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Abstract. Invasive species globally threaten biodiversity and economies, but the ecophysiological mech-
anisms underlying their success are often understudied. For those alien species that also exhibit high phe-
notypic plasticity, such as habitat generalists, adaptations in response to environmental pressures can take
place relatively quickly. The Argentine giant tegu (Salvator merianae; tegu) is a large omnivorous lizard
from South America that is prolific, long-lived, vagile, and highly adaptable to disturbed environments.
They are well suited to the climate of southeastern United States, introduced to several disjunct areas,
including the Everglades, where their voracious appetite threatens native wildlife. Tegus undergo winter
dormancy (hibernation) to cope with colder temperatures, and while this behavior may facilitate invasion
into more temperate regions, it may also present management opportunities. We studied the thermal
habits of wild S. merianae within their invaded range in southern Florida, USA. We used radiotelemetry
and trail cameras to verify aboveground behaviors, and temperature dataloggers to monitor surface (sun-
exposed [Te] and shaded [Ts]), ambient (Ta), subsurface ground (Th), and internal body (Tb) temperatures
of a population of free-ranging tegus over several seasons. We evaluated thermal and behavioral data and
identified five biologically significant periods: pre-hibernal, hibernal, cold snaps, hibernal-basking, and
post-hibernal. We found tegus maintained thermal stability throughout the hibernal period, frequently at
temperatures above available thermal microhabitats. Variation in Tb was lowest during hibernation and
cold snaps and was less variable than subsurface temperatures despite not leaving their hibernaculum.
Hibernal ingress and egress were best predicted by temperature differentials between exposed soil and
ambient daily mean temperatures (Te � Ta) and daylength. Though we detected no sex differences, larger
animals started hibernation sooner, stayed in hibernation longer, and retained higher fat stores over the
study period. One individual did not hibernate, representing only the second record of this behavior.
Despite limitations of these descriptive data, this is the first study finely detailing Tb of a population of
wild, free-ranging S. merianae over multiple biologically significant time periods and to associate Tb with
thermal habitats within its invasive range. Tegus’ apparent ability for thermal stability expands the adapt-
ability breadth of this species and underscores the invasion threat.
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INTRODUCTION

Invasive species negatively impact ecosystems
and economies in myriad ways (Pimentel et al.
2005, Simberloff et al. 2013), but to predict and
address those impacts requires an understanding
of how the species and the system interact. The
primary factors restricting species distributions
are environmental conditions, underscoring the
importance of understanding population-level
tolerance and limitations (Jimenez-Valverde and
Lobo 2011). Temperature is among the most
valuable predictors of invasion potential (Zere-
becki and Sorte 2011, Mohan and Kariyanna
2018), particularly for ectothermic species that
rely on thermal regimes for their physiological
processes (Jimenez-Valverde and Lobo 2011,
Sunday et al. 2014). Ectotherms are dependent
on available thermal habitats and behavioral
thermoregulation for normal physiological func-
tions (Hertz et al. 1982, Huey and Kingsolver
1989). Thermal regimes dictate diel and seasonal
activity such as ectotherm locomotion, foraging,
digestion, dormancy, and reproduction (Huey
1982, Webb and Shine 1998). During the active
season, terrestrial ectothermic vertebrates behav-
iorally thermoregulate, differentially using avail-
able thermal habitats throughout the daytime
hours (e.g., basking), and often retreat to ther-
mally stable underground refuges in periods of
thermal extremes (high midday heat or cold
nights). During colder months, many ectotherms
hibernate (undergo winter dormancy), often
sheltering below ground in hibernacula as a buf-
fer against temperature extremes (Currylow et al.
2013). The thermal suitability of available habi-
tats determines not only the microclimates across
an ecosystem that ectotherms can inhabit, but
also their range limits and, in some cases, popu-
lation sex ratios (Viets et al. 1994, Shine 1999,
Pringle et al. 2003, Pike et al. 2011). The

phenotypic plasticity exhibited among individu-
als in response to differing environmental condi-
tions can predict invasive establishment success
(Kraus 2009).
The Greater Everglades ecosystem in southern

Florida is known for its diversity of habitats and
abundance of wildlife, particularly ectotherms
such as herpetofauna that flourish in its subtropi-
cal climate. Many species of non-native herpeto-
fauna have established populations in this
ecosystem (Krysko et al. 2011, 2016), including
well-publicized examples such as the invasive
Burmese python (Python bivittatus; Snow et al.
2007, Dorcas et al. 2012, Hanslowe et al. 2018,
Krysko et al. 2019). The Argentine giant tegu
(Salvator merianae; tegu) is a large (up to 5 kg)
teiid lizard native to South America’s tropical to
temperate environments (Andrade et al. 2004)
that was brought to southern Florida because of
its popularity in the pet trade (Enge et al. 2006,
Krysko et al. 2016). Tegus are omnivorous habitat
generalists that have quickly established popula-
tions in natural, urban, and agricultural areas of
southern Florida and now threaten the persis-
tence of native ground-dwelling and ground-
nesting vertebrate populations (Barraco 2015,
Mazzotti et al. 2015). They are prolific breeders
(Pernas et al. 2012, Meshaka et al. 2019), and
intensive ongoing harvest in the native range for
the skin trade appears to be sustainable (Fitzger-
ald et al. 1991, Fitzgerald 1994). This suggests
that control in an introduced range will prove
challenging. For these reasons, tegus may be con-
sidered a significant threat to the Greater Ever-
glades ecosystem. Because they can capitalize on
altered ecosystems and anthropogenic features
for shelter and dispersal, these lizards have the
potential to invade much of the southern United
States (Winck and Cechin 2008, Chiarello et al.
2010, Klug et al. 2015, Jarnevich et al. 2018).
Indeed, recent evidence shows at least one
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population is established north of Florida (Haro
et al. 2020), contributing to the broad establish-
ment success of introduced lizard taxa (Kraus
2009).

Argentine giant tegu distribution and activ-
ity are closely tied to temperature (Lanfri et al.
2013, Ferreguetti et al. 2018, Jarnevich et al.
2018) limiting its invasion expansion. Though
southern Florida has generally high annual
temperature and humidity levels, the Greater
Everglades ecosystem is known for shallow,
often flooded soils and/or exposed bedrock.
Much of the area offers few deep-soil thermal
refuges for burrowing animals, especially dur-
ing winter months when the animals hibernate
(McEachern et al. 2015). However, this species
was recently shown to exhibit seasonal repro-
ductive endothermy in captivity (Tattersall
et al. 2016). Evidence of similar facultative
endothermy (metabolic heat production above
ambient temperatures) during hibernation and
in response to evolutionarily unfamiliar micro-
habitat features could change our understand-
ing of its invasion potential and management.
Yet, no studies have detailed the thermal ecol-
ogy of wild S. merianae within their invasive
range, and we could only find a single men-
tion of a small, unpublished study in the
native range (Andrade et al. 2004).

In order to provide managers a better
understanding of the thermal tolerance and
invasion capacity of a free-ranging invasive
ectotherm with the potential to impact popula-
tions of sympatric species, we investigated the
thermal biology of wild S. merianae in Florida,
USA. We used temperature dataloggers to
monitor shaded and exposed substrate temper-
atures, ambient air temperature, subsurface
ground and burrow temperatures, and internal
body temperature of free-ranging tegus for
more than 10 months encompassing hiberna-
tion. We aimed to (1) describe the thermal
habitats available to ectotherms overwintering
in southern Florida; (2) identify the physical or
environmental factors that contribute to tegu
ingress into, or egress from, hibernation; (3)
determine how tegus respond to cold tempera-
tures and the shallow burrow depths in the
wild; and (4) understand how thermal
responses influence invasion risk of this species
for climates in North America.

STUDYAREA

We conducted this study in the Greater Ever-
glades ecosystem of southern Florida, USA. Our
study site was primarily located in the Southern
Glades Wildlife Environmental Area (WEA),
which is co-managed by the Florida Fish and
Wildlife Conservation Commission (FWC) and
the South Florida Water Management District
(SFWMD; described in McEachern et al. 2015).
The habitat is predominantly freshwater saw-
grass (Cladium jamaicense) slough interspersed
with marl prairies and tree islands dominated by
broadleaf and cypress trees (Taxodium spp.). The
area is highly anthropogenically altered; agricul-
ture and commercial tree groves border the site,
and the hydrology is managed by a system of
canals, levees, gates, and locks. Invasive plant
species such as Brazilian pepper (Schinus teren-
binthifolius) and native, early-successional species
such as poisonwood (Metopium toxiferum) often
dominate these disturbed areas. Soil depths aver-
age 28–30 cm over limestone bedrock with an
isohyperthermic temperature regime (i.e., mean
annual soil temperature ≥22°C with <6°C sea-
sonal variation; Mount and Brannon 2007).
Monthly groundwater level ranges from +1.06 to
�0.80 feet (NAVD88; often submerging exposed
ground) and ranges in temperature from 23.5°C
to 27.1°C in the region (USGS 2020). The region
is classified as having a subtropical savanna cli-
mate with a distinct hot, humid wet season in the
summer and slightly cooler, less-humid dry sea-
son mid-fall through late spring (Hela 1952,
Duever et al. 1994). Occasional winter cold fronts
can cause rapid temperature drops, which last
for short periods.

METHODS

Tegu monitoring
We live-trapped 35 S. merianae (18♂, 17♀) from

across the study site and recorded sex, snout–
vent length (SVL), mass, and capture location for
each individual. We surgically implanted coated
temperature dataloggers (Thermochron iButton,
model number DS1921G-F5#, Maxim Integrated,
San Jose, California, USA, coated in PlastiDip
and then paraffin/beeswax mixture) that had
been gas-sterilized with ethylene oxide. We
implanted the dataloggers into the coelom using
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sterile technique through a lateral flank incision.
We held animals for 4–6 d for post-surgical
recovery before release at the point of capture.

We programmed dataloggers to record tegu
internal body temperature (Tb) every 60 min
from as early as 23 June 2015 to as late as 2 May
2016 (up to 46 weeks depending on capture
dates) to completely encompass hibernation.
Immediately prior to release at their point of cap-
ture, we equipped each tegu with a VHF radio
transmitter (Advanced Telemetry Systems model
A2930B, Advanced Telemetry Systems, Isanti,
Minnesota, USA) over the pelvis using a harness
of stainless-steel ball chain. We subsequently
tracked individuals three times per week until
hibernation had commenced (following McEach-
ern et al. 2015) and then once per week to moni-
tor hibernation. We deployed a motion-detection
trail camera (Moultrie models M990i, M880,
PRADCO, Birmingham, Alabama, USA; Bush-
nell model 119468, Bushnell Outdoor Products,
Overland Park, Kansas, USA or similar) near
each burrow to sample aboveground behavior.
At the conclusion of each study animal’s hibernal
period, we hand-captured or live-trapped indi-
viduals as they egressed their burrow hibernacu-
lum. We humanely euthanized all recaptured
study animals, recorded post-hibernation mor-
phometric and necropsy data, and recovered
thermal dataloggers.

Thermal habitat monitoring
To document the thermal habitats used by

tegus surrounding and throughout the hibernal
period, we deployed 43 temperature dataloggers
(coated in PlastiDip for weatherproofing) at sev-
eral locations across the study site. Once a study
animal commenced hibernation, we deployed a
temperature datalogger inside the burrow corri-
dor of the occupied burrow hibernacula within
arm’s length (averaging 31 cm) to record avail-
able subsurface/hibernacula temperatures (Th).
Animals chose overwintering burrows of various
materials (bedrock caverns, cavities in massive
limestone spoil; see McEachern et al. 2015). It
was impractical to attempt excavation of hiber-
nacula, and the irregularity and complexity of
the rock spoil prevented us from describing the
extent of tegu-accessible dimensions. Where an
entrance to the hibernacula could not be deter-
mined (e.g., in a large rock pile with multiple

possible entrances), temperature dataloggers
were buried (subsurface 13–45 cm) at the loca-
tion of the animal’s strongest transmitter signal.
We programmed Th dataloggers to record tem-
peratures every 60 min and deployed the major-
ity by November 2015. These were recovered by
April 2016 for a total of approximately 27 weeks
of records.
In addition to the 34 subsurface/hibernacula

dataloggers, we chose three replicates of each of
three environmental microclimatic types (ambi-
ent, full sun-exposed substrate, and shaded sub-
strate; n = 9 total) and deployed temperature
dataloggers at those locations across the study
region in order to represent available thermal
habitats. We suspended the three ambient tem-
perature dataloggers (Ta) inside clear plastic cups
(to prevent moisture and wind from influencing
readings) at 1 m above ground in shaded areas,
covered the three exposed soil temperature data-
loggers (Te) with approximately 1 cm of sub-
strate in areas fully exposed to the sun during
the entire day, and concealed the three shaded
soil temperature dataloggers (Ts) with approxi-
mately 1 cm of substrate in areas fully shaded
during the entire day. All thermal habitat data-
loggers recorded temperatures every 60 min
from 2 July 2015 through 18 April 2016 (approxi-
mately 45 weeks).

Data analyses
To characterize the hibernal ecology of S. meri-

anae and detect thermal patterns across the study
site, we analyzed thermal data at multiple levels.
We processed the raw thermal data using RStudio
(version 1.2.5033; 2009–2019 RStudio, Boston, Mas-
sachusetts, USA), and because subsurface temper-
atures we present may not represent the
potentially deeper burrow temperatures that the
animals could have been experiencing, we calcu-
lated daily means, medians, minimums, and maxi-
mums (temperature dailies) for each of the
temperature dataloggers and then binned them by
locations (Tb, Th, Ta, Te, and Ts) to describe the
population and landscape. At the coarser sam-
pling intervals of days and hours (opposed to min-
utes) and with our lack of operative temperature
models, we did not attempt to address fine-scale
behavioral thermoregulation or thermal inertia
(Taylor et al. 2020). Instead, we binned data by
location and calculated daily variation in
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temperature (daily T(max) � daily T(min)) to help
analyze and interpret general tegu behavior rela-
tive to available thermal habitats. To investigate
differences in temperature and seasonal timing,
we used univariate split-plot approaches with the
restricted maximum-likelihood method fit for lin-
ear mixed models with daily T(max), daily T(min),
daily T(mean), daily T(median), and daily T(max–min) as
dependent variables, and month, week, SVL,
mass, body condition score (BCS), sex, and loca-
tion as the predictors with individual temperature
datalogger ID as the random effect on the intercept
and all predictor variables to account for repeated
measures. We used fixed effect regression models
when evaluating hibernation start and end dates
and hibernation duration by SVL, mass, BCS, and
sex. We followed model tests by least squares
means Tukey-Kramer post hoc pairwise compar-
isons or Student’s t tests to detect significant differ-
ences among fixed effect groups.

We determined individual hibernal ingress and
egress dates for each study animal using thermal
data supplemented with telemetry and images
from trail cameras. We defined ingress date as the
first date a study animal did not subsequently exit
the hibernacula for three or more consecutive
days, and egress date as the first date it was
tracked away from the hibernacula or began bask-
ing daily, whichever behavior occurred first. We
used hibernal ingress and egress dates and hiber-
nation duration to generate general biologically
significant seasonal time periods (pre-hibernal,
hibernal, and post-hibernal), and we compared
daily and weekly temperatures across datalogger
locations during each of these periods. We also
analyzed all daily temperatures within the hiber-
nal period for cold snaps and basking events. We
defined cold snaps based on the frequency of dra-
matic temperature variation with an emphasis on
negative deviation from microclimatic mean (Pir-
halla et al. 2015). We calculated this as a 24-h per-
iod meeting two conditions: (1) The variation in
ambient temperature (Δ[Ta(max) � Ta(min)]) was
more than two standard deviations (SD) above the
mean variation (mean[Ta(max) � Ta(min)]), and (2)
included low temperatures that were at least two
standard deviations below the ambient mean (i.e.,
�2SD ≤ mean (Ta); a rapid fall to cold temperature
within 24 h). Similarly, we calculated basking
events as 24-h periods under two conditions: (1)
Days when Δ(Tb(max) � Tb(min)) was greater than

two standard deviations above mean(Tb(max) � Tb
(min)), and (2) included high temperatures that
were 2SD ≥ mean(Tb).
We used ANOVA tests or nominal logistic

regression chi-square analyses (where appropriate
and depending on data type) when examining
variation among individuals in morphometrics
and associated dates. As an index of body condi-
tion, we used residuals from a regression of log-
transformed body mass on log-transformed SVL
where zero represents the mean value (Falk et al.
2017). We evaluated the potential for metabolic
heat regulation and behavioral thermoregulation
by comparing hourly, daily, and time period
actual, range, and variation in Tb to Th, and
against available environmental thermal habitats
(Ta, Te, and Ts). We used median temperatures
when appropriate to best represent associated
temperatures and reduce the influence of outliers.
Preliminary datafile processing was carried out in
R (R Foundation for Statistical Computing,
Vienna, Austria), while further data processing
and all statistical analyses were carried out using
JMP statistical software (version 14.2.0; 2018 SAS
Institute, Cary, North Carolina, USA).

RESULTS

Over a total of 46 weeks, we recorded 215,143
individual temperatures (8911 daily summaries)
from 22 tegus (9♂, 13♀), 19 subsurface/hibernacu-
lum, and six environmental locations. We were
not able to find or recapture 13 of the study ani-
mals (9♂, 4♀) and recovered neither their temper-
ature dataloggers nor final morphometric
information; subsurface/hibernacula data for
these individuals were not used in subsequent
analyses. One male tegu did not hibernate (re-
mained active all season; Appendix S1: Figs. S1,
S2) and was excluded from hibernation-specific
analyses. Two other subsurface/hibernacula data-
loggers (associated with 2♀) and three of the ther-
mal habitat dataloggers (one exposed soil and
two shaded soil) were lost or damaged; images
from trail cameras suggest that most of this dis-
turbance can be attributed to small mammals.

Thermal ranges and biologically significant time
periods
We identified five periods that were linked to

the thermal ecology of tegus in southern Florida
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(pre-hibernal, hibernal, cold snaps, hibernal-
basking, and post-hibernal) using the compiled
tracking, thermal, and photodocumentary data.
These periods represent times when tegus are
active (pre-hibernation, hibernal-basking, and
post-hibernation) and inactive (hibernation and
cold snaps), and the internal body temperature
variation detected during those periods is reflec-
tive of the associated behaviors. We found that
13 individual study animals actively basked 24
times over the course of their hibernation (1–5
times each). Combined median Tb differed
between all periods except post-hibernation
(F4, 121.8 = 136.1062, P < 0.0001). However,

average daily internal temperature variation
(e.g., Δ[Tb(max) � Tb(min)]) was only different
between active and inactive periods
(F4, 119.6 = 11.0052, P < 0.0001; see Tables 1, 2 for
Tb values).
Grouped by biologically significant time peri-

ods (pre-hibernal, hibernal, and post-hibernal),
each Tb measurement bin (daily mean, daily
median, daily minimum, and daily maximum)
was higher than every associated Th measure-
ment bin (all P ≤ 0.0063). Over cold snaps and
hibernal-basking events, daily Tb measurement
bins were again higher than associated Th mea-
surement bins (all P ≤ 0.0397) except mean and

Table 1. Median temperatures (°C) from all grouped datalogger locations by biologically significant time period
across 46 weeks of monitoring during 2015–2016 in the Greater Everglades ecosystem, Florida, USA.

Datalogger location and
statistic Pre-hibernation Hibernation Cold snap

Hibernal-
basking Post-hibernation

Salvator merianae internal (Tb) 30.9a (28.6, 36.5) 24.5a (24.2, 24.7) 19.1a (18.7, 19.4) 27.1a (25.3, 35.6) 25.9a (22.8, 33.3)
Subsurface/Hibernaculum (Th) 24.3c (23.1, 26.1) 23.0b (22.2, 23.6) 17.1b (15.6, 17.9) 24.1a (24.0, 25.1) 21.5b (20.7, 22.4)
Ambient air (Ta) 27.2bc (23.8,

32.1)
22.3b (19.3, 26.6) 15.5b (9.4, 23.7) 24.8a (21.5, 29.7) 23.2ab (19.5,

28.4)
Exposed soil (Te) 29.7ab (24.5,

39.9)
22.8ab (18.8,

29.9)
16.6ab (9.0, 29.5) 25.7a (21.0, 35.0) 25.4ab (19.3,

37.1)
Shaded soil (Ts) 26.4bc (25.6,

27.3)
22.7ab (22.0,

23.7)
17.4ab (15.9,

19.6)
24.4a (23.7, 25.3) 22.9ab (21.9,

24.2)
F 16.6001 5.5518 2.9199 1.9662 9.224
df 4, 25.19 4, 38.95 4, 29.57 4, 11.17 4, 27.32
P <0.0001 0.0012 0.0378 0.1685 <0.0001
SD 1.06 1.15 2.12 1.26 1.83

Notes: SD, standard deviation. Datalogger location temperatures within columns not connected by the same letter are statis-
tically different. For reference, mean minimum and mean maximum temperatures for those locations by time periods appear in
parentheses.

Table 2. Mean temperature variation (Δ[T(max) � T(min)]) from grouped datalogger locations by biologically sig-
nificant time period across 46 weeks of monitoring during 2015–2016 in the Greater Everglades ecosystem,
Florida, USA.

Datalogger location and statistic Pre-hibernation Hibernation Cold snap Hibernal-basking Post-hibernation

Tb 7.76a 0.51a 0.78a 10.68ab 10.23a

Th 3.07ab 1.42b 2.35b 1.22c 1.80b

Ta 8.34a 7.34c 14.33c 8.17b 8.87ac

Te 15.41c 11.11d 20.48d 14.04a 17.74d

Ts 1.63b 1.69ab 3.76ab 1.56c 2.30bc

F 23.7217 249.6848 178.2060 23.0898 30.7078
df 4, 26.76 4, 39.30 4, 28.77 4, 14.97 4, 22.47
P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
SD 1.28 0.54 1.10 1.73 2.22

Notes: SD, standard deviation. Datalogger locations were tegu (Salvator merianae) body (Tb), subsurface/hibernacula (Th),
ambient air (Ta), exposed soil (Te), and shaded soil (Ts). Datalogger location temperature variations within columns not con-
nected by the same letter are statistically different.
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minimums on basking days and maximum on
cold snaps (differences were not significant).
During each season, median Tb was generally
higher than all other thermal habitats regardless
of the differences in locations (underground vs.
soil surface; see Table 1). Prior to hibernation,
daily Tb variation averaged 7.8°C, closest to the
aboveground variation for Ta, but remained
higher overall than any other median tempera-
ture for the period (Table 1). During inactive
periods, hibernating tegus maintained stable
median Tb, exhibiting very little daily tempera-
ture variation at only 0.5°C and 0.8°C for hiber-
nation and cold snap bins, respectively, about a
third of the daily variation seen in the associated
subsurface/hibernaculum bin (Table 2). Average
Tb(min) remained higher (18.7°C) during cold
snaps than other minimum temperatures
(15.9°C; F4,30.07 = 16.4289, P < 0.0001) except Ts
(min). Throughout inactive periods underground,
median Tb was not distinguishable from those of
surface soil temperatures (Te and Ts; Table 1),
though the animals were not detected above-
ground. However, during basking events within
the hibernal period, Δ(Tb(max) � Tb(min))
increased to 10.7°C, reflecting the active behav-
ioral thermoregulation also detected on camera
traps (Table 2). Post-hibernation, aboveground
Tb remained higher than temperatures found in
remaining subsurface/hibernaculum and the
average daily Tb again aligned closest to changes
in Ta, reflecting the active behavioral thermoreg-
ulation. Though not always statistically different,
median Tb tended to remain higher than T(median)

recorded from any other datalogger location dur-
ing every period (Table 1).

Seasonal thermal profiles, ingress, and egress
For 31–46 weeks (June 2015–April 2016), we

obtained thermal profile data from up to 22 tegus
(13♀ and 9♂; mean number of weeks individuals
were monitored = 39.6). There was no difference
in overall Tb bins by SVL, mass, or sex. During
hibernation, male Tb (22.6°C) was slightly differ-
ent from female Tb (21.1°C; F1,19.71 = 4.4143,
P = 0.0487) only in the month of January 2016.
There were only three weeks during which male
and female Tb differed (week 37 in September
2015; 29.7°C ♂, 31.2°C ♀; F1,19.05 = 4.4420,
P = 0.0485, week 6 late January–early February,
23.1°C ♂, 21.5°C ♀; F1,18 = 4.6676, P = 0.0445,

and week 13 in late March, 24.3°C ♂, 26.9°C ♀;
F1,3.168 = 15.0308, P = 0.0275).
Throughout the study, weekly Tb(median) was

typically warmer than all other (Ta, Te, Ts, and
Th) median temperatures by week, even during
hibernal weeks (Fig. 1). For every month, Tb(min)

averages were higher than all other datalogger
minimum temperatures, and statistically so for
all Ta(min) and Te(min) (all P < 0.0205). Further, in
every hibernal month, all Tb measurement
groups (daily mean, daily median, daily mini-
mum, and daily maximum) were higher than
associated Th hibernation locations (all
P < 0.0053), except in February (~weeks 6–9)
when most basking occurred and in the daily
temperature maximums in October (~weeks 41–
44) and December (~weeks 49–53). We detected
general temperature upticks during those
months (Fig. 1) and note that daylength starts to
increase again in February (Fig. 2).
We documented ingress dates for 21 of 22

tegus (8♂, 13♀; one male did not hibernate).
Ingress date did not vary by sex but was corre-
lated with capture mass and SVL (mass
F1,19 = 15.1235, P = 0.0010 and SVL
F1,19 = 6.4538, P = 0.0200), where larger individ-
uals started hibernating sooner (Fig. 3). In agree-
ment with those analyses, we found that
individuals with higher body condition started
hibernation earlier (F1,19 = 7.7939, P = 0.0116),
hibernated for longer durations (F1,19 = 5.9309,
P = 0.0249), and had higher fat mass recovered
at necropsy (F1,19 = 5.1287, P = 0.00354). Fat
mass was negatively correlated with days since
hibernation end (F1,19 = 12.6053, P = 0.0021) and
date euthanized (F1,20 = 23.0649, P < 0.0001).
Overall, ingress dates ranged between 23

August and 29 October 2015, with 75% of tegus
entering hibernation by mid-October 2015
(~week 42 of 2015); average duration of hiberna-
tion was 138 d (SD = 30.0, range = 48–183 d).
Hibernation egress dates ranged from 16 Decem-
ber 2015 to 24 March 2016, and 75% of study ani-
mals egressed by early March 2016 (~week 9 of
2016). The temperature differential in daily med-
ian Te and Ta predicted general timing of ingress
and egress across all individuals (occurrence of
pre-hibernal, hibernal, and post-hibernal periods;
v2 = 245.4743, df = 1, P < 0.0001; Fig. 2). Most
tegus were active when weekly median Te � Ta
was positive (i.e., sun-exposed soil temperatures
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were higher than ambient temperatures), while
hibernation commenced when sun-exposed soil
temperatures were the same or below ambient
(weekly median Te � Ta ≤ 0; Fig. 2).

Diel Tb patterns were unimodal during seasonal
activity, peaking during the hottest part of the day
between 13:00 and 15:00 hours (pre-hibernation
~33.9°C, F23, 477.2 = 37.3140, P < 0.0001; and post-
hibernation ~31.0°C, F23, 390.2 = 23.6812,
P < 0.0001; Fig. 4) as expected for behavioral ther-
moregulation. That pattern held for activity during
hibernation where those animals that basked did
so in the middle of the day, peaking around
13:00 hours (Fig. 5) when Te was also highest
(Fig. 4). However, there were relatively few indi-
vidual basking events during the entirety of each
individual’s hibernation period (0–5), hourly Tb
remained constant (all P = 0.34–0.99) and was
usually above available thermal environments
(Fig. 4). Overnight, Tb continued to remain con-
stant during hibernation (did not decline as other
temperatures did from overnight cooling) and
even remained notably higher (24.5°C) than ther-
mal habitats (19.7–22.7°C; F4,39.55 = 15.2821,

P < 0.0001) except for shaded soil (22.5°C) in the
few hours just before sunrise (03:00–06:00 hours).

DISCUSSION

Over nearly a year of in situ monitoring, we
were able to identify three major (pre-hibernal,
hibernal, and post-hibernal) and two minor (cold
snaps and hibernal-basking events) thermal and
biologically significant periods for wild S. merianae
in their invasive range in southern Florida, USA.
During all three major periods, study animals gen-
erally exhibited high body temperatures, often
maintaining body temperatures above those avail-
able in thermal habitats. Weekly Tb(mean), Tb(me-

dian), Tb(minimum), and Tb(maximum) recorded from
study animals during hibernation were all higher
than associated temperatures recorded from sub-
surface/hibernaculum. Though metabolic rate gen-
erally scales with body size and temperature, the
thermal sensitivity in tegus of any body size has
been shown to be low over a broad range of tem-
peratures (e.g., 17–30°C; Abe 1995, Milsom et al.
2008, Toledo et al. 2008, Sanders et al. 2015). Still,

Fig. 1. Median temperatures (°C) across weeks from 23 June 2015 through 2 May 2016 in the Greater Ever-
glades ecosystem, Florida, USA. Temperature lines represent internal Salvator merianae (tegu) body temperatures
(Tb, black), subsurface/hibernacula temperatures (Th, dotted purple), and environmental temperatures of ambi-
ent air at 1 m (Ta, blue), exposed soil (full sun; Te, orange), and shaded soil (deep shade; Ts, gray). Gray section
between weeks 42 and 9 (~mid-October 2015 and early March 2016) represents general tegu hibernal timing from
this study.
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previous studies described tegus as thermal con-
formers during nighttime hours or periods of dor-
mancy within their native range (Andrade et al.
2004, Sanders et al. 2015). Unfortunately, we had
no way of determining how deep or cavernous the
hibernacula were or how deeply the animals could
have gone to possibly find warmer subsurface
temperatures. However, water tables are high in
the region, presumably limiting available usable
depth of burrows, and published soil tempera-
tures during winter months are lower than those
of the available subsurface temperatures we
recorded (Mount and Brannon, 2007).

This is the first study to record Tb of free-
ranging S. merianae, and we found that tegus did
not appear to thermally conform to subsurface/
hibernaculum temperatures during hibernation
in southern Florida. We found that minimum Tb

across all seasons is higher than all other temper-
ature minima (Appendix S2: Table S1). However,
because Andrade et al. (2004) found that the rate
of overnight heat loss in a 3.5 kg tegu was
approximately 0.44°C/h and Cecchetto and Nar-
etto (2015) found that the heating rate by SVL in

this species is relatively quick (0.22–0.33°C/min),
the coarseness of our data prevents a fine-scale
description of changes due to thermal inertia.
Recent work suggests that gut microbes could
also have some impact on heat production in
endotherms (Kohl and Carey 2016, Rosenberg
and Zilber-Rosenberg 2016), but directed
research in this area and for ectotherms is
underdeveloped. However, Tattersall et al. (2016)
demonstrated that captive S. merianae were cap-
able of not only seasonally regulating body tem-
perature metabolically during the reproductive
period but could generate temperature differen-
tials in thermally neutral conditions over several
days of testing. The maintenance of body tem-
peratures above those available at subsurface/
hibernaculum that we found suggests that the
animals either found stable and higher subsur-
face temperatures at deeper depths, emerged
from hibernation to find suitable basking sites, or
exhibited facultative endothermy.
Soil depth is an important consideration because

deep soil can have a stabilizing effect on internal
burrow temperatures relative to the external

Fig. 2. Temperature (°C) differential between median sun-exposed soil (Te) and ambient (Ta; blue line with
95% confidence of fit buffer, left axis) and duration of daylight (red line, right axis) by date. The dashed line at
zero represents the lower threshold when there is no longer a positive differential in available thermal environ-
ments (i.e., basking could not increase body temperature above ambient). Gray section between mid-October
2015 and early March 2016 represents general Salvator merianae hibernal timing from this study. Daylength data
for the region were downloaded from timeanddate.com, and thermal data were collected from temperature data-
loggers deployed over approximately 46 weeks in 2015–2016 in the Greater Everglades ecosystem, Florida, USA.
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environment. However, because the southern tip
of Florida has a shallow subsurface layer of lime-
stone bedrock meeting high water tables, tegus
invading the Everglades region are likely more
depth-limited in hibernacula compared with their
native range. We did not excavate and measure
the depth or dimensions of our study animals’
hibernaculum due to limited accessibility, develop-
ment/structures, rock entrances, and landowner-
ship issues. Consequently, our subsurface/
hibernacula temperature measurements likely do
not represent the immediate temperature sur-
rounding the hibernating study animals, but
instead characterize average soil temperatures
available. However, Mount and Brannon (2007)
investigated soil temperatures in southern Florida
and found that the shallow soil layer over lime-
stone bedrock in our study area was

isohyperthermic, meaning that they vary little over
the seasons (≤6°C), peaking in late summer/early
fall (~27°C) and averaging 20.0–21.9°C during the
winter months. Those temperatures are somewhat
lower than our shallower subsurface/hibernacula
average temperature (22.9°C). Considering this, it
is unlikely that tegus could have found warmer
temperatures in deeper soil, and arguably not high
enough to reach what would be required to raise
and maintain their hibernal-period Tb to the tem-
peratures we detected (24.5°C) if they were simply
thermally conforming.
Interestingly, weekly Tb was typically warmer

than all other environmental temperatures,
including during the hibernal period when
behavioral thermoregulation would be limited to
basking events. Yet, basking events were rarely
observed (24 basking events by 13 individuals

Fig. 3. Hibernation ingress date and duration as a function of mass (g), snout–vent length (SVL; cm), and body
condition score (BCS; residuals from regression of log–log-transformed SVLs and mass where 0 represents the mean)
at first capture for female and male Salvator merianae (n = 21) in the Greater Everglades ecosystem of southern Flor-
ida, USA. Shaded areas are 95% confidence intervals. Confidence intervals are not shown on Capture BCS to
improve clarity. Sexes are not statistically different but displayed as separate colors for interpretive use.
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over the more than 2900 potential basking days
during hibernation). During basking events, the
variation in Tb increased over other inactive
hibernation days, averaging a 10.7°C change dur-
ing basking days vs. 0.5°C during hibernation,
despite there being reduced change in subsur-
face/hibernaculum temperatures during these
two periods (1.2°C vs. 1.4°C, respectively). This
positive ΔTb is expected when an animal behav-
iorally thermoregulates as these did (as sup-
ported by trail camera images). Throughout the
remaining inactive periods, variation in Tb was

about a third of that seen in Th, despite the ani-
mals having not moved out of their burrows.
Additionally, when we investigated hibernation
Tb in the hours just before sunrise (when no
basking opportunities would have been recently
available), we found that tegus maintained stable
temperatures averaging 2–5°C above those
found in available thermal habitats. Thermal
inertia cannot account for the tegus’ ability to
maintain hourly Tb above other thermal habitats
available for the entire 138-d hibernation dura-
tion in dark and cold conditions (Seebacher and

Fig. 4. Median hourly temperatures for Salvator merianae (tegu), subsurface/hibernaculum, and combined envi-
ronmental (Ta, Te, and Ts) dataloggers during days when animals were in pre-hibernation, hibernation, and post-
hibernation, Greater Everglades ecosystem, Florida, USA. Median Tb and environmental temperatures are dis-
played per period in the upper right corner of each panel.
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Shine 2004, Milsom et al. 2012). The animals in
our study either did not or rarely exhibited
behavioral thermoregulation (basking) during
hibernation, yet exhibited consistently higher
body temperatures than were available in ther-
mal habitats. Indeed, the departure between Tb

and the temperature in associated subsurface/
hibernaculum is in alignment with the recent dis-
covery of facultative endothermy in this species
(Tattersall et al. 2016) and suggests that S. meri-
anae may also undergo metabolic thermogenesis
while in hibernation, but this is the first study to
document these type of data in the wild, and
directed study should be undertaken.

We found little to no sex difference in any of
the Tb data except for three widely spaced
weeks, two weeks when female Tb exceeded
males’ (September and late March), and one
week when male Tb was higher (late January/
early February). Although we detected no sex
difference in ingress or egress hibernation dates,
we did note that females tended to ingress

about a week later and egress about two weeks
later than males; these dates are in line with the
sex differences we detected in Tb timing. Fifty
percent of males ingressed by 28 September
2015 and likely began to more closely thermally
align to the lower but stable subsurface temper-
atures. By 1 February 2016, 50% of males
egressed and their higher Tb was likely due to
behavioral thermoregulation (Winck et al. 2011);
however, increased male Tb has also recently
been correlated with a ramping up of testos-
terone in preparation for the breeding season
(Zena et al. 2020). Endocrinology and activity
patterns may also help explain the increase in
female Tb we found in late March; Zena et al.
(2020) found that progesterone increased female
activity associated with nesting. The sexually
dimorphic hibernation phenology trend we
noted is consistent with previous observations
of S. merianae in their native range where males
emerge from hibernation before females (Winck
and Cechin 2008, Chamut et al. 2012).

Fig. 5. Mean Salvator merianae (tegu) Tb by hour of day and biologically significant time period (each line is
buffered with the confidence of fit) in the Greater Everglades ecosystem, Florida, USA. The number of individual
tegu Tb by time period represented in the figure is as follows: per-hibernation, n = 21; hibernation, n = 21; cold
snap, n = 19; hibernal bask, n = 13; and post-hibernation, n = 19. The upper dashed line at 32°C represents the
purported lower behaviorally maintained temperature for this species in the native wild (Andrade et al. 2004).
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Tegus hibernated for an average of 138 d,
which was remarkably consistent with the 137 d
observed by McEachern et al. (2015) for other
individuals in this invasive population. There
was some notable variation, however, and indi-
viduals with a relatively higher BCS at capture
entered hibernation sooner and remained hiber-
nating longer. These findings agree with studies
on lizard assemblages in the native range where
larger individuals disappeared from trap arrays
earlier in the hibernal season than smaller indi-
viduals (Fitzgerald et al. 1999). Further, we found
that lower BCS corresponded to inconsistent or
shorter hibernation periods. However, we found
that those individuals with higher capture BCSs
also had higher fat mass at the study’s conclu-
sion. There is evidence that hibernal fat metabo-
lism is morphologically allometric (de Souza
et al. 2004), and a higher fat mass may have
allowed these larger individuals to hibernate for
a longer and more consistent time period.
Though we would expect that activity expendi-
tures will be lower in lizards resting in burrows
as opposed to those that are active (Bennett and
Nagy 1977, Christian et al. 1995), the relatively
new finding that tegus can exhibit facultative
endothermy (as our findings of maintained high
hibernation Tb in the wild also support) raises
the question as to how these animals retain
higher levels of fat mass without replenishing
stores through foraging (i.e., while hibernating).
In a study comparing two sympatric Eremias,
Nagy et al. (1984) found that though the more
vagile species spent more energy foraging, its
change in mass and growth rate was nearly twice
that of the sedentary species. Although we could
not detect a similar significant correlation in the
growth of more active animals within our study
population over winter, we did see a trend
(P = 0.0585); two of the three study animals with
the greatest mass gain (all males) included the
individual with the shortest hibernation period
(48 d) and the individual that did not hibernate
at all. A larger sample size might confirm that
those animals that do not possess adequate fat
stores to metabolically endure winter months are
indeed those animals that remain active, or
shorten hibernation, to acquire energy stores.

This type of behavioral plasticity (skipping
hibernation and basking during winter) in tegus
is relatively unknown (Andrade et al. 2004,

McEachern et al. 2015) and may be facultatively
isolated to males. Studies in the native range
indicate that female reproductive output (as
expressed by intense vitellogenesis) may be
almost exclusively dependent on available body
reserves proximal to hibernation timing (Manes
et al. 2007). This is because there is asynchrony in
tegu seasonal gonadal development as males
that emerge from hibernation gain earlier access
to resources while undergoing spermatogenesis
prior to female emergence but mate soon after
female emergence when females are still previtel-
logenic (Fitzgerald et al. 1993, Noriega et al.
2002, Manes et al. 2007, Winck and Cechin 2008).
This would indicate that males get a head start
on identifying key reproductive resources and
females with higher fat stores are more fecund
when the time comes to direct those resources to
egg development. Whatever the reason for skip-
ping hibernation, or why retained fat stores cor-
related with extended hibernation time, the
plasticity exhibited within our study population
confirms the adaptability of the species that may
aid population expansion to invade new areas.
The onset of hibernation in wild tegus has

been unclear despite receiving research efforts
over more than three decades (Abe 1983, Fitzger-
ald et al. 1999, Andrade et al. 2004, Sanders et al.
2015). Work with captive S. merianae has sug-
gested that mechanisms triggering dormancy
appear to be changes in light and temperature
initiated by a behavioral decision (Milsom et al.
2008, Toledo et al. 2008, Tattersall et al. 2016), but
no work has been done to monitor this relation-
ship in free-ranging individuals. We found that
the best environmental predictor of the hibernal
time frame was negative weekly median temper-
ature differentials between the ambient air tem-
perature and exposed substrate temperatures
(i.e., below zero). In weeks with positive differ-
ences, tegus generally remained active above
ground. Once the differences were no longer pos-
itive, the study animals generally went into
hibernation not to emerge again until ΔTe � Ta
were again above zero (Fig. 2). Though the
change is gradual, the temperature variation also
coincided with the time of the year when south-
ern Florida experiences daylengths of less than
11.7 h, further justifying the purported link
between hibernal timing and the environmental
factors of light and temperature seen in captive
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studies. Concordantly, the variation in S. meri-
anae activity across Brazil appears to be corre-
lated with latitude, which in turn influences
daylength and light intensity (Srbek-Araujo
2020). Our study indeed agrees with previous
S. merianae studies, conducted in their native
range, that a combination of daylength and tem-
perature differentials affects seasonal activity,
including triggering the ingress into and egress
from hibernation. Additionally, these findings
can be used by managers to help identify activity
periods to improve tegu removal efforts. For
instance, male tegus establishing mating ranges
and female tegus establishing nesting sites post-
hibernation (Winck and Cechin 2008) actively
range more widely than those whose resources
are established. Thus, each is more likely to
encounter a trap during this period of time.
Being able to effectively predict when tegus will
egress from hibernation could allow managers to
mobilize trapping operations to maximize the
removal of reproductive individuals.

We found that active-season hourly Tb patterns
in our invasive population aligned with local
thermal habitat regimes, as has been docu-
mented in other ectotherms (Currylow et al.
2012), and with the idealized daily Tb profile for
a thermoregulating lizard (Adolph and Porter
1993; Fig. 5). Diel activity patterns in tegu’s
native range can be unimodal and track the hot-
test period of the day, matching our unimodal
temperature distributions (Van Sluys and Rocha
1999). We observed mean active-period tegu Tb

(max) between 33.3°C and 36.5°C (Appendix S2:
Table S1 and Appendix S3: Fig. S1), concordant
with previously reported preferred Tb of 32–38°C
(Andrade et al. 2004, Cecchetto and Naretto
2015). However, we recorded annual mean tem-
peratures somewhat higher than those reported
by Noriega et al. (2002) from the native range
(24°C vs. 19°C). Zerebecki and Sorte (2011) found
that many invasive species often exhibit a
broader temperature tolerance than native spe-
cies, permitting them to disproportionately affect
the ecosystem. Indeed, the active period for tegus
in our population is somewhat extended com-
pared with areas in their native range where they
may hibernate for 6 months (Andrade et al.
2004). In southern Florida, tegus have also
demonstrated the ability to modulate both Tb

(max) and Tb(min), even during temperature

extremes, and have now been shown to tolerate
colder winters in Alabama (Goetz et al. 2021; pre-
sent study; Appendix S3: Figs. S1, S2). This abil-
ity to phenotypically adjust when interacting
with the available local conditions suggests that
S. merianae exhibit great behavioral plasticity for
survival across habitats.

CONCLUSIONS

Invasive species are one of the largest threats
to native biodiversity worldwide. Understanding
the thermal ecology of species that are vagile,
adaptable, and prolific is fundamental in predict-
ing the extent and consequences of biological
invasions. The Argentine giant tegu is increas-
ingly revealing such adaptations through plastic-
ity in behavior and thermal tolerance. It has
become a pest near its native range in Brazil and
in its non-native range in southern Florida, and
there is evidence that it can readily establish in
areas where it is introduced (Krysko et al. 2011,
Abrah~ao et al. 2019, Haro et al. 2020). We show
that S. merianae hibernation timing correlates
with microclimate and photoperiod, but during
winter inactivity, they can maintain body tem-
peratures greater than those available in thermal
habitats, suggesting that adverse climatic condi-
tions are not likely to restrict the species from
establishing well outside of their current range in
southern Florida.
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