (CTmin),
heat tolerance (critical thermal maximum [CTmax]), selection of
body temperatures (Tb’s; thermal preference [Tpref]), evaporative
water loss (EWL), and resting metabolic rate (RMR). From met-
abolic rate measurements, we also calculated respiratory exchange
ratios (RERs; ratio of CO2 volume produced to O2 volume con-
sumed). We hypothesized that cold tolerance plasticity is one
of the mechanisms allowing P. siculus to persist in Hempstead,
New York. We therefore expected lizards to change cold tolerance
in response to a cold acclimation treatment. Because thermal
physiology often involves trade-offs, such that acclimation to one
extreme results in loss of performance at the other extreme, we
expected heat tolerance and Tpref to decrease as well. Similarly,
because fluidity of biological systems tends to increase with
cold acclimation to compensate for the rigidity caused by cold
(Hochachka and Somero 2002), we expected EWL rate and RMR
to increase following cold acclimation.

Material and Methods

Study Organism, Husbandry, and Cold Acclimation

In July 2016, we collected 24 Podarcis siculus campestris (12 males,
12 females) from Hempstead, New York (for a summary of mass
and snout-vent length, see appendix; table A1). We used only
adults above the minimum size for reproductive maturity (55mm
for females, 57mm for males; G.B. Pauly and S.R. Goldberg,
unpublished data) because thermal physiology differs between
adults and juveniles of a Podarcis siculus siculus population from
San Pedro, California (Liwanag et al. 2018). Lizards were housed
individually in 10-L plastic terraria (25 cm# 16 cm# 16 cm, Lee’s
Aquarium and Pet Products, SanMarcos, CA) with approximately
1.5 cm of shredded bark used as a substrate (Bark Blend, Zilla,
Franklin, WI). Each terrarium was placed halfway atop a heating
pad (Sunbeam, Boca Raton, FL), creating a 277C–327C gradient
across the terrarium. A water bowl and a hide were placed on the
cooler side of each terrarium to reduce evaporation. All terraria
were situated under full-spectrum lighting set to a 12L∶12Dcycle.
Lizardswere fed four to five crickets twiceweekly and givenwater
ad lib. Crickets were dusted with vitamins (calcium and vita-
min D) every third feeding. Lizards were housed under identical
laboratory conditions for at least 8 mo before any testing to ensure
that measurements did not reflect recent thermal history before
capture. Timings of laboratory conditions and assays are pre-
sented in the appendix (see fig. A1). All animal use protocols
were evaluatedand approvedby the InstitutionalAnimalCare and
Use Committee at California Polytechnic State University,
San Luis Obispo (protocol 1514).

Before cold acclimation, lizards were tested for cold tolerance,
heat tolerance, Tpref, EWL, and RMR. After initial testing, all
lizards were moved with their original cages into large environ-
mental chambers (plant growth chamber, Precision model 818,
Thermo Scientific, Waltham, MA) with no heating pads. Our
acclimation treatment was designed to mimic average surface
temperatures reported by the National Oceanic and Atmospheric
Administration’s 1981–2010 climate normals for Hempstead,
New York, from September to October, a time when P. siculus
activity is severely decreased (Burke and Ner 2005; Arguez et al.
2012). This temperature acclimation treatment began with 1 wk of
207C∶187C (12L∶12D) to avoid shocking the lizards with a ≥107C
drop in temperature, followed by 4 wk of 177C∶16.57C (12L∶
12D). We initially decreased temperatures to 177C∶157C after the
207C∶187C weeklong treatment, but we increased the nighttime
temperature after the first night because of observed lethargy in
lizards the following day; this lethargy resolved with the increase in
nighttime temperature to 16.57C. Temperatures during the dark
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photoperiod were only slightly lower than daytime temperatures
so as to mimic field conditions in which lizards behaviorally avoid
exposure to surface air temperatures at night. The photoperiod
remained the same as before acclimation. During cold acclima-
tion, lizards were offered one to two crickets weekly and given
water ad lib. Cold tolerance was tested on all lizards weekly for
5 wk during the acclimation period, with the exception of four
lizards that were tested only at week 5 to determine whether
repeated testing had an effect on cold tolerance. After 5 wk of
cold acclimation, we remeasured heat tolerance, Tpref, EWL, and
RMR in addition to cold tolerance. Lizards were maintained at
177C∶16.57C for an additional 7 wk, and cold tolerance was
tested once more at the end of the extended cold acclimation
period to determine final cold tolerance values. The full tem-
perature acclimation treatment lasted 12 wk (1 wk at 207C∶187C,
11 wk at 177C∶16.57C). After the treatment, lizards were re-
turned to room temperature (∼277C) for 2 wk to allow for
gradual reacclimation, and then they were provided heat mats
to achieve the full preacclimation range of temperatures.
Data Collection

We measured cold tolerance (CTmin) as the Tb at which a lizard
lost mobility during a low-temperature challenge (Cowles and
Bogert 1944; Huey and Stevenson 1979; Angilletta et al. 2002).
We recorded CTmin using a custom-designed device similar to
that described by Shea et al. (2016). In brief, lizards were placed
inside individual acrylic chambers, and a 28-G resistance tem-
perature detector probe (HEL-705 RTD, Honeywell, Charlotte,
NC) connected to our device was inserted 3 mm into each liz-
ard’s cloaca and secured with medical tape. We then cooled each
lizard’s surrounding air temperature by 17C min21. Although
this could lead to different cooling durations across treatments
(i.e., for lizards from the 277C–327C, 207C∶187C, and 177C∶16.57C
conditions), previous work on the tsetse fly suggests that cooling
rate is a more important determinant of CTmin than starting
temperature (Terblanche et al. 2007). When a lizard’s Tb reached
157C, that lizard’s chamber was quickly turned to flip the lizard
onto its back, and the lizard was given 5 s to right itself. If the
lizard did not right itself within 5 s, the chamber was gently
shaken. If the lizard did not right itself after gentle shaking, the
lizard was righted. If the lizard immediately began walking for-
ward within the temperature-controlled tube after it was righted,
we presumed that it was still able to escape potentially lethal
conditions, and we continued cooling at 17C min21; otherwise,
we recorded the current Tb as the lizard’s CTmin. Lizards were
retested every 1.5 min two more times. After these initial 3 min,
loss of righting response was tested every minute for the re-
mainder of the trial until CTmin was determined.
We assessed heat tolerance (CTmax) using the same equip-

ment and in a similar manner to that described for CTmin, with a
heating rate of 17C min21. For CTmax measurements, lizards were
initially brought to a Tb of 257C at a constant chamber temper-
ature and subsequently warmed at 17C min21. Once Tb reached
367C, lizards were tested for righting response every 1.5 min until
their Tb’s reached 407C. Lizards were then tested every 30 s because
lethal temperatures are relatively close to the warmer tempera-
tures at which most lizard species lose righting response (Lutter-
schmidt and Hutchison 1997). Because we did not observe the
onset of muscle spasms for any individuals in this study, Tb at
loss of righting response was the only variable measured during
heating and used to define CTmax (Lutterschmidt and Hutchison
1997).

We measured preferred Tb’s (Tpref) using a linear temper-
ature gradient (163 cm L # 46 cm W) divided into four lanes
running the length of the gradient, with a temperature range
from 107C to 407C along its length. White dividers were placed
between lanes so that lizards could not see each other so as to re-
duce the potential effects of visual cues on spacing. A 1-cm-thick
plastic panel was placed above the gradient to restrict airflow
between lanes and to reduce potential effects of neighboring scents
on spacing. The cold end of the gradient was maintained with cold
water circulated through copper piping beneath the metal floor of
the gradient, using a circulating water bath set to 107C (SD07R-20,
PolyScience, Niles, IL). The warm end of the gradient was main-
tained by electric heat strips beneath the metal floor of the gra-
dient. The floor of the gradient was covered with ReptiSand (Zoo
Med, San Luis Obispo, CA) so that lizards were not in direct
contact with the metal floor. The gradient was encased in a Plex-
iglas chamber lined with Drierite (W.A. Hammond Drierite,
Xenia, OH) to reduce condensation. Each lizard was fitted with
a flexible 40-G type-K thermocouple (Omega Engineering, Stam-
ford, CT) inserted into the lizard’s cloaca and secured with med-
ical tape. Four lizards were tested simultaneously, with a single
lizard in each lane of the gradient, and Tb was monitored continu-
ously. Because time of day can influence Tpref (Cowgell and Under-
wood 1979; Carretero et al. 2006), we began trials at 0900 hours
for consistency and recorded Tb every 10 min for 4 h. We focused
our analyses on the 50% interquartile range (values between the
75th and 25th percentiles) of body temperatures during the last 2 h
to account for outliers (Huey 1982; Hertz et al. 1993). We limited
data to the last 2 h because of observed exploratory behavior
during the first 2 h of trials. We calculated Tpref as the average Tb

within the resulting interquartile range for each lizard.
We estimated rates of EWL (mg H2O h21) by observing mass

lost over time at four experimental temperatures (107C, 207C,
307C, and 407C). Individual lizards were tested across multiple
temperatures, and lizards were never measured at more than
one temperature per day. Before each trial, lizards were fasted for
5–7 d, placed inside individual fiberglass mesh pouches (18 #
6 mesh count), and weighed to the nearest 0.001 g using a digi-
tal balance (Practicum 213, Sartorius, Bohemia, NY). Lizards in
pouches were placed atop individual petri dishes on three sep-
arate shelves inside an environmental chamber (plant growth
chamber, Precision model 818, Thermo Scientific) set to 107C,
207C, 307C, or 407C for 7.5 h. Every 1.5 h, we reweighed lizards
and rotated their positions among the shelves to control for any
potential inconsistency of temperature, humidity, and/or airflow
within the chamber (four total rotations). Absolute humidity
estimated from measured relative humidity was similar across
temperatures (3, 4, 5, and 5 g m23 at 107C, 207C, 307C, and 407C,
respectively). Although lizards may have urinated during the trials,
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urate was never observed on petri dishes; on the rare occasion
when feces were observed in a pouch, the feces mass was negligible
(i.e., weighed less than 0.001 g), so trials were continued with the
feces removed. Experimental temperatures were tested in ran-
dom order. Following 5 wk of the cold acclimation treatment, the
first EWL trial was randomly selected to be 407C. This trial
resulted in the death of four lizards at the first weighing (within
1.5 h). We consequently terminated the 407C postacclimation
trial to prevent further animal loss and excluded the 407Clevel
within the temperature factor from statistical comparisons of
pre- and postacclimation values. An additional lizard died of
unknown causes unrelated to the EWL trial before the cold accli-
mation treatment.
We measured resting metabolic rates of oxygen consumption

(RMRO2; mL O2 h21) and carbon dioxide production (RMRCO2; mL
CO2 h21) by using stop-flow respirometry. We made measure-
ments on fasted lizards during the day in chambers with fluo-
rescent lighting. Lizards were fasted 5–7 d before any RMR
testing. Before each trial, fasted lizards were weighed to the
nearest 0.001 g with a digital balance and then individually placed
into 150-mL plastic syringes with a hole drilled into the 150-mL
mark near the top of the syringe for ventilation. Syringes with
lizards were then placed into an environmental chamber set to
either 157C or 357C, and lizards were allowed to rest for 45 min
with access to ambient air through the drilled hole. After this rest
period, each syringe was flushed with ambient air for 5 min using
an aquarium pump, sealed at the 140-mL mark, and returned to
the environmental chamber for an additional 45 min. We
then injected a 20-mL subsample of air from the syringe into a
flow of baseline air that was being analyzed for O2 and CO2

concentrations. O2 andCO2 concentrations weremeasured using a
Sable Systems FC-10 oxygen analyzer and CA-10 carbon dioxide
analyzer (Sable Systems International, Las Vegas, NV), respec-
tively. Using an air pump and flowmeter located at the end of our
system, we pulled baseline air through the analyzers at a rate of
100 mL min21 from outside the building through tubing connected
to a carboy. This air was scrubbed of water using a magnesium
perchlorate (Mg(ClO4)2) column before entering the CO2 ana-
lyzer, and then it was scrubbed of CO2 and water again using a
Drierite/Ascarite/Drierite column before entering the O2 analyzer.
Following the equations of Lighton (2008), we calculated the rate
of O2 consumption and CO2 production for each 20-mL sample
of injected air using ExpeData analysis software (Sable Systems
International). These values were used to estimate RMRO2 and
RMRCO2 for each lizard.We divided the volume of CO2 produced
by the volume of O2 used within an hour to determine RER for
each lizard. We noticed a trend toward an increasing RER at
157C after cold acclimation, sowemeasuredRMRO2 andRMRCO2

at week 11 of cold acclimation to determine whether the trend
was consistent.
Data Analysis

We performed studies on subsets of lizards for each variable
because of material and time constraints and attrition of four
lizards at week 5 of cold acclimation. We report the timing and
sample sizes for all measured variables in figure legends and in
the appendix (see fig. A1; tables A1–A5). We compared CTmin

values at seven different time points (preacclimation, week 1,
week 2, week 3, week 4, week 5, week 12) using a mixed effects
model with time as an ordered factor and lizard ID as a random
effect. We made pairwise comparisons between each time point
and the subsequent time point to determine whether there were
changes in CTmin values from one time point to the next. We also
used pairwise comparisons to determine whether CTmin values
at week 5 for lizards that had been tested weekly during cold
acclimation differed from CTmin values at week 5 for lizards that
had not yet been tested during cold acclimation. To describe CTmin

acclimation over time with a mathematical function, we fitted
an exponential model to our data that included all CTmin data,
regardless of statistical difference from a previous week; the pur-
pose of this was to describe CTmin at the asymptote.

To investigate potential benefits of cold tolerance plastic-
ity, we extracted average monthly low surface temperatures for
Hempstead, New York, using the minimum temperature (Tmin)
variable of the WorldClim dataset (ver. 1.4; Hijmans et al. 2005).
We then created a polynomial equation describing Tmin in Hemp-
stead, New York, throughout a 365-d period, beginning with
the first day of January. We used the equation describing Tmin

throughout the year to estimate the number of days when Tmin

dropped below CTmin before and after cold acclimation, and we
used the difference in days to estimate how beneficial CTmin

plasticity may have been within the year (i.e., how many more
days of activity are conferred by the cold acclimation response).

We used linear mixed effects models to investigate the effect
of acclimation period (preacclimation, week 5 of acclimation) on
CTmax, Tpref, EWL, RMR, and RER. In all models, we accounted
for repeated measurements by including lizard ID as a random
effect and accounted for sex by including sex as a fixed effect.
We included mass as a covariate in CTmin, CTmax, Tpref, RMR, and
RER models. We included surface area (estimated as mass0.67) as
a covariate in the EWL model. We included temperature as a
fixed effect and included an interaction between temperature
and acclimation period in EWL, RMR, and RER models. Model
residuals were visually inspected to ensure that data met the
assumptions of parametric analysis. We log transformed EWL
data to normalize residuals. We also removed a datum outlier
to ensure model residuals were normally distributed in our Tpref

model; we present the Tpref model diagnostics and analysis with
and without the datum removed in the appendix (see tables A6,
A7; figs. A2–A5). Summary statistics are presented as mean 5

SE in the text and in tables A1–A5. We used z-tests (pairwise
contrasts) to compare CTmin values at each time point with CTmin

values at the subsequent time point and to investigate inter-
actions between temperature and acclimation period in EWL,
RMR, and RER models. We corrected P values for multiple tests
using the Holm method. Models were created and analyzed using
the nlme, lme4, and lmerTest packages; post hoc tests were con-
ducted using the multcomp package; and climate data were ex-
tracted using the raster package in R version 3.6.1 (R Development
Core Team 2021). We considered P < 0:05 to be statistically
significant.
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Results

We found that CTmin significantly decreased during the cold
acclimation treatment (F1, 88:0 p 9:81, P < 0:001; fig. 1). CTmin

was 10.27C 5 0.77C after 8 mo of acclimation to laboratory
housing conditions before cold acclimation. After 1 wk of cold
acclimation (207C∶187C), CTmin did not decrease significantly,
but CTmin did decrease significantly to 8.07C 5 0.47C after 1 wk
at 177C∶16.57C (corrected P p 0.007; fig. 1). At week 5, the
CTmin of four cold-acclimating lizards that had not been previ-
ously tested during cold acclimation did not differ from the CTmin

of lizards that had been previously tested (corrected P p 0.995),
and the four lizards were therefore included in the week 5
analyses. Overall, CTmin at week 5 of cold acclimation (6.57C 5

0.47C, n p 21) was significantly lower than CTmin at preac-
climation (10.27C 5 0.77C, n p 8, corrected P ! 0.001; fig. 2).
Neither sex nor mass was a significant predictor of CTmin in
our model (sex: F1, 20:6 p 1:53, P p 0:230; mass: F1, 38:4 p 0:03,
P p 0:867). The exponential model of best fit took the follow-
ing form, where w is week:
CTmin p 6:611 4:33e20:54w:

According to the exponential equation, once lizards begin ac-
climating, CTmin would decline from the preacclimation value
of 10.947C and reach asymptote at 6.617C. Using climate data
extracted for Hempstead, New York, we found that if no ac-
climation occurs and if CTmin stays at 10.947C, there would be
218 full days in which low surface temperatures decrease below
CTmin (fig. 3). If acclimation occurs and if CTmin reaches 6.617C,
there would be 174 full days with low surface temperatures below
CTmin (fig. 3). Across the year, plasticity would result in an ad-
ditional 44 full days in which average low surface temperatures
are above CTmin.

CTmax significantly decreased from 43.07C 5 0.47C at pre-
acclimation (n p 8) to 41.17C 5 0.57C at week 5 (n p 9,
F1, 7:3 p 18:17, P p 0:003; fig. 2). Neither sex nor mass was a
significant predictor of CTmax (sex: F1, 10:8 p 0:02, P p 0:900;
mass: F1, 13:0 p 0:94, P p 0:349).

InitialTpref model residuals suggested that an outlier occurring
approximately 2.26 SDs from the preacclimationmean was skewing
.

.

Figure 1. Change in cold tolerance (critical thermal minimum [CTmin], 7C) for Podarcis siculus over time during a cold acclimation treatment
Diamonds indicate the mean, and whiskers represent standard error. Preacclimation conditions consisted of living in a gradient of 277C–327C
Lizards were held at preacclimation conditions for 8 mo before being tested for CTmin (n p 8). Lizards were moved to conditions at 207C∶187C
(12L∶12D) for 1 wk, and CTmin was measured again (n p 17). Lizards were then moved to conditions at 177C∶16.57C (12L∶12D) and tested for
CTmin weekly from week 2 to week 5 (weeks 1–4: n p 17; week 5: n p 21) and again at week 12 (n p 15). Lowercase letters above whiskers
represent statistically different groups, as determined by Tukey’s all-pair comparisons; groups not sharing letters are significantly different from each
other at the P < 0:05 level.
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results and violating model assumptions (see appendix). We
removed the preacclimation datum and its associated post-
acclimation datum from our Tpref model to ensure that model
residuals were normally distributed (see appendix). The result-
ing Tpref significantly decreased from 35.07C 5 0.67C at pre-
acclimation (n p 7) to 32.07C 5 1.27C at week 5 (n p 5,
F1, 8 p 10:02, P p 0:013; fig. 2). Neither sex nor mass was a
significant predictor of Tpref (sex: F1, 8 p 0:03, P p 0:872; mass:
F1, 8 p 3:96, P p 0:082).
The effect of temperature was not significantly different be-

tween acclimation periods in our log-transformed EWL (logEWL)
model at the 0.05 level, although the interaction between temper-
ature and acclimation period approached significance (F2, 52:4 p
3:12, P p 0:053; fig. 4). LogEWL significantly increased with
temperature, as expected (F3, 52:0 p 63:5, P <0:001). Acclima-
tion was also a significant predictor of logEWL (F1, 58:8 p 4:50,
P p 0:038). Post hoc tests revealed that logEWL at 107C
significantly increased at week 5 of cold acclimation (corrected
P p 0.013; fig. 4). Neither surface area nor sex was a significant
predictor of logEWL (surface area: F1, 10:3 p 0:22, P p 0:649;
sex: F1, 9:7 p 0:12, P p 0:736).
The effect of temperature on RMRO2 was not significantly dif-
ferent between acclimation periods, with probability of a type 1
error occurring exactly at our a priori 0.05 threshold (F1, 31:0 p
4:15, P p 0:050). RMRO2 was significantly higher at 357C than
at 157C (F1, 31:0 p 282:69, P < 0:001; fig. 5). Acclimation was
not a significant predictor of RMRO2 (F1, 35:2 p 2:22, P p 0:145;
fig. 5). Sex was not a significant predictor of RMRO2 (F1, 9:2 p
2:79, P p 0:128), but mass was a significant predictor of RMRO2

(F1, 10:1 p 8:16, P p 0:017). For RMRCO2, the effect of temper-
ature was significantly different between acclimation periods
(F1, 30:7 p 5:64, P p 0:024). RMRCO2 at 157C did not differ be-
tween preacclimation and week 5 of cold acclimation (corrected
Pp 0.932), but RMRCO2 at 357C was significantly higher at week 5
than at preacclimation (corrected P p 0.007; fig. 5).

The effect of temperature was not significantly different be-
tween acclimation periods in the RER model (F1, 52 p 1:5, P p
0:222). Sex, mass, and temperature were not significant predic-
tors of RER (sex: F1, 52 p 0:60, P p 0:442; mass: F1, 52 p 2:33,
P p 0:133; temperature: F1, 52 p 0:52, P p 0:474). How-
ever, acclimation period was a significant predictor of RER
(F2, 52 p 3:31, P p 0:044). Post hoc comparisons revealed that
Figure 2. Cold tolerance (critical thermal minimum [CTmin], 7C, light gray), thermal preference (Tpref; 7C, white), and heat tolerance (critical
thermal maximum [CTmax], 7C, dark gray) for Podarcis siculus before cold acclimation treatment (upper boxplots; CTmin: n p 8; Tpref: n p 7;
CTmax: n p 8) and at week 5 of cold acclimation treatment (lower boxplots; CTmin: n p 21; Tpref: n p 5; CTmax: n p 9). The vertical line within
each box indicates the median value, and the box boundaries indicate the lower quartile (left boundary) and the upper quartile (right boundary).
Whiskers indicate minimum and maximum values within a quartile 5 1.5 times the interquartile range. Diamonds within boxplots indicate the
mean values. Levels of significance for thermal tolerance and thermal preference differences between pre- and postacclimation values are marked
as follows: *P ! 0.05, **P ! 0.01, ***P ! 0.001.
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the only significant difference was a higher RER at 157C at
week 11 of cold acclimation than at 157C before cold accli-
mation (corrected Pp 0.018; fig. 6). This effect was mainly driven
by a change in RMRO2, as average RMRO2 at 157C decreased by
21.9% from preacclimation to week 11 of cold acclimation, while
average RMRCO2 at 157C decreased by 8.8% from preacclimation
to week 11 of cold acclimation.
Discussion

We found that Podarcis siculus from Hempstead, New York,
showed a relatively fast cold acclimation response of CTmin

compared with what has been found for other reptile species.
Pintor et al. (2016) estimated that the CTmin of 22 reptile spe-
cies completed 95% of the acclimation response in 7.3 wk. An
exponential model of P. siculus acclimation in our study sug-
gests that 95% of the acclimation response was reached in 6 wk
(fig. 1). The temperatures at which other reptiles were accli-
mated are not reported in Pintor et al.’s (2016) meta-analysis,
however, making direct comparisons difficult. Curiously, CTmin

in our study did not decrease after lizards were initially moved
from a gradient of 277C–327C to a cooler treatment of 207C∶187C
(12L∶12D), but it did decrease after 1 wk at 177C∶16.57C
(12L∶12D; i.e., after 2 wk below 207C; fig. 1). Given that the change
from 207C∶187C to 177C∶16.57C is small relative to the initial
conditions, it is possible that the decrease in CTmin was due to the
overall temperature decrease and not to the specific conditions at
week 2. Closed-litter rainbow skinks (Carlia longipes) caught dur-
ing the warm season and acclimated to 187C–227C also did not
show a decrease in CTmin 1 wk into an acclimation treatment, but
they did show a sharp decrease in CTmin when measured at the
second week (Pintor et al. 2016). More studies would need to be
completed to determine whether this is a common trend among
lizards, but the current results suggest that the mechanisms that
lead to changes in CTmin may occur around 2 wk into prolonged
cold exposure. Therefore, unless studying how acclimatization
(i.e., changeas a result of seasonal temperaturedifferences) affects
CTmin, future studies aiming tomeasure comparable CTmin values
between populations should acclimate animals to lab temperatures
for 2–3 wk, with repeated measurements if possible. Additionally,
the effect of the magnitude of temperature change between treat-
ments and the effect of temperature variability within treatments
are ecologically relevant effects to consider when measuring CTmin.

The acclimation response of CTmin observed in our study
appears to be beneficial to P. siculus in Hempstead, New York.
Given the lack of freeze tolerance in this species (Burke et al.
2002), once behavioral thermoregulation can no longer over-
come winter temperatures, the main defense against winter tem-
peratures is to seek suitable winter refugia, which seems to occur
between October and November in Hempstead (Burke and Ner
2005). Based on climate data for Hempstead, by October 1, av-
erage temperatures at the surface have decreased to 12.37C, sug-
gesting that lizards already need to avoid stressful conditions at
this time. CTmin plasticity may therefore reduce risk of exposure
Figure 3. Predicted low surface temperatures (7C) throughout a year for Hempstead, New York (solid line), beginning with the first day of January.
Expected temperature and corresponding day at which surface temperatures cross critical thermal minimum (CTmin) are shown for unacclimated
Podarcis siculus (dashed lines) and for fully acclimated P. siculus (dotted lines). Temperatures were predicted with a polynomial regression on the
minimum temperature variable of the WorldClim dataset (ver. 1.4; Hijmans et al. 2005).
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to sublethal conditions in lizards seeking suitable winter refugia
when sublethal temperatures are common on the surface. It is
important to note that surface temperatures during winter are
unlikely to be experienced by lizards unless they are disturbed
from their refugia. Should disturbance occur, however, increased
cold tolerance may assist lizards in searching for new refugia
and escaping from stressful conditions (fig. 3). If we assume that
steady exposure to 207C or colder temperatures stimulates the
acclimation response of CTmin in P. siculus and if we expect
average temperatures to drop below 207C on September 12 each
year (as predicted using the WorldClim mean temperature var-
iable), lizards would have 26 d until low surface temperatures drop
below the unacclimated CTmin (10.947C) on October 8. CTmin

plasticity would increase the number of days before low surface
temperatures drop below CTmin (6.617C) to 46 d, up to October 29.
In line with these predictions, surveys suggest that P. siculus in
Long Island, New York, retreat to refugia between mid-October
and mid-November and that they are not observed again until
mid-March (Burke and Ner 2005).
The rate at which CTmin changes appears to be suitable for

the rate at which environmental temperatures decrease during
winter in Hempstead. Additionally, because P. siculus occupies
primarily urban habitats in the United States, it likely experiences
warmer temperatures than populations in nearby forested areas
because of the urban heat island effect (Campbell-Staton et al.
2020), further suggesting that the rate of acclimation is suitable
for finding winter refugia. If the cold acclimation response of P.
siculus is indeed relatively fast compared with other reptile species
and if this response allows lizards to be active for more days
during fall, winter, and early spring, then P. siculus may be better
suited to cold climates than sympatric species as a result of having
more days to find suitable winter refugia and a greater ability to
escape stressful conditions during winter. Podarcis siculus popu-
lations currently exist across the northern United States, in-
cluding New York, New Jersey, Kansas, and Massachusetts
(Kolbe et al. 2013; Donihue 2017), where few other lizard species
exist. In Massachusetts, for example, P. siculus is the only extant
lizard species. However, cold tolerance has also been studied in
populations of a closely related lizard species that also experiences
winter climates in the United States. A study of CTmin in Podarcis
muralis from Kentucky and Ohio suggests that lizards from
expanding populations may have higher variability in CTmin than
Figure 4. Evaporative water loss (mg H2O h21) for Podarcis siculus before a cold acclimation treatment (white boxplots, n p 11 at 207C, n p 12 at
all other temperatures) and at week 5 of a cold acclimation treatment (gray boxplots, n p 7) across temperatures (7C). The y-axis is shown on a log
scale. The horizontal line within each box indicates the median value, and the box boundaries indicate the lower quartile (lower boundary) and the
upper quartile (upper boundary). Whiskers indicate minimum and maximum values within a quartile 5 1.5 times the interquartile range;
individual points are outliers that occurred outside of this range. Diamonds within boxplots indicate the mean values. Lowercase letters above
boxes represent statistically different groups, as determined by Tukey’s all-pair comparisons; groups not sharing letters are significantly different
from each other at the P < 0:05 level.
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source populations, suggesting a greater capacity for adaptation to
novel environments in expanding populations (Litmer and Murray
2019), although the authors did not assess CTmin plasticity.
Whether P. muralis shows plasticity of CTmin is unknown, as
CTmin was measured once during summer in that study (Litmer
and Murray 2019). An interesting area for future research to
consider is whether populations of lizards from colder climates
are more likely to have lower fixed CTmin values or whether they
have a greater plasticity of CTmin than populations from warmer
and/or more stable environments. For US lizards currently
limited in range because of cold boundaries, it appears that
suitable habitats may be increasing in the near future. In the past
decades, there has been a reduction in the number of days with
extremely low Tmin’s and a reduction in the length of winter
across the United States (Kunkel et al. 2004; IPCC 2013). Across
the globe, poleward range expansion has been observed in
various taxa as cold regions have become suitable to more species
(Parmesan and Yohe 2003). Consequently, we can expect P.
siculus to be able to expand its range northward, allowing this
species to continue establishing populations across the northern
range boundary of lizards in the United States.
CTmax also decreased as part of the cold acclimation response

of P. siculus (fig. 2). CTmax plasticity is typically studied in the
context of increasing global temperatures, with few studies in-
vestigating how cold acclimation affects CTmax. Biological sys-
tems tend to combat the effects of cold by increasing fluidity
(e.g., enzyme orthologs, cell membranes; Hochachka and Somero
2002; Somero et al. 2017). If CTmax is partly determined by such
systems, the increased fluidity in response to cold acclimation
may explain why CTmax decreased with cold acclimation; the
system would have been able to allow a righting response in
lizards at 43.07C 5 0.47C before becoming more fluid, but this
was likely too fluid to allow a righting response at 41.17C 5

0.57C after cold acclimation. Interestingly, we found that Tpref

also decreased with cold acclimation, with values occurring within
the 28.47C–38.87C range of laboratory-determined Tpref for
P. siculus in previous studies (preacclimation Tpref: 35.07C 5

0.67C; postacclimation Tpref: 32.37C 5 1.07C; Avery 1978; Ortega
et al. 2016). If Tpref is reflective of an optimal temperature for
maintenance, the decrease in Tpref may be the result of main-
tenance systems becoming better able to function at lower tem-
peratures after acclimation. Researchers have previously hypoth-
esized (Huey and Kingsolver 1993; Angilletta et al. 2002) and
observed (Glanville and Seebacher 2006) that a shift in mean Tb

leads to a compensatory shift in thermal tolerances and optimal
temperatures for a given function after some degree of acclimation.
Figure 5. Resting metabolic rate (mL O2 h21 or mL CO2 h21) for Podarcis siculus before a cold acclimation treatment (white boxplots, n p 12) and
at week 5 of a cold acclimation treatment (gray boxplots, n p 11) across temperatures (157C and 357C). The horizontal line within each box
indicates the median value, and the box boundaries indicate the lower quartile (lower boundary) and the upper quartile (upper boundary).
Whiskers indicate minimum and maximum values within a quartile 5 1.5 times the interquartile range. Diamonds within boxplots indicate the
mean values. Letters (lowercase for O2, uppercase for CO2) above boxes represent statistically different groups, as determined by Tukey’s all-pair
comparisons; groups not sharing letters are significantly different from each other at the P < 0:05 level.
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The mechanisms that determine thermal tolerances are not fully
understood, but several hypotheses exist (e.g., Robertson 2004;
Pörtner et al. 2017; Bowler 2018; Gangloff and Telemeco 2018).
Although the exact mechanisms and interactions that determine
CTmin, CTmax, and Tpref are likely complex, our current under-
standing and results suggest that the processes that determine
these traits are indeed linked, which can result in a trade-off be-
tween increasing performance at one temperature extreme and
increasing performance at the other.
Additional evidence for trade-offs associated with cold ac-

climation includes an increase in logEWL following cold accli-
mation and the death of four lizards 1.5 h into the post-
acclimation 407C EWL trial. We found that logEWL significantly
increased after cold acclimation, as we expected, and that the
effect was primarily driven by an increase in logEWL at 107C
(fig. 4). Water loss can occur through cutaneous or respiratory
means, with cutaneous water loss being the primary means, es-
pecially in relatively small lizards (Le Gaillard et al. 2021). The
increase in logEWL at 107C is likely not due to respiratory means,
because such a low temperature is unlikely to elicit any panting
response and because we did not observe a concomitant increase
in metabolic rate at low temperature. The observed difference
is therefore likely due to a change in cutaneous water loss. The
effect of aridity on cutaneous water loss is well studied in lizards,
with lizards frommore arid environments typically showing lower
water loss rates and decreased sensitivity of water loss to changes
in temperature (Dmi’el 2001). However, the effects of temperature
acclimation on water loss are not well known. Because water loss
increases with temperature, it is reasonable to expect that warm-
acclimated lizards would compensate by altering their integu-
ment, such that EWL is reduced during warm conditions.
Warm-acclimated lizards would thus have lower EWL rates
than cold-acclimated lizards. If this were the case, an increase in
water loss should be observed across all temperatures. Although
we did not find this to be the case, there was weak evidence for
a potential difference in the effect of temperature between ac-
climation periods in our model (P p 0:053), suggesting that in-
creased sampling may be necessary to determine whether logEWL
Figure 6. Respiratory exchange ratio (mL CO2 mL O2
21) for Podarcis siculus before a cold acclimation treatment (white boxplots, n p 12), at week 5

of a cold acclimation treatment (light gray boxplots, n p 11), and at week 11 of a cold acclimation treatment (dark gray boxplot, n p 13) across
temperatures (157C and 357C). The horizontal line within each box indicates the median value, and the box boundaries indicate the lower quartile
(lower boundary) and the upper quartile (upper boundary). Whiskers indicate minimum and maximum values within a quartile 5 1.5 times the
interquartile range; individual points are outliers that occurred outside of this range. Diamonds within boxplots indicate the mean values.
Lowercase letters above boxes represent statistically different groups, as determined by Tukey’s all-pair comparisons; groups not sharing letters are
significantly different from each other at the P < 0:05 level.
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at higher temperatures also increases following cold acclimation.
The untransformed values of water loss rate are much higher and
have a greater variability at warmer temperatures (fig. 4), further
suggesting that a larger sample size is needed to discern differ-
ences at warmer temperatures. Additionally, the biological rele-
vance of a difference of 5 mg H2O h21 in mean water loss rate at
107C may be less meaningful than a difference of approximately
11 mg H2O h21 in mean water loss rate at 207C. Presumably,
lizards in the wild will be gradually exposed to warmer temper-
atures after a long exposure to cold, further buffering them from
the effects of acclimation on water loss that are observed in this
study. This is especially true when considering the effect of rapid
exposure to a 407C trial, which resulted in the death of four
lizards. The risk of death was unintentional and unanticipated,
and our measurement temperatures should serve as a warning to
future researchers to avoid measurement temperatures that may
approach lethal limits after acclimation in their research designs.
As initially predicted, we found that RMRCO2 increased after

cold acclimation but only at 357C (fig. 5). We found weak ev-
idence for an increase in RMRO2 as well (P p 0:050), which ap-
pears to also be driven by metabolic rate measured at 357C (fig. 5).
As an increase in metabolic rate at a given temperature after
cold acclimation is common among ectotherms (Seebacher et al.
2015), it is likely that an underlying physiological change is par-
tially responsible for the significant increase in RMRCO2 at 357C
that we observed. Plasticity of metabolic rate in response to a
shift in temperature is thought to occur as a compensatory re-
sponse that aims to match ATP production with use of ATP by
energy-consuming processes (Hulbert and Else 2000). Metabolic
rate is ultimately determined by how transcriptional mechanisms
and cell membrane composition interact with temperature and
energy substrates (Seebacher et al. 2010). Future work would need
to examine whether key enzyme orthologs or fatty acid com-
position of mitochondrial membranes change in response to cold
acclimation in P. siculus to determine the mechanisms of its meta-
bolic rate plasticity.
Although we controlled for available diet, a change in energy

substrates available to lizards may also explain some of our re-
sults. A decrease in lipid stores during winter dormancy, par-
ticularly in fat bodies, has been documented in various reptile
species (Price 2017). For example, the proportion of dry body
weight attributed to lipids in wild viviparous lizards (Zootoca
vivipara) decreased from one-third of dry body weight in August
and September to one-sixth of dry body weight in March and
April following the Northern Hemisphere winter (Avery 1970).
RER indicates the primary fuel sources used to support me-
tabolism; values close to 1 suggest a higher proportional use of
carbohydrates as a fuel source, values close to 0.7 suggest a higher
proportional use of lipids as a fuel source, and values between
0.7 and 1 suggest a mixed use of substrates or a higher propor-
tional use of protein as a fuel source (Schmidt-Nielsen 1997). RER
values exceeding 1 indicate anaerobic metabolism, lactate accu-
mulation, and/or measurement error (Solberg et al. 2005). Our
estimation of RER at 157C showed an increase in values ap-
proaching 1 as the cold acclimation treatment progressed (fig. 6),
which may reflect increased relative use of carbohydrates because
of loss of lipids. A similar increase in RER has been observed in
P. siculus after tail autotomy, possibly because of loss of lipids
stored at the base of the tail (Eberle et al. 2022). RER values are
notoriously difficult to interpret, however, as studies frequently
estimate values below 0.7 or above 1. Error is partially introduced
through a greater relative ability for organisms to store CO2

within tissues, especially in mildly hypoxic environments (Malte
et al. 2016). Further studies of the effect of cold acclimation on
RER for P. siculus should examine the proportion of energy sub-
strates available before and after cold acclimation, preferably using
open-system respirometry to better estimate RER.

In summary, we found that thermal tolerance of P. siculus
decreased in response to a cold acclimation treatment. The de-
crease in cold tolerance during acclimation to cooler temperatures
appears to happen in a suitable time frame to allow lizards to
find winter refugia before conditions become potentially lethal.
By investigating the rate of change and extent to which cold
tolerance changed during a cold acclimation treatment, we were
better able to investigate how a physiological trait might explain
why this lizard species has been so successful at persisting in the
seasonally cold climate of Hempstead, New York. Future studies
investigating the plasticity of physiological traits may also benefit
from measuring traits at regular time periods during acclima-
tion. We also found that cold acclimation affects heat tolerance,
Tpref, and to a lesser extent metabolism and EWL of P. siculus,
suggesting that cold acclimation involves changes to biological
systems that affect more than cold tolerance. More generally,
our findings highlight the relevance of thermal physiology and
plasticity to invasive species research. With increasing global
connectivity, introductions of nonnative animals through var-
ious means are likely to increase in frequency, making an un-
derstanding of the mechanisms that aid persistence in novel
stressful environments a priority for ecologists and conservation
biologists.
Acknowledgments

We are grateful to Dr. Russ Burke of Hofstra University for
collecting the lizards from Hempstead, New York, and for in-
sightful discussions about Italian wall lizards. We thank Jess
Camper, Paula Eberle, Katherine Holst, Mary Steele, EmmaWitkin,
and Ross Wohlgemuth for assistance with animal husbandry
and data collection. We thank Rob Brewster and Doug Brewster
for fabricating the apparatus used for the thermal tolerance trials
and for their help with troubleshooting. We also thank Dr. Jason
Blank for providing supplies and support for the metabolic mea-
surements. The project was primarily funded by start-up funds
provided to H.E.M.L. through the College of Science and Mathe-
matics at California Polytechnic State University, San Luis Obispo.

Literature Cited

Angilletta M.J., P.H. Niewiarowski, and C.A. Navas. 2002. The
evolution of thermal physiology in ectotherms. J Therm Biol
27:249–268.

https://www.journals.uchicago.edu/action/showLinks?crossref=10.1016%2FS0306-4565%2801%2900094-8&citationId=p_1


Cold Tolerance Plasticity of an Invasive Lizard 367
Araújo M.B., F. Ferri-Yáñez, F. Bozinovic, P.A. Marquet, F.
Valladares, and S.L. Chown. 2013. Heat freezes niche evo-
lution. Ecol Lett 16:1206–1219.

Arguez A., I. Durre, S. Applequist, R.S. Vose, M.F. Squires,
X.G. Yin, R.R. Heim, and T.W. Owen. 2012. NOAA’s 1981–
2010 U.S. climate normals: an overview. Bull Am Meteorol
Soc 93:1687–1697.

Avery R.A. 1970. Utilization of caudal fat by hibernating com-
mon lizards, Lacerta vivipara. Comp Biochem Physiol 37:119–
121.

———. 1978. Activity patterns, thermoregulation and food
consumption in two sympatric lizard species (Podarcis muralis
and P. sicula) from central Italy. J Anim Ecol 47:143–158.

Bowler K. 2018. Heat death in poikilotherms: is there a com-
mon cause? J Therm Biol 76:77–79.

Burke R.L. and G. Deichsel. 2008. Lacertid lizards introduced
into North America: history and future. Pp. 347–353 in J.C.
Mitchell, R.E. Jung, and B. Bartholomew, eds. Urban her-
petology. Vol. 3. Herpetological conservation. Society for the
Study of Amphibians and Reptiles, Salt Lake City.

Burke R.L., A.A. Hussain, J.M. Storey, and K.B. Storey. 2002.
Freeze tolerance and supercooling ability in the Italian wall
lizard, Podarcis sicula, introduced to Long Island, New York.
Copeia 2002:836–842.

Burke R.L. and S.E. Ner. 2005. Seasonal and diel activity patterns
of Italian wall lizards, Podarcis sicula campestris, in New York.
Northeast Nat 12:349–360.

Campbell-Staton S.C., K.M. Winchell, N.C. Rochette, J. Fredette,
I. Maayan, R.M. Schweizer, and J. Catchen. 2020. Parallel
selection on thermal physiology facilitates repeated adapta-
tion of city lizards to urban heat islands. Nat Ecol Evol 4:652–
658.

Carretero M.A., E. Marcos, and P. de Prado. 2006. Intraspecific
variation of preferred temperatures in the NE form of Podarcis
hispanica. Pp. 55–64 in C. Corti, P. Lo Cascio, and M. Biaggini,
eds. Mainland and insular lacertid lizards: a Mediterranean
perspective. Firenze University Press, Florence.

Clusella-Trullas S., T.M. Blackburn, and S.L. Chown. 2011.
Climatic predictors of temperature performance curve parame-
ters in ectotherms imply complex responses to climate change.
Am Nat 177:738–751.

Clusella-Trullas S. and S.L. Chown. 2014. Lizard thermal trait
variation at multiple scales: a review. J Comp Physiol B 184:5–
21.

Cowgell J. and H. Underwood. 1979. Behavioral thermoreg-
ulation in lizards: a circadian rhythm. J Exp Zool 210:189–194.

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

Davidson A.M., M. Jennions, and A.B. Nicotra. 2011. Do invasive
species show higher phenotypic plasticity than native species
and, if so, is it adaptive? a meta-analysis. Ecol Lett 14:419–431.

Deutsch C.A., J.J. Tewksbury, R.B. Huey, K.S. Sheldon, C.K.
Ghalambor, D.C. Haak, and P.R. Martin. 2008. Impacts of
climate warming on terrestrial ectotherms across latitude. Proc
Natl Acad Sci USA 105:6668–6672.
Dmi’el R. 2001. Skin resistance to evaporative water loss in
reptiles: a physiological adaptive mechanism to environmen-
tal stress or a phyletically dictated trait? Isr J Zool 47:56–67.

Donihue C. 2017. Podarcis siculus: a breeding population in
Boston’s Fenway Victory Gardens. Herpetol Rev 48:126.

Donihue C., M. Lambert, and G. Watkins-Colwell. 2015. Podarcis
sicula (Italian wall lizard). Habitat, invasion of suburban area
of New England. Herpetol Rev 46:260–261.

Eberle P., D. Haro, K. Rekevics, and H.E.M. Liwanag. 2022.
Physiological effects of tail regeneration following autotomy
in Italian wall lizards, Podarcis siculus. J Herpetol 56:434–443.

Fusco G. and A. Minelli. 2010. Phenotypic plasticity in develop-
ment and evolution: facts and concepts. Philos Trans R Soc B
365:547–556.

Gabriel W., B. Luttbeg, A. Sih, and R. Tollrian. 2005. Environ-
mental tolerance, heterogeneity, and the evolution of rever-
sible plastic responses. Am Nat 166:339–353.

Gangloff E.J. and R.S. Telemeco. 2018. High temperature,
oxygen, and performance: insights from reptiles and amphib-
ians. Integr Comp Biol 58:9–24.

Glanville E.J. and F. Seebacher. 2006. Compensation for en-
vironmental change by complementary shifts of thermal sen-
sitivity and thermoregulatory behaviour in an ectotherm. J Exp
Biol 209:4869–4877.

Gunderson A.R. and J.H. Stillman. 2015. Plasticity in thermal
tolerance has limited potential to buffer ectotherms from global
warming. Proc R Soc B 282:20150401.

Hertz P.E., R.B. Huey, and R. Stevenson. 1993. Evaluating tem-
perature regulation by field-active ectotherms: the fallacy of
the inappropriate question. Am Nat 142:796–818.

Hijmans R.J., S.E. Cameron, J.L. Parra, P.G. Jones, and A. Jarvis.
2005. Very high resolution interpolated climate surfaces for
global land areas. Int J Clim 25:1965–1978.

Hochachka P.W. and G.N. Somero. 2002. Biochemical ad-
aptation: mechanism and process in physiological evolu-
tion. Oxford University Press, Oxford.

Huey R.B. 1982. Temperature, physiology, and the ecology
of reptiles. Pp. 25–91 in C. Gans and F.H. Pough, eds. Biol-
ogy of the Reptilia. Vol. 12. Physiology C. Academic Press,
London.

Huey R.B., C.A. Deutsch, J.J. Tewksbury, L.J. Vitt, P.E. Hertz,
H.J.A. Perez, and T. Garland Jr. 2009. Why tropical forest
lizards are vulnerable to climate warming. Proc R Soc B 276:
1939–1948.

Huey R.B. and J.G. Kingsolver. 1993. Evolution of resistance to
high temperature in ectotherms. Am Nat 142:S21–S46.

Huey R.B. and R. Stevenson. 1979. Integrating thermal physiology
and ecology of ectotherms: a discussion of approaches. Am
Zool 19:357–366.

Hulbert A.J. and P.L. Else. 2000. Mechanisms underlying the
cost of living in animals. Annu Rev Physiol 62:207–235.

IPCC (Intergovernmental Panel on Climate Change). 2013.
Climate change 2013: the physical science basis. IPCC, Geneva.

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

https://www.journals.uchicago.edu/action/showLinks?crossref=10.1002%2Fjoc.1276&citationId=p_30
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1002%2Fjez.1402100122&citationId=p_15
https://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F285521&citationId=p_34
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1092%2FENQ9-KD7R-WFGW-KUQW&citationId=p_19
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1016%2F0010-406X%2870%2990965-5&citationId=p_5
https://www.journals.uchicago.edu/action/showLinks?pmid=20083631&crossref=10.1098%2Frstb.2009.0267&citationId=p_23
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1890%2F03-0820&citationId=p_38
https://www.journals.uchicago.edu/action/showLinks?pmid=25994676&crossref=10.1098%2Frspb.2015.0401&citationId=p_27
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1643%2F0045-8511%282002%29002%5B0836%3AFTASAI%5D2.0.CO%3B2&citationId=p_9
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1643%2F0045-8511%282002%29002%5B0836%3AFTASAI%5D2.0.CO%3B2&citationId=p_9
https://www.journals.uchicago.edu/action/showLinks?pmid=23869696&crossref=10.1111%2Fele.12155&citationId=p_2
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1093%2Ficb%2F19.1.357&citationId=p_35
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1093%2Ficb%2F19.1.357&citationId=p_35
https://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F432558&citationId=p_24
https://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F3928&citationId=p_6
https://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F660021&citationId=p_13
https://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F285573&citationId=p_28
https://www.journals.uchicago.edu/action/showLinks?pmid=21314880&crossref=10.1111%2Fj.1461-0248.2011.01596.x&citationId=p_17
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1656%2F1092-6194%282005%29012%5B0349%3ASADAPO%5D2.0.CO%3B2&citationId=p_10
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1656%2F1092-6194%282005%29012%5B0349%3ASADAPO%5D2.0.CO%3B2&citationId=p_10
https://www.journals.uchicago.edu/action/showLinks?pmid=10845090&crossref=10.1146%2Fannurev.physiol.62.1.207&citationId=p_36
https://www.journals.uchicago.edu/action/showLinks?pmid=29697834&crossref=10.1093%2Ficb%2Ficy005&citationId=p_25
https://www.journals.uchicago.edu/action/showLinks?pmid=30143300&crossref=10.1016%2Fj.jtherbio.2018.06.007&citationId=p_7
https://www.journals.uchicago.edu/action/showLinks?pmid=23989339&crossref=10.1007%2Fs00360-013-0776-x&citationId=p_14
https://www.journals.uchicago.edu/action/showLinks?pmid=19324762&crossref=10.1098%2Frspb.2008.1957&citationId=p_33
https://www.journals.uchicago.edu/action/showLinks?pmid=18458348&crossref=10.1073%2Fpnas.0709472105&citationId=p_18
https://www.journals.uchicago.edu/action/showLinks?pmid=18458348&crossref=10.1073%2Fpnas.0709472105&citationId=p_18
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1670%2F21-021&citationId=p_22
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1175%2FBAMS-D-11-00197.1&citationId=p_4
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1175%2FBAMS-D-11-00197.1&citationId=p_4
https://www.journals.uchicago.edu/action/showLinks?pmid=32152530&crossref=10.1038%2Fs41559-020-1131-8&citationId=p_11
https://www.journals.uchicago.edu/action/showLinks?pmid=17142675&crossref=10.1242%2Fjeb.02585&citationId=p_26
https://www.journals.uchicago.edu/action/showLinks?pmid=17142675&crossref=10.1242%2Fjeb.02585&citationId=p_26


368 D. Haro, G. B. Pauly, and H. E. M. Liwanag
Kolbe J.J., B.R. Lavin, R.L. Burke, L. Rugiero, M. Capula, and
L. Luiselli. 2013. The desire for variety: Italian wall lizard
(Podarcis siculus) populations introduced to the United States
via the pet trade are derived from multiple native-range sources.
Biol Invasions 15:775–783.

Kunkel K.E., D.R. Easterling, K. Hubbard, and K. Redmond.
2004. Temporal variations in frost-free season in the United
States: 1895–2000. Geophys Res Lett 31:L03201.

Leal M. and A.R. Gunderson. 2012. Rapid change in the
thermal tolerance of a tropical lizard. Am Nat 180:815–822.

Le Galliard J.F., C. Chabaud, D.O.V. de Andrade, F. Brischoux,
M.A. Carretero, A. Dupoué, R.S. Gavira, O. Lourdais, M.
Sannolo, and T.J. Van Dooren. 2021. A worldwide and an-
notated database of evaporative water loss rates in squamate
reptiles. Glob Ecol Biogeogr 30:1938–1950.

Lighton J.R.B. 2008. Measuring metabolic rates: a manual for
scientists. Oxford University Press, Oxford.

Litmer A.R. and C.M. Murray. 2019. Critical thermal tolerance
of invasion: comparative niche breadth of two invasive lizards.
J Therm Biol 86:102432.

———. 2020. Critical thermal capacities of Hyla chrysoscelis
in relation to season. J Herpetol 54:413–417.

Liwanag H.E.M., D. Haro, B. Callejas, G. Labib, and G.B.
Pauly. 2018. Thermal tolerance varies with age and sex for the
nonnative Italian wall lizard (Podarcis siculus) in Southern
California. J Therm Biol 78:263–269.

Lutterschmidt W.I. and V.H. Hutchison. 1997. The critical ther-
mal maximum: history and critique. Can J Zool 75:1561–1574.

Malte C.L., S. Nørgaard, and T. Wang. 2016. Closed system
respirometry may underestimate tissue gas exchange and bias
the respiratory exchange ratio (RER). Comp Biochem Physiol
A 192:17–27.

McCann S.M., G.K. Kosmala, M.J. Greenlees, and R. Shine.
2018. Physiological plasticity in a successful invader: rapid
acclimation to cold occurs only in cool-climate populations
of cane toads (Rhinella marina). Conserv Physiol 6:cox072.

Ortega Z., A. Mencía, and V. Pérez-Mellado. 2016. Thermal
ecology of Podarcis siculus (Rafinesque-Schmalz, 1810) in Me-
norca (Balearic Islands, Spain). Acta Herpetol 11:127–133.

Parmesan C. and G. Yohe. 2003. A globally coherent finger-
print of climate change impacts across natural systems. Nature
421:37–42.
Pintor A.F., L. Schwarzkopf, and A.K. Krockenberger. 2016.
Extensive acclimation in ectotherms conceals interspecific
variation in thermal tolerance limits. PLoS ONE 11:e0150408.

Pörtner H.-O., C. Bock, and F.C. Mark. 2017. Oxygen- and
capacity-limited thermal tolerance: bridging ecology and phys-
iology. J Exp Biol 220:2685–2696.

Price E.R. 2017. The physiology of lipid storage and use in
reptiles. Biol Rev 92:1406–1426.

R Development Core Team. 2021. R: a language and environment
for statistical computing. R Foundation for Statistical Com-
puting, Vienna. https://www.R-project.org/.

Robertson R.M. 2004. Thermal stress and neural function:
adaptive mechanisms in insect model systems. J Therm Biol
29:351–358.

Schmidt-Nielsen K. 1997. Animal physiology: adaptation and
environment. Cambridge University Press, Cambridge.

Seebacher F., M.D. Brand, P.L. Else, H. Guderley, A.J. Hulbert,
and C.D. Moyes. 2010. Plasticity of oxidative metabolism in
variable climates: molecular mechanisms. Physiol Biochem
Zool 83:721–732.

Seebacher F., C.R. White, and C.E. Franklin. 2015. Physio-
logical plasticity increases resilience of ectothermic animals
to climate change. Nat Clim Change 5:61–66.

Shea T.K., P.M. DuBois, N.M. Claunch, N.E. Murphey, K.A.
Rucker, R.A. Brewster, and E.N. Taylor. 2016. Oxygen con-
centration affects upper thermal tolerance in a terrestrial ver-
tebrate. Comp Biochem Physiol A 199:87–94.

Sinervo B., F. Mendez-De-La-Cruz, D.B. Miles, B. Heulin, E.
Bastiaans, M. Villagrán-Santa Cruz, R. Lara-Resendiz, N.
Martínez-Méndez, M.L. Calderón-Espinosa, and R.N. Meza-
Lázaro. 2010. Erosion of lizard diversity by climate change
and altered thermal niches. Science 328:894–899.

Solberg G., B. Robstad, O.H. Skjønsberg, and F. Borchsenius.
2005. Respiratory gas exchange indices for estimating the
anaerobic threshold. J Sports Sci Med 4:29–36.

Somero G.N., B.L. Lockwood, and L. Tomanek. 2017. Bio-
chemical adaptation: response to environmental challenges,
from life’s origins to the Anthropocene. Sinauer, Sunderland,
MA.

Terblanche J.S., J.A. Deere, S. Clusella-Trullas, C. Janion, and
S.L. Chown. 2007. Critical thermal limits depend on meth-
odological context. Proc R Soc B 274:2935–2943.

https://www.R-project.org/
https://www.journals.uchicago.edu/action/showLinks?pmid=27348513&crossref=10.1111%2Fbrv.12288&citationId=p_56
https://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F649964&citationId=p_60
https://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F649964&citationId=p_60
https://www.journals.uchicago.edu/action/showLinks?pmid=31789228&crossref=10.1016%2Fj.jtherbio.2019.102432&citationId=p_45
https://www.journals.uchicago.edu/action/showLinks?pmid=26523499&crossref=10.1016%2Fj.cbpa.2015.10.026&citationId=p_49
https://www.journals.uchicago.edu/action/showLinks?pmid=26523499&crossref=10.1016%2Fj.cbpa.2015.10.026&citationId=p_49
https://www.journals.uchicago.edu/action/showLinks?pmid=12511946&crossref=10.1038%2Fnature01286&citationId=p_53
https://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F668077&citationId=p_42
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1038%2Fnclimate2457&citationId=p_61
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1670%2F19-124&citationId=p_46
https://www.journals.uchicago.edu/action/showLinks?pmid=24431958&citationId=p_65
https://www.journals.uchicago.edu/action/showLinks?pmid=26990769&crossref=10.1371%2Fjournal.pone.0150408&citationId=p_54
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs10530-012-0325-7&citationId=p_39
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1111%2Fgeb.13355&citationId=p_43
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1016%2Fj.jtherbio.2004.08.073&citationId=p_58
https://www.journals.uchicago.edu/action/showLinks?pmid=27264957&crossref=10.1016%2Fj.cbpa.2016.05.026&citationId=p_62
https://www.journals.uchicago.edu/action/showLinks?pmid=30509645&crossref=10.1016%2Fj.jtherbio.2018.10.010&citationId=p_47
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1093%2Fconphys%2Fcox072&citationId=p_51
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1093%2Fconphys%2Fcox072&citationId=p_51
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1093%2Fconphys%2Fcox072&citationId=p_51
https://www.journals.uchicago.edu/action/showLinks?pmid=28768746&crossref=10.1242%2Fjeb.134585&citationId=p_55
https://www.journals.uchicago.edu/action/showLinks?pmid=20466932&crossref=10.1126%2Fscience.1184695&citationId=p_63
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1139%2Fz97-783&citationId=p_48
https://www.journals.uchicago.edu/action/showLinks?crossref=10.1029%2F2003GL018624&citationId=p_41
https://www.journals.uchicago.edu/action/showLinks?pmid=17878142&crossref=10.1098%2Frspb.2007.0985&citationId=p_67

