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Abstract

The Argentine Black and White Tegu (Salvator merianae, formerly Tupinambis merianag) is
a large lizard from South America. Now established and invasive in southern Florida, and it
poses threats to populations of many native species. Models suggest much of the southern
United States may contain suitable temperature regimes for this species, yet there is consid-
erable uncertainty regarding either the potential for range expansion northward out of tropi-
cal and subtropical zones or the potential for the species establishing elsewhere following
additional independent introductions. We evaluated survival, body temperature, duration
and timing of winter dormancy, and health of wild-caught tegus from southern Florida held in
semi-natural enclosures for over a year in Auburn, Alabama (> 900 km northwest of capture
location). Nine of twelve lizards emerged from winter dormancy and seven survived the
greater-than-one-year duration of the study. Average length of dormancy (176 d) was
greater than that reported in the native range or for invasive populations in southern Florida
and females remained dormant longer than males. Tegus grew rapidly throughout the study
and the presence of sperm in the testes of males and previtellogenic or early vitellogenic fol-
licles in female ovaries at the end of our study suggest the animals would have been capable
of reproduction the following spring. The survival and overall health of the majority of adult
tegus in our study suggests weather and climate patterns are unlikely to prevent survival fol-
lowing introduction in many areas of the United States far from their current invasive range.
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Introduction

Biological invasions increase global biotic homogeneity [1,2], threaten biodiversity [3,4], and
may inflict severe ecological and economic impacts [5,6]. Nonindigenous species, however,
must first pass through a series of invasion stages before impacting recipient ecosystems [7].
Moreover, ecological effects and control cost often scale with the total size of occupied area.
Thus, proactive management approaches that inhibit the initial stages of the invasion process
are essential. Introductions can be avoided by intercepting organisms during the transport
stage, but this is problematic for species that are popular in the pet trade, legally imported and
owned, and easily bred in captivity; three factors common to many species of exotic reptiles
and amphibians in the United States. Without the ability to control the transport of organisms,
establishment (i.e. a reproductive population) can still be prevented through early detection of
incipient populations and rapid response as the likelihood of successful eradication is nega-
tively correlated with time since introduction [8]. However, detection of newly introduced or
emerging populations is difficult because many nonindigenous species remain unnoticed until
after they are firmly established, and after small-scale eradication efforts are no longer viable.
Clearly, it is difficult and costly to detect and manage invasions after they have occurred. Pro-
active efforts are advisable, but there is often limited information regarding which areas con-
tain conditions conducive to establishment.

History of extralimital establishment is one of the few reliable cross-taxa predictors of inva-
sion success [9-11] and can help inform whether a nonindigenous species may be likely to
establish secondary populations if introduced elsewhere. Moreover, models of bioinvasions
consisting of multiple, independent populations may be best managed by focusing control
efforts on satellite populations rather than on the initial, often larger, population [12,13].
Viewed through the lens of proactive management, these models can be interpreted to suggest
that the best approach is to prioritize containment of the founding population to prevent the
formation of secondary populations. Species distribution models provide a valuable tool to
delineate the potential geoclimatic limits of an invasion and identify areas where establishment
is most likely. However, experimental testing is necessary to fully understand how an organism
will respond to climatic regimes identified by models as suitable. For example, modeling exer-
cises related to an invasive population of a large reptile in southern Florida, Burmese Pythons
(Python bivittatus), resulted in widely disparate results [14-16]; corroborative data obtained
by experimentally evaluating survival of pythons under semi-natural conditions outside of
their introduced range [17] helped clarify conflicting results obtained through modeling.

The Argentine Black and White Tegu (Salvator merianae, formerly Tupinambis merianae) is
native to South America, but is now established in Hillsborough, Polk, and Miami-Dade coun-
ties in Florida, USA [18-20], and an island off the Brazilian coast [21]. Recent findings also sug-
gest an established population in southern Georgia [22]. Tegus in the adjacent Florida counties
of Hillsborough and Polk are separated from those in Miami-Dade County by approximately
300 km. There is little evidence of gene flow between the two Florida populations [23], but both
appear to have resulted from escaped or released individuals from the pet trade in the early
2000s [18,19,23]. Thus, tegus have twice successfully established populations in Florida where
they pose a threat to native and imperiled species [24,25]. Active control efforts are underway
and over 3,300 tegus have been removed from Miami-Dade County in the past ten years [26],
but tremendous effort is likely needed to achieve significant reductions in the population [27].
Population resilience in the face of removal efforts is unsurprising given tegu populations in
their native range have historically withstood substantial harvests for the leather trade [28].

Species distribution models based on occurrence in the native range indicate that suitable
conditions for the Argentine Black and White Tegu may occur over a large portion of the
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southern United States [29]. A climate match alone cannot predict establishment of nonindig-
enous species, and tegus possess many additional traits that are positively associated with inva-
sion success, such as early maturity, annual reproduction, large clutch size, and a relatively
long life span [28,30,31]. Tegus attain the largest body sizes (to ~5 kg) of any members of the
family Teiidae [32], and a wide dietary breadth (fruits, invertebrates, small vertebrates, eggs,
and carrion [24,33-36]) may also contribute to their success outside their native habitat. Tegu
behavioral ecology may further facilitate survival and expansion in the southern United States.
First, tegus occupy a variety of forested and open habitats, including disturbed areas [37-39],
such that habitat structure is unlikely to impede invasive range expansion. Second, tegus are
seasonally active and escape cold or dry climatic conditions by hibernating in underground
refugia [32,40,41]; a response that likely increases survival in regions that routinely experience
moderately cold winter conditions. Finally, tegus are capable of elevating their body tempera-
ture through a form of endothermy, which may promote survival at relatively low tempera-
tures [42]. Collectively, the biology of tegus suggests there is little reason to suspect invasions
in the continental United States will be limited to southern Florida.

Here, we evaluated the ability of tegus to survive for a year in a temperate climate within the
bounds of suitable temperature regimes identified by climate-matching models [29]. Our pri-
mary objective was to assess whether tegus could survive a winter season in which surface air
temperatures typically drop below freezing in a semi-natural setting. Specifically, we assessed
the effect of sex on tegu survival, body temperature, length of winter dormancy, date of emer-
gence from dormancy as well as body temperature in relation to surface air temperature. We
monitored the general health of tegus to investigate potential detrimental effects of climate and
assessed progression towards reproductive maturity. We provide a qualitative comparison of
average daily high and low winter temperatures of our study site with invaded regions of Flor-
ida and the southern limit of the tegu native range to add context to our findings.

Methods
Study subjects, experimental enclosures, and experimental design

Between 18 May and 27 June 2017, Argentine Black and White Tegus were live trapped (Hava-
hart™, Lancaster, PA, USA) in Miami-Dade County, Florida (see S1 Table for exact capture
locations). The 12 largest individuals that provided an adequate sample of each sex (8 males, 4
females) were selected for this study to allow investigation of sex effects and reproduction fol-
lowing hibernation. However, only one male was sexually mature at time of capture and all
other individuals were slightly below minimum size estimates for sexual maturity of the
Argentine Black and White Tegu and the closely related Red Tegu (Salvator rufescens) [26,43].
At time of capture, females had an average mass of 647.0 + 33.0 g (mean + 1 SE; range = 590—
734 g) and an average snout-vent length (SVL) of 279.3 mm (mean; range = 270-295 mm;
exact length data not available for one female but SVL was within stated range) and males had
an average mass of 1,047.8 + 244.3 g (range = 610-2720 g) and an average SVL 0 299.1 + 13.8
mm (range = 270-392 mm). Within two weeks of capture, between 25 May and 06 July 2017,
tegus were transported to Auburn University, Auburn, Lee County, Alabama where they were
initially housed in outdoor enclosures measuring 3.65 m long by 1.22 m wide by 2.13 m in
height with concrete floors and fully enclosed with hardware cloth. Enclosures included a large
water bath (63.5 cm x 43.2 cm wide x 22.9 cm deep) allowing constant access to water, a bale of
pine straw for natural cover, and a piece of plywood propped on its side to serve as a refuge.
We implanted an internal radio transmitter (11 g; Model R1530, Advanced Telemetry Systems,
Isanti, MN, USA) in each individual on 03 August 2017 as a biosecurity measure in the event
of an escape. We also implanted internal thermal micro dataloggers (© iButton
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Fig 1. Outdoor soil-floor tegu enclosures in Auburn, AL. Tegus were housed in these enclosures during the late
activity, winter dormancy, and early activity periods (22 August 2017-20 April 2018). Each enclosure contained an
artificial refugia box buried 1 m underground and connected to the surface with corrugated drainpipe, pine straw
spread on the ground, and concrete blocks lining the perimeter. Photograph taken on 17 January 2018 by MAM
following an abnormal accumulating snow event in Auburn, AL.

https://doi.org/10.1371/journal.pone.0245877.9001

Thermochrons) set to record body temperatures (T},) every 65 min from 03 August 2017 to 10
June 2018 (detailed surgical procedures provided in S1 Appendix).

On 22 August 2017, tegus were moved to individual outdoor enclosures with a soil floor
where they remained throughout the ensuing winter and early spring (Fig 1). Enclosures mea-
sured 2 m length by 1.3 m width by 2 m height and were completely enclosed in chain link
fencing buried 0.5 m underground. Chicken wire was attached to the interior surfaces of the
fencing to prevent animals from exiting through the holes in the chain link, and concrete
blocks were staged along all interior edges of enclosures to discourage digging and provide
basking sites. In each enclosure, we installed an artificial refugium consisting of a 0.6 m x 0.2
m wooden box buried 1 m below the surface. The refugium was connected to the surface with
a2 m length of 10.2 cm diameter corrugated drainpipe bent in a U-shape to reduce air drafts
and almost entirely buried to prevent heat conduction generated by solar radiation on the
black pipe. We placed three micro dataloggers (iButton Thermochrons) in each enclosure set
to record temperatures every 180 min from 22 August 2017 to 20 April 2018. Within each
enclosure, dataloggers were placed in the following locations: shaded areas, unshaded areas,
and on the floor of underground refugium. Specifically, dataloggers were affixed with silicone
to the underside (shaded) or top (unshaded) surface of concrete blocks or the floor of refugia
boxes. A bale of pine straw was scattered around each enclosure to provide additional natural
cover that the tegus could also use to insulate burrows. Each enclosure contained a water bath
relocated from concrete-floor enclosures allowing constant access to water in a container large
enough to permit tegus to fully immerse their bodies. From the ceiling of each enclosure we
hung an automated, motion-sensitive trail camera (Reconyx, Holmen, WI, USA) to monitor
tegu activities and behavior. Twice a week each tegu was offered a diet consisting of commer-
cially purchased frozen/thawed mice, quail, or hardboiled chicken eggs as well as a variety of
locally available fruits and vegetables. When a tegu remained underground for more than
seven days, we considered that lizard to be in hibernation and stopped offering food until the
individual was observed outside the burrow in February 2018 or later.
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On 20 April 2018, we began returning lizards to the larger concrete-floor enclosures where
they were originally housed upon arrival to accommodate the housing of pairs of tegus in the
same enclosure and for ease of monitoring behavior. After all lizards were transferred, we per-
formed a general health assessment and weighed each animal. Tegus were housed as male-
female pairs to evaluate whether they exhibited behaviors consistent with reproduction and
females were rotated to expose them to multiple males.

Surviving lizards were euthanized at the end of the study (see S1 Appendix). Full necropsies
were performed by coauthors JK and JER on all lizards that died during the study or survived
until the end of the study. Necropsies included collection of morphological data (mass, SVL,
fat pad mass, liver mass), assessment of reproductive status and potential (males: formalin
fixed testicle mass, length, height, and width, seminiferous tubule width, and estimated num-
ber of spermatocytes; females: ovary mass), and overall health (e.g., evidence of gross abnor-
malities, disease, or parasites) at time of death.

This study was conducted in strict accordance with the recommendations and protocol
approval of the Auburn University Institutional Animal Care and Use Committee (IACUC
Protocol 2017-3086). All surgery was performed under propofol and isoflurane gas anesthesia
(see S1 Appendix), and all efforts were made to minimize suffering. Collection of Argentine
Black and White Tegus was approved under a Florida Fish and Wildlife Conservation Com-
mission permit (EXOT-17-05a).

Analyses

We defined four biologically relevant time periods as a framework to evaluate aspects of tegu
survival and behavior. These periods included late active (11 weeks prior to the last individual
to enter dormancy), dormancy (hibernation; interval between last individual to enter dor-
mancy and first individual to emerge; 17 October— 22 February), early active (8 weeks post
first individual to emerge), and active (between early and late active). For each time period, we
calculated average, minimum, and maximum tegu T}, including only temperatures of individu-
als not hibernating during the early and late activity periods and only temperatures of individ-
uals that survived in the dormancy period. We defined the start of dormancy for each
individual as the first day a lizard was not observed on the surface and remained underground
for over a week during which Ty, exhibited a pattern inconsistent with basking behavior. We
defined emergence from dormancy when an individual was seen on the surface more than
three times in a week and/or Ty, fluctuated in a manner consistent with basking behavior. For
each time period, we calculated average, minimum, and maximum tegu T}, including only
temperatures of individuals not hibernating during the early and late activity periods.

We used general linear models or Student’s ¢ tests to investigate relationships between sur-
face air temperature and T}, during the dormancy period and tegu survival or length of dor-
mancy as a factor of mass. We used one-tailed Student’s ¢ tests to evaluate the effect of sex on
length of dormancy and date of emergence with the a priori prediction that males would
emerge earlier and have a shorter hibernation period. We used repeated measures linear
mixed effects models to investigate differences in tegu T}, as a factor of sex during both dor-
mant and active periods and compared tegu Ty, to shaded air surface temperatures during dor-
mancy, early active, and late active periods. Models included the random effect of individual
datalogger (internally implanted in lizards or staged in the environment) and a correlation
argument to account for autocorrelation. Differences among factors were considered statisti-
cally significant at the level of P < 0.05 and statistical analyses were performed in R v3.6.1 [44].

Multiyear thermal regimes of our study site and locations within the native or invasive
range were qualitatively described in two ways to provide context of the climatic suitability of
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Table 1. Tegu (Salvator merianae) morphological data, behavior, and fate.

Sex | Date Captured | Initial SVL | Initial
(2017) (cm) Mass (g)
F 29-May 27 590
F 21-Jun 29.5 662
F 16-Jun — 734
F 27-Jun — —
M 30-May 27 610
M 10-Jun 29 694
M 31-May 28.2 740
M 21-May 27.7 764
M 23-May 29 840
M 9-Jun 31.5 946
M 22-May 29.3 1068
M 18-May 39.2 2720

Ingress Date | Egress Date | Hibernation Length of Cause of Death
(2017) (2018) Survival Hibernation (days)
22-Aug 23-Apr Y 244 Euthanized at study end, 23 August 2018.
18-Sep — N — Undetermined, found dead in underground
refugia. Carcass too decomposed for necropsy.
30-Sep 10-Mar Y 161 Euthanized at study end, 23 August 2018.
5-Sep 20-Mar Y 196 Euthanized at study end, 23 August 2018.
23-Aug 7-Mar N 196 Found dead on 30-March-2018. Necropsy
revealed respiratory infection.
15-Oct 15-Mar Y 151 Euthanized at study end, 23 August 2018.
16-Oct 18-Mar Y 153 Euthanized at study end, 23 August 2018.
28-Sep 22-Feb Y 147 Euthanized at study end, 23 August 2018.
12-Oct 19-Mar Y 158 Euthanized at study end, 23 August 2018.
22-Aug — N — Undetermined, found dead in underground
refugia. Carcass too decomposed for necropsy.
12-Oct — N — Undetermined, found dead in underground
refugia. Carcass too decomposed for necropsy.
2-Sep 28-Feb N 179 Found dead on 18-April-2018. Necropsy

revealed respiratory infection.

Description of individual lizard size, sex, date captured, behavior related to dormancy, and cause of death for the twelve Argentine Black and White Tegus (Salvator

merianae) included in the study. SVL, snout-vent length.

https://doi.org/10.1371/journal.pone.0245877.t001

our study site. First, we compared the ten-year average daily high and low winter temperatures
for our study site, two Florida counties where tegus are established, and a location near the
southern limit of the native tegu distribution in Argentina. To do so, we accessed 10 years
(2007-2016) of climate data from the National Oceanic and Atmospheric Administration [45]
for Lee County, Alabama, USA (Station USC00010425), Hillsborough County, Florida, USA
(Station USC00087205), Miami-Dade County, Florida, USA (Station USC00084095), and
Santa Rosa, Argentina (Station AR000087623) near the southern limit of the tegu native range
[46]. Winter was defined as 21 December— 20 March for the three North American sites and
21 June- 20 September for the South American location. Second, using weather station data
for Lee County, AL, we also calculated 95% confidence intervals for the daily ten-year average
high and low temperatures and overlaid the temperatures recorded during the year of our
study to assess variation from expected temperatures.

Results

Nine of twelve tegus (75%) survived the winter and emerged from dormancy; seven tegus (58%)
survived for a full year in outdoor enclosures in Auburn, Alabama, including three of four
females and four of eight males (Table 1). Of the five tegus that died during the study, two indi-
viduals emerged from the winter dormancy period in the spring but later died (two and six
weeks post emergence, including the largest and smallest male in the study, respectively). Three
individuals were found dead in their artificial refugia after they failed to emerge in the spring.
Average Ty, during the dormancy period was 14.4°C + 0.1, average maximum T}, was
14.7°C £ 0.1 (range = 5.1-26.6°C), and average minimum Ty, was 14.2°C + 0.1 (range = 4.6-
23.6°C). Dataloggers placed in underground refugia failed to capture temperature data because
of a programming error. However, during the dormancy period, we found that for each 1°C
increase in mean daily shaded air temperature, we observed a 0.38°C (£ 0.08, 95% CI) increase
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in mean daily tegu Ty, (F1,127) = 83.41, r* = 0.40, p < 0.001, Fig 2) such that fluctuations in
aboveground air temperatures were reflected by smaller shifts in tegu T, (Fig 3). Lizard body
temperature was on average 3.07°C (SE = 0.532) warmer than shaded surface air temperatures
and this effect was significant in the mixed effects linear model (¢(15, 2540) = 6.15, p < 0.001).
Females exhibited a 0.15°C (SE = 1.368) higher average body temperature than males during
the dormancy period but this effect was not significant in the mixed effects linear model (¢,
1143) = -0.116, p = 0.911). Females remained dormant for longer than males and the effect
approached significance in the one-tailed Student’s ¢ test (¢, = 1.860, p = 0.052, Fig 4). Aver-
age dormancy period for all lizards that emerged in the spring was 176 d + 10.5 (range = 147-
244 d) with an average female dormancy of 200 d +24.1 (range = 161-244 d) and an average
male dormancy of 164 d +7.8 (range = 147-196 d). Males emerged from dormancy an average
of 19.3 d earlier than females and the effect approached significance in the one-tailed Student’s
t test (t(7y = 1.801, p = 0.058). Student’s t tests revealed no relationship between mass and dura-
tion of dormancy (fg) = -0.058, p = 0.955) or survival and mass at time of capture (¢(;;) =
0.161, p = 0.876).

Tegu behavior during non-dormancy periods was characterized by active exploration of
enclosures and routine basking in sunlight during favorable weather conditions. We observed
tegus responding to weather conditions unsuitable for basking, such as bouts of colder air tem-
peratures or rain, by retreating and remaining underground. Lizard body temperature was on
average 2.85°C (SE = 0.830) warmer than shaded surface air temperatures and this effect was
significant in the mixed effects linear model (¢(;5, 1523) = 3.442, p = 0.003). Males exhibited a
0.24°C (SE = 1.296) higher average body temperature than females during the non-dormancy
periods but this difference was not significant in the mixed effects linear model (t7, 560y =

23+

21+ o

2= 0.40 o
S

19 -

17

154

13-

Mean Daily Tegu T (°C)

114

- 1 3 5 7 9 11 13 15 17 19 21
Mean Daily Surface Temperature (°C)

Fig 2. The effect of mean daily surface air temperature on tegu (Salvator merianae) mean daily body temperature during hibernation. Tegu mean daily body
temperature (black line) surrounded by 95% confidence intervals (gray band) during the dormancy period (17 October 2017-22 February 2018). Each daily temperature
(hollow circle) is the average of 11 iButton dataloggers placed in a shaded area of each tegu enclosure and internally implanted in 11 tegus (datalogger malfunctioned in
tegu Sm-12).

https://doi.org/10.1371/journal.pone.0245877.9002
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Fig 3. Mean daily tegu (Salvator merianae) body temperature in comparison to mean daily air temperatures. Mean daily body temperature
of tegus (T, solid black line; N = 11 internally-implanted micro dataloggers) and mean daily air temperature of micro dataloggers in shaded
areas (blue line, N = 11) and unshaded areas (orange line; N = 11). The two vertical dotted lines define activity periods.

https://doi.org/10.1371/journal.pone.0245877.9003

0.189, p = 0.855). During the late activity season (just prior to dormancy), average tegu T}, was
27.1°C £ 0.1 (mean + SE), average maximum T}, was 32.5°C £ 0.2 (range = 19.6-40.5°C), and
average minimum T}, was 25.0°C + 0.1 (range = 19.1-29.1°C). Tegus began to hibernate
between 22 August and 16 October, a range of 55 d.

250 *
240
230
220
210
200

190

180

170

Length of dormancy period (d)

160

150

140
Female Male

Fig 4. Sex specific mean length of tegu dormancy. Mean length of dormancy (open circles) of three female and six
male Argentine Black and White Tegus (Salvator merianae) with error bars representing the standard error of the
mean. Gray circles show length of dormancy for individuals and asterisk indicates statistically significant difference
among sexes.

https://doi.org/10.1371/journal.pone.0245877.9004
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The nine surviving lizards entering the early activity period following emergence from
underground refugia did so between 22 February and 23 April, a range of 60 d. Average T}, for
early activity period was 17.7°C £ 0.2 (mean + SE), average daily maximum T}, was
27.1°C £ 0.5 (range = 10.6-39.1°C), and average daily minimum Ty, was 14.3°C £ 0.1
(range = 5.1-19.1°C). Veterinary physical exams of seven surviving lizards at the end of the
early activity period revealed no indication of disease or injury and all animals demonstrated
alert behavior and normal physiologic parameters. By the end of the early active period, surviv-
ing lizards had gained an average of 336.7 g (+ 63.0; range = 138-573 g) in mass since their ini-
tial capture representing an average increase of 48%.

At the beginning of the active period, we observed no aggression, courtship, or mating
behavior between paired individuals and no females produced eggs. During the active period,
average Ty, was 27.2°C + 0.2 (mean + SE), average maximum T, was 33.9°C £ 0.3
(range = 16.6-39.1°C), and average minimum Ty, was 23.5°C + 0.2 (range = 15.1-31.1°C).
Necropsies following euthanasia, 23 August 2018, revealed the seven surviving lizards gained
an average of 1,313.0 g (+ 100.6; range = 991-1,681) in mass since their initial capture repre-
senting an average 186% increase. Gross and microscopic necropsy of these lizards did not
reveal significant debilitating disease, and all had relatively large fat pads (Table 2). One female
was found to have a commensal infection by a nonindigenous pentastome endoparasite, Rail-
lietiella orientalis. Male testicle mass and the presence of mature spermatozoa and female
ovary mass, with previtellogenic follicles (Table 2, S1 Fig), indicate all lizards were sexually
mature by the end of the study following rapid growth during the just completed summer
active period. Necropsies of the two males that died during the early activity period revealed
heterophilic and granulomatous pneumonia with heavy lung growth of the bacteria Serratia
marcescens, or moderate growth of the bacteria Aeromonas hydrophilia and heavy growth of
the bacteria Aeromonas veronii, respectively. Decomposition was too advanced for the three
individuals (2 males, 1 female) found dead in their artificial refugia boxes to allow a conclusive
necropsy. During excavation of artificial refugia boxes in the spring, we observed two con-
tained standing water and a thick layer of silt, corresponding to individuals that died during
the dormancy period. Two of the 12 lizards refused food for the entirety of the study and both
died during dormancy or shortly thereafter.

Daily high and low temperatures in Auburn, AL during the year of our study fluctuated in
comparison to the 10-year average for this location. Most daily temperatures in the year of our

Table 2. Morphology data of surviving tegus (Salvator merianae). Characterization of growth and morphology data for the seven of twelve Argentine Black and White
Tegus (Salvator merianae) that were captured in May or June 2017, survived a full year in semi-natural enclosures in Auburn, AL and were euthanized on 23 August 2018.

Sex | % A Mass % A Mass % A SVL FatPad | Liver Testicle TL TH ™ STD Spermatocyte Ovary
]Egress1 Euthanasia® Euthanasia® (g) Mass (g) Mass* (g) (mm) | (mm) (mm) (um) Number Mass* (g)
F 42 191 24 184 38 — — — — — — 1.13
F - - - 192 - — — — — — — 1.13
F 56 135 - 194 37 — — — — — — 0.87
M 75 242 29 173 52 0.56 15 10 7 136 Moderate —
M 35 186 30 175 47 0.46 12.5 7 8 85.1 Few —
M 77 218 35 183 45 0.62 14 10 10 67.5 Few —
M 16 151 28 211 42 0.27 13 6 7 72.3 Few —

"Percent change in mass between initial capture and 17 May 2018

*Percent change in mass between initial capture and euthanasia on 23-Aug-2018

*Percent change in snout-vent length between initial capture and euthanasia on 23 August 2018

“Formalin fixed mass; TL, Testicle length; TH, Testicle height; TW, Testicle width; STD, Seminiferous tubule width.

https://doi.org/10.1371/journal.pone.0245877.t1002
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Fig 5. Comparison of air temperatures during the year of our study and the ten-year average. Mean ten-year
(2007-2016) daily high (top panel) and low (bottom panel) temperatures from 01 September through 30 April for Lee
County, AL (black line, top and bottom panel) and daily high (red line, top panel) and low (blue line, bottom panel)
temperatures for this location during the year of our study (2017-2018). Gray band represents the 95% confidence for
the ten-year average in both panels. Climate data retrieved from the National Oceanic and Atmospheric
Administration (NOAA; https://www.ncdc.noaa.gov/cdo-web/datatools/selectlocation) in January 2020 from a
weather stations in Lee County, Alabama (Station USC00010425).

https://doi.org/10.1371/journal.pone.0245877.9005

study fell within the 95% confidence intervals of the 10-year average (Fig 5). However, during
an extended period in January 2018 most daily temperatures were colder than average and out-
side ten-year confidence intervals, including 11 days with temperatures below 0°C. Moreover,
snowfall occurred on 17 January 2018 with an accumulation of approximately 10 cm; accumu-
lating snow is rare in this region of Alabama. Conversely, in February 2018 temperatures were
warmer than 95% confidence intervals for an extended portion of the month. Qualitative com-
parison of the ten-year average daily high and low winter temperature patterns at the four sites
revealed temperatures in Lee County, Alabama and Santa Rosa, Argentina were similar and
routinely > 10°C colder than the two Florida locations (Fig 6).

Discussion

Previous modeling exercises suggested wide swaths of the southern United States have suitable
temperature regimes for Argentine Black and White Tegus [29]; herein we present empirical
evidence that adult animals can survive under largely natural conditions in environments
colder than where they currently occur. By the end of the study, all lizards that survived were
healthy and appeared to be physiologically prepared for reproduction the following spring.
Given the information presented here and assuming young-of-the-year lizards exhibit similar
rates of winter survival as we observed in adults, we suggest there is little reason on behavioral
or physiological grounds to believe tegus will be unable to survive and possibly establish popu-
lations outside of southern Florida.

Our study animals responded to environmental and physiological cues to begin and end
dormancy in a manner consistent with ectotherms native to temperate climates. Tegus in Ala-
bama remained dormant for considerably longer than the three- to four-month range reported
in their native range of Brazil [32,47] or the invasive population in Miami-Dade County, FL

PLOS ONE | https://doi.org/10.1371/journal.pone.0245877 March 10, 2021 10/17


https://www.ncdc.noaa.gov/cdo-web/datatools/selectlocation
https://doi.org/10.1371/journal.pone.0245877.g005
https://doi.org/10.1371/journal.pone.0245877

PLOS ONE

Invasive tegu lizards survive in temperate climate in USA

25

20

Temperature (°C)

(°C)

Temperature
a

50
Day of Winter

Fig 6. Comparison of ten-year mean air temperatures. Mean ten-year (2007-2016) daily high (top panel) and low
(bottom panel) winter temperatures for Lee County, AL (study site; red line, top panel; blue line, bottom panel),
Miami-Dade County, FL (invasive population; pink line, top panel; light blue line, bottom panel), Hillsborough
County, FL (invasive population; dark red line, top panel; dark blue line, bottom panel), and near the southern limit of
the native distribution in Santa Rosa, Argentina (black line, top and bottom panels). Includes winter period of 21
December- 20 March for the three North American sites and 21 June- 20 September for the South American location.
Climate data retrieved from the National Oceanic and Atmospheric Administration (NOAA; https://www.ncdc.noaa.
gov/cdo-web/datatools/selectlocation) in January 2020 from weather stations in Lee County, Alabama, USA (Station
USC00010425), Hillsborough County, Florida, USA (Station USC00087205), Miami-Dade County, Florida, USA
(Station USC00084095), and October 2020 for Santa Rosa, Argentina (Station AR000087623).

https://doi.org/10.1371/journal.pone.0245877.9006

[40]. Dormancy in the native range can last up to six months [48], but to our knowledge, our
observation of a 244 d (> 8 months) dormancy period is the longest reported hibernation for
this species. In a sample from southern Florida that included only males, McEachern et al. [40]
reported a mean dormant period of 137 d (range = 116-160); a length of dormancy that was
more than a month shorter than the 164-d average we observed here. Males in the native range
exhibit a shorter period of dormancy compared with females, emerging early and competing
for territories to secure copulation opportunities with resident females [41]. This pattern was
repeated in Alabama, with males remaining dormant for an average of 36 fewer days and
emerging 19.3 days earlier than females. Overall, we suggest variation in the length of tegu
hibernation among different climatic regimes reveals a behavioral flexibility that may facilitate
invasion.

During the dormancy period, we observed a mean tegu Ty, of 14.4°C that was lower than
mean values of 17-21°C [47,49] reported for dormant lizards in the native range. The physio-
logical and ecological significance, if any, of tegu hibernation at slightly lower T}, is difficult to
interpret because the relationship between tegu T, during dormancy and survival has not been
fully explored. Gold Tegus (Tupinambis teguixin), for example, survived overnight Ty, as low as
7-8°C [50] and here we recorded Ty, as low as 6.6°C in an individual that survived; it is unclear
how tegus might fare if subjected to extended bouts under these thermal conditions. We did
not examine survival of young-of-the-year tegus but find little reason why this segment of the
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population would differ in minimum thermal tolerance. Lower lethal temperatures are rarely
examined [51] and these data are not available for tegus. However, lower critical minimum
temperature is either not related or positively related to body size in squamates [but see 52-55]
and lizards specifically [51,56]. In general, tegus appear to be physiologically capable of with-
standing longer periods of dormancy at colder T, than reported in Florida, but more informa-
tion is needed on the lower thermal tolerance of tegus to make well-supported predictions on
geographic areas at risk of invasion.

During active periods, our finding that average T}, was greater than ambient air temperature
supports our casual observations of active thermoregulation. We observed a maximum daily
T, of 32-38°C during the active and late activity periods. This temperature range is consistent
with observations for lizards in the native range [32,47] indicating that environmental condi-
tions did not limit the ability of tegus to behaviorally elevate T}, to the sex- and size-indepen-
dent preferred temperature of 36.2°C [57].

Several tegus died during our study, but our survival rate of 0.58 is similar to mean rates,
and within 90% credible intervals, for two and three-plus year-old tegus in southern Florida,
estimated from expert opinion [27]. Moreover, tegus in our study may have been stressed
because they were not given an opportunity to adapt or acclimate to captivity or climatic con-
ditions in Alabama that differ from those in southern Florida where they were collected. Two
tegus, for instance, refused to eat offered food for the entirety of the study, one of these failed
to emerge from dormancy and the other emerged in late winter but later developed a fatal
respiratory infection. Both individuals were likely more prone to illness because chronic stress
and poor nutrition have been shown to suppress immune response [58-60]; however, our
study was not designed to investigate stress levels. Our objective was to evaluate tegu behavior
and survival in a climate colder than southern Florida; notably, removal of these two likely-
stressed individuals from our analyses would have resulted in a survival rate of 0.70.

The short-term emergence of two tegus in December could be evidence of thermoregula-
tory stress; however, this behavior may be common when hibernating in artificial refugia
[47,49] and was regularly observed for some free-ranging individuals in southern Florida
[8,61]. Winter conditions during this study were generally within or lower than the 95% confi-
dence intervals for the ten-year daily average temperatures for Lee County, Alabama. Decem-
ber and January included extended periods that were colder than the ten-year average and it
seems reasonable that a greater proportion of tegus would survive in warmer years. Climate
change is predicted to increase temperature and precipitation in the region where our study
occurred, and we suggest modeled effects [62] will result in increasing climatic suitability
rather than decreasing the chances of survival. However, warmer temperatures do not appear
to be necessary as evidenced by the high survival rate we observed in Lee County AL, and
when considering populations in southern Argentina that experience similar or slightly
warmer average winter temperatures.

Tegu reproduction typically occurs just after emergence from dormancy, but upon egress
from refugia boxes our study animals were either at or slightly below minimum size estimates
for sexual maturity [26,43], indicating they may have been too small to breed. It is also possible
that we waited too long following emergence to pair males with females. We suggest reproduc-
tion would have been likely the following spring if the experiment had continued. First, cooler
spring temperatures and longer winter dormancy periods would likely cause tegus to delay,
rather than forego, reproduction because reptiles exhibit strong plasticity in their reproductive
cycles [63-65]. Second, our study animals grew rapidly during the 2018 active period and were
well above minimum size estimates for sexually maturity by late August when the study con-
cluded. Third, post-euthanasia histological investigation of reproductive systems revealed
sperm in the testes of males indicating they were capable of breeding upon emergence but
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were caged with females lacking eggs to ovulate. Female follicles were previtellogenic or early
vitellogenic with no atretic follicles suggesting preparation for their first reproductive bout the
following year. Finally, average fat pad mass accounted for 7-11 percent of total body mass;
this is above a published threshold of 5% [66] deemed necessary to maintain metabolism for a
twelve-month hibernation period.

All tegus euthanized at the end of the study were determined to be in good health. One
female was infected with a lung parasite identified (by MAM) as the nonindigenous pentas-
tome, Raillietiella orientalis, that appears to have been introduced to Florida by invasive Bur-
mese pythons, Python bivittatus [67]. This female exhibited the smallest mass increase of
lizards that survived the full fourteen-month study, although this individual’s mass still
increased by 135%. Raillietiella orientalis has been observed in tegus as well as a number of
native reptiles in southern Florida [67,68] but is not known from Alabama, indicating the tegu
was likely infected at time of its capture in Florida. Miller et al. [68] found approximately half
of native snake species in southern Florida are infected with R. orientalis and documented the
spread of R. orientalis outside the range of its python host through spillover. The presence of
this pentastome, and its survival in a tegu host for over a year, suggests that expansion of the
invasive range of tegus may facilitate the spread of this introduced parasite into native taxa.

Conclusions

Tegus are invasive species of great concern in the southeastern United States. In the current
study we generate empirical and experimental data to complement recent modeling efforts
and incidental observations, all of which point to a potential for tegus to expand well outside
their currently documented range in Florida. Invasive ectotherms may not be as confined to
subtropical regions as commonly thought and many factors (e.g., suitable overwintering sites,
human-mediated habitat changes, reproductive plasticity) can contribute to range expansion.
We suggest land managers and policy makers within the southeastern United States consider
the potential for tegus to become established within their region and evaluate the merits of
early-detection systems.

Supporting information

S1 Appendix. Description of radio transmitter implant surgeries and tegu necropsies.
(DOCX)

S1 Fig. Gross and histologic images of tegu reproductive organs. Gross and histologic
images of male (Sm-7) and female (Sm-3) Argentine Black and White Tegus (Salvator meria-
nae) reproductive organs. Photographs of gross structures taken on 23 August 2018 following
euthanasia. Panel A shows a testicle adjacent to the adrenal gland and panel B is a histologic
image of seminiferous tubule in that testicle, demonstrating normal progression of spermato-
genesis containing spermatogonia, spermatocytes, spermatids and mature spermatozoa
(arrowhead). Panel C shows an ovary posterior to the adrenal gland and panel d is a histologic
image of previtelline follicles in that ovary. Follicles have collapsed during histologic process-
ing. Multiple small previtelline follicles may be static preceding vitellogenesis.

(DOCX)

S1 Table. Tegu capture locations in Florida. Location of the eleven traps used to capture the
twelve Argentine Black and White Tegus (Salvator merianae) used in this study. Live traps
were staged along the C-111 canal in Miami-Dade County, Florida and baited with chicken

eggs.
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0245877 March 10, 2021 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245877.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245877.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245877.s003
https://doi.org/10.1371/journal.pone.0245877

PLOS ONE

Invasive tegu lizards survive in temperate climate in USA

Acknowledgments

J. Haynes, J. Jenkins, S. Piccolomini, and C. Wallwork assisted with the construction of the
outdoor kennels and the care of animals. Thanks to S. Cheatham, M. Cloyd, F. Cole, M. Col-
lier, B. Falk, A. Goerler, C. Goodman, E. Hanslowe, P. Iacono, and K. Zamuda for capture of
all tegus and collection of initial morphological measurements. We thank the editor, two anon-
ymous reviewers, N. Claunch, and A. Elskus for comments and suggestions that improved this
manuscript. The Auburn University Cooperative Fish and Wildlife Research Unit and Ala-
bama Natural Heritage Program provided administrative assistance and support. Any use of
trade, firm, or product names is for descriptive purposes only and does not imply endorsement
by the U.S. Government. Data analyzed in the study are available online through ScienceBase,
(http://doi.org/10.5066/P9YLV6IF).

Author Contributions

Conceptualization: David A. Steen, Robert N. Reed.

Data curation: Scott M. Goetz, David A. Steen, Melissa A. Miller, Phillip R. Pearson.
Formal analysis: Scott M. Goetz.

Funding acquisition: David A. Steen, Robert N. Reed.

Investigation: Scott M. Goetz, David A. Steen, Melissa A. Miller, Craig Guyer, Jack Kottwitz,
John F. Roberts, Emmett Blankenship, Phillip R. Pearson.

Methodology: Scott M. Goetz, David A. Steen, Melissa A. Miller, Craig Guyer, Robert N.
Reed.

Project administration: Scott M. Goetz, David A. Steen, Melissa A. Miller, Craig Guyer, Dan-
iel A. Warner, Robert N. Reed.

Resources: Craig Guyer, Robert N. Reed.
Supervision: Scott M. Goetz, David A. Steen, Melissa A. Miller, Craig Guyer, Robert N. Reed.

Visualization: Scott M. Goetz, David A. Steen, Melissa A. Miller, Craig Guyer, Robert N.
Reed.

Writing - original draft: Scott M. Goetz, David A. Steen.

Writing - review & editing: Scott M. Goetz, David A. Steen, Melissa A. Miller, Craig Guyer,
Jack Kottwitz, John F. Roberts, Emmett Blankenship, Phillip R. Pearson, Daniel A. Warner,
Robert N. Reed.

References

1. McKinney ML, Lockwood JL. Biotic homogenization: a few winners replacing many losers in the next
mass extinction. Trends Ecol Evol. 1999; 14(11):450-453. https://doi.org/10.1016/s0169-5347(99)
01679-1 PMID: 10511724

2. Romagosa CM, Guyer C, Wooten MC. Contribution of the live-vertebrate trade toward taxonomic
homogenization. Conserv Biol. 2009; 23(4):1001-1007. https://doi.org/10.1111/j.1523-1739.2009.
01194.x PMID: 19627323

3. Butchart SH, Walpole M, Collen B, Van Strien A, Scharlemann JP, Aimond RE, et al. Global biodiver-
sity: indicators of recent declines. Science. 2010; 328(5982):1164—1168. https://doi.org/10.1126/
science.1187512 PMID: 20430971

4. Simberloff D, Martin JL, Genovesi P, Maris V, Wardle DA, Aronson J, et al. Impacts of biological inva-
sions: what’s what and the way forward. Trends Ecol Evol 2013; 28(1):58-66. https://doi.org/10.1016/j.
tree.2012.07.013 PMID: 22889499

PLOS ONE | https://doi.org/10.1371/journal.pone.0245877 March 10, 2021 14/17


http://doi.org/10.5066/P9YLV6IF
https://doi.org/10.1016/s0169-5347%2899%2901679-1
https://doi.org/10.1016/s0169-5347%2899%2901679-1
http://www.ncbi.nlm.nih.gov/pubmed/10511724
https://doi.org/10.1111/j.1523-1739.2009.01194.x
https://doi.org/10.1111/j.1523-1739.2009.01194.x
http://www.ncbi.nlm.nih.gov/pubmed/19627323
https://doi.org/10.1126/science.1187512
https://doi.org/10.1126/science.1187512
http://www.ncbi.nlm.nih.gov/pubmed/20430971
https://doi.org/10.1016/j.tree.2012.07.013
https://doi.org/10.1016/j.tree.2012.07.013
http://www.ncbi.nlm.nih.gov/pubmed/22889499
https://doi.org/10.1371/journal.pone.0245877

PLOS ONE

Invasive tegu lizards survive in temperate climate in USA

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Pimentel D, Zuniga R, Morrison D. Update on the environmental and economic costs associated with
alien-invasive species in the United States. Ecol Econ. 2005; 52(3): 273-288.

Wilcove DS, Rothstein D, Dubow J, Phillips A, Losos E. Quantifying threats to imperiled species in the
United States. BioScience. 1998; 48(8):607—615.

Lockwood JL, Hoopes MF, Marchetti MP. Invasion ecology. Chichester: John Wiley & Sons; 2013.

Byers JE, Reichard S, Randall JM, Parker IM, Smith CS, Lonsdale WM, et al. Directing research to
reduce the impacts of nonindigenous species. Conserv Biol. 2002; 16(3): 630—-640.

Hayes KR, Barry SC. Are there any consistent predictors of invasion success? Biol Invasions. 2008; 10
(4):483-506.

Reichard SH, Hamilton CW. Predicting invasions of woody plants introduced into North America. Con-
serv Biol. 1997; 11:193-203.

Williamson M. Invasions. Ecography. 1999; 22(1):5-12.

Moody ME, Mack RN. Controlling the spread of plant invasions: the importance of nascent foci. J Appl
Ecol. 1988; 25(3):1009-1021.

Mack RN, Moody ME. Modelling to predict the fate of invading plants. In: Stone CP, Smith CW, Tunison
JT. Alien plant invasions in native ecosystems of Hawai'i: management and research. Manoa: Univer-
sity of Hawaii; 1992. pp. 739-742.

Pyron RA, Burbrink FT, Guiher TJ. Claims of potential expansion throughout the US by invasive python
species are contradicted by ecological niche models. PLoS One. 2008; 3(8): €2931. https://doi.org/10.
1371/journal.pone.0002931 PMID: 18698351

Rodda GH, Jarnevich CS, Reed RN. What parts of the US mainland are climatically suitable for invasive
alien pythons spreading from Everglades National Park? Biol Invasions. 2009; 11(2):241-252.

Rodda GH, Jarnevich CS, Reed RN. Challenges in identifying sites climatically matched to the native
ranges of animal invaders. PloS one. 2011; 6(2): e14670. https://doi.org/10.1371/journal.pone.0014670
PMID: 21347411

Dorcas ME, Willson JD, Gibbons JW. Can invasive Burmese Pythons inhabit temperate regions of the
southeastern United States? Biol Invasions. 2011; 13(4):793-802.

Enge KM. FWC bioprofile for the Argentine Black and White Tegu ( Tupinambis merianae). Florida Fish
and Wildlife Conservation Commission report. 2007. Available from: https://bugwoodcloud.org/CDN/
floridainvasives/TeguBioprofileSep2006.pdf.

Krysko KL, Burgess JP, Rochford MR, Gillette CR, Cueva D, Enge KM, et al. Verified non-indigenous
amphibians and reptiles in Florida from 1863 through 2010: outlining the invasion process and identify-
ing invasion pathways and stages. Zootaxa 2011; 3028(1):1-64.

Pernas T, Giardina DJ, McKinley A, Parns A, Mazzotti FJ. First observations of nesting by the Argentine
black and white tegu, Tupinambis merianae, in south Florida. Southeast Nat. 2012; 11(4):765-771.

Abrahdo CR, Russell JC, Silva JCR, Ferreira F, Dias RA. Population assessment of a novel island inva-
sive: tegu (Salvator merianae) of Fernando de Noronha. In Veitch CR, Clout MN, Martin AR, Russell
JC, West CJ, editors. Island invasives: scaling up to meet the challenge. Gland: International Union for
Conservation of Nature and Natural Resources; 2019. pp. 317-325.

Haro D, McBrayer LD, Jensen JB, Gillis JM, Bonewell LR, Nafus MG, et al. Evidence for an Established
Population of Tegu Lizards (Salvator merianae) in Southeastern Georgia, USA. Southeast Nat 2020; 19
(4):649-662.

Wood JP, Beer SD, Campbell TS, Page RB. Insights into the introduction history and population genetic
dynamics of the Argentine black-and-white tegu (Salvator merianae) in Florida. Genetica. 2018; 146
(6):443-459. https://doi.org/10.1007/s10709-018-0040-0 PMID: 30244302

Mazzotti FJ, McEachern MA, Rochford MR, Reed RN, Eckles JK, Vinci J. Tupinambis merianae as nest
predators of crocodilians and turtles in Florida, USA. Biol Invasions. 2015; 17(1):47-50.

Barraco LA. Risk Assessment of the nonnative Argentine Black and White Tegu (Salvator merianae) in
south Florida. M.Sc. Thesis, Florida Atlantic University. 2015. Available from: https://fau.digital.flvc.org/
islandora/object/fau%3A31261/datastream/OBJ/view/Risk_assessment_of_the_nonnative_
Argentine_black_and_white_Tegu__Salvator_merianae__in_South_Florida.

Meshaka WE Jr., Mazzotti FJ, Rochford MR. Ecological plasticity and the future of the Argentine Giant
Tegu (Salvator merianae Dumeril and Bibron, 1839) in the Southeastern US. Southeast Nat. 2020; 18
(4):659-676.

Johnson FA, Smith BJ, Bonneau M, Martin J, Romagosa CR, Mazzotti FJ. Expert elicitation, uncer-
tainty, and the value of information in controlling invasive species. Ecol Econ. 2017; 137:83-90.

Mieres MM, Fitzgerald LA. Monitoring and managing the harvest of tegu lizards in Paraguay. J Wildl
Manage. 2006; 70(6):1723-1734.

PLOS ONE | https://doi.org/10.1371/journal.pone.0245877 March 10, 2021 15/17


https://doi.org/10.1371/journal.pone.0002931
https://doi.org/10.1371/journal.pone.0002931
http://www.ncbi.nlm.nih.gov/pubmed/18698351
https://doi.org/10.1371/journal.pone.0014670
http://www.ncbi.nlm.nih.gov/pubmed/21347411
https://bugwoodcloud.org/CDN/floridainvasives/TeguBioprofileSep2006.pdf
https://bugwoodcloud.org/CDN/floridainvasives/TeguBioprofileSep2006.pdf
https://doi.org/10.1007/s10709-018-0040-0
http://www.ncbi.nlm.nih.gov/pubmed/30244302
https://fau.digital.flvc.org/islandora/object/fau%3A31261/datastream/OBJ/view/Risk_assessment_of_the_nonnative_Argentine_black_and_white_Tegu__Salvator_merianae__in_South_Florida
https://fau.digital.flvc.org/islandora/object/fau%3A31261/datastream/OBJ/view/Risk_assessment_of_the_nonnative_Argentine_black_and_white_Tegu__Salvator_merianae__in_South_Florida
https://fau.digital.flvc.org/islandora/object/fau%3A31261/datastream/OBJ/view/Risk_assessment_of_the_nonnative_Argentine_black_and_white_Tegu__Salvator_merianae__in_South_Florida
https://doi.org/10.1371/journal.pone.0245877

PLOS ONE

Invasive tegu lizards survive in temperate climate in USA

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

Jarnevich CS, Hayes MA, Fitzgerald LA, Adams AAY, Falk BG, Collier MA, et al. Modeling the distribu-
tions of tegu lizards in native and potential invasive ranges. Nat Sci Rep. 2018; 8(1):10193. https://doi.
org/10.1038/s41598-018-28468-w PMID: 29976961

Brito SP, Abe AS, Andrade DV. Tupinambis merianae (tegu lizard) longevity. Herpetol Rev. 2001;
32:260—261.

Fitzgerald LA. The interplay between life history and environmental stochasticity: implications for the
management of exploited lizard populations. Am Zool. 1994; 34: 371-381.

Andrade DV, Sanders CE, Milsom WK, Abe AS. Overwintering in tegu lizards. In Barnes BM, Carey
HV, editors. Life in the cold: evolution, mechanisms, adaptation, and application. Fairbanks: University
of Alaska Institute of Arctic Biology; 2004. pp. 339-348.

Muscat E, Olmos F, Rotenberg E. Salvator merianae (black and white tegu) scavenging around the
nests of Fregata magnificens (frigatebird). Herpetol Bull. 2016; 135:36-37.

Sazima |, D’Angelo GB. Range of animal food types recorded for the tegu lizard (Salvator merianae) at
an urban park in South-eastern Brazil. Herpetol Notes. 2013; 6:427—430.

Mercolli C, Yanosky AA. The diet of adult Tupinambis teguixin (Sauria: Teiidae) in the eastern chaco of
Argentina. Herpetol J. 1994; 4:15-19.

Juri GL, Naretto S, Mateos AC, Chiaraviglio M, Cardozo G. Influence of Life History Traits on Trophic
Niche segregation between two similar sympatric Tupinambis lizards. South American Journal of Her-
petology.2015; 10(2):132—-142.

Fitzgerald LA, Chani JM, Donadio OE. Tupinambis lizards in Argentina: implementing management of a
traditionally exploited resource. In: Robinson JG, Redford KH, editors. Neotropical wildlife use and con-
servation. Chicago: University of Chicago Press; 1991. pp. 303-316.

Cardozo G, Naretto S, Zak M, Chiaraviglio M. The role of landscape in contact zones of sister species
of lizards. In Tiefenbacher J, editor. Perspectives on nature conservation—patterns, pressures and
prospects. Rijeka: InTech; 2012. pp. 161-176.

Klug PE, Reed RN, Mazzotti FJ, McEachern MA, Vinci JJ, Craven KK, et al. The influence of disturbed
habitat on the spatial ecology of Argentine black and white tegu ( Tupinambis merianae), a recent
invader in the Everglades ecosystem (Florida, USA). Biol Invasions. 2015; 17(6):1785-1797.

McEachern MA, Adams AAY, Klug PE, Fitzgerald LA, Reed RN. Brumation of introduced black and
white tegus, Tupinambis merianae (Squamata: Teiidae), in southern Florida. Southeast Nat. 2015; 14
(2):319-328.

Winck GR, Cechin SZ. Hibernation and emergence pattern of Tupinambis merianae (Squamata: Teii-
dae) in the Taim Ecological Station, southern Brazil. J Nat Hist. 2008; 42(3—4):239-247.

Tattersall GJ, Leite CA, Sanders CE, Cadena V, Andrade DV, Abe AS, et al. Seasonal reproductive
endothermy in tegu lizards. Sci Adv. 2016; 2(1):€1500951. https://doi.org/10.1126/sciadv.1500951
PMID: 26844295

Fitzgerald LA, Cruz FB, Perotti G. The reproductive cycle and the size at maturity of Tupinambis rufes-
cens (Sauria: Teiidae) in the dry Chaco of Argentina. J Herpetol. 1993; 27(1):70-78.

R Studio Team. RStudio: Integrated Development for R. RStudio, Inc., Boston, MA URL http://www.
rstudio.com/. 2019.

National Oceanic and Atmospheric Administration, National Centers for Environmental Information.
Daily Summaries [dataset]. January 14, 2019. Available from: https://www.ncdc.noaa.gov/cdo-web/
datatools/selectlocation.

Lanfri S, Cola VD, Naretto S, Chiaraviglio M, Cardozo G. Understanding the ecological niche to eluci-
date spatial strategies of the southernmost Tupinambis lizards. Amphib-Reptil. 2013; 34(4):551-565.

Sanders CE, Tattersall GJ, Reichert M., Andrade DV, Abe AS, Milsom WK. Daily and annual cycles in
thermoregulatory behaviour and cardio-respiratory physiology of black and white tegu lizards. J Comp
Physiol B. 2015; 185(8):905-915. https://doi.org/10.1007/s00360-015-0928-2 PMID: 26266400

Donadio OE, Gallardo JM. Biology and conservation of species of the genus Tupinambis (Squamata,
Sauria, Teiidae) in the Argentine Republic. Magazine of the Argentine Museum of Natural Sciences
"Bernardino Rivadavia" Zoologia 1984; 13:117-127.

Milsom WK, Sanders C, Leite C, Abe AS, Andrade DV, Tattersall G. Seasonal changes in thermoregu-
latory strategies of tegu lizards. In: Ruf T, Bieber C, Arnold W, Millesi E, editors. Living in a seasonal
world. Berlin: Springer-Verlag; 2012. pp. 317-324.

Abe AS. Observations on dormancy in tegu lizard, Tupinambis teguixin (Reptilia, Teiidae). Naturalia.
1983; 8:135-139.

McConnachie S, Alexander GJ, Whiting MJ. Lower temperature tolerance in the temperate, ambush
foraging lizard Pseudocordylus melanotus melanotus. J Therm. 2007; 32(2):66—71.

PLOS ONE | https://doi.org/10.1371/journal.pone.0245877 March 10, 2021 16/17


https://doi.org/10.1038/s41598-018-28468-w
https://doi.org/10.1038/s41598-018-28468-w
http://www.ncbi.nlm.nih.gov/pubmed/29976961
https://doi.org/10.1126/sciadv.1500951
http://www.ncbi.nlm.nih.gov/pubmed/26844295
http://www.rstudio.com/
http://www.rstudio.com/
https://www.ncdc.noaa.gov/cdo-web/datatools/selectlocation
https://www.ncdc.noaa.gov/cdo-web/datatools/selectlocation
https://doi.org/10.1007/s00360-015-0928-2
http://www.ncbi.nlm.nih.gov/pubmed/26266400
https://doi.org/10.1371/journal.pone.0245877

PLOS ONE

Invasive tegu lizards survive in temperate climate in USA

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Doughty P. Critical thermal minima of garter snakes (Thamnophis) depend on species and body size.
Copeia. 1994; 1994(2):537-540.

Yang J, SunY, An H, Ji X. Northern grass lizards ( Takydromus septentrionalis) from different popula-
tions do not differ in thermal preference and thermal tolerance when acclimated under identical thermal
conditions. J Comp Physiol B. 2008; 178(3):343-349. https://doi.org/10.1007/s00360-007-0227-7
PMID: 18071715

Wilson MA, Echternacht AC. Geographic variation in the critical thermal minimum of the green anole,
Anolis carolinensis (Sauria: Iguanidae), along a latitudinal gradient. Comp Biochem Physiol Part A Phy-
siol. 1987; 87(3):757-760.

Labra A, Pienaar J, Hansen TF. Evolution of thermal physiology in Liolaemus lizards: adaptation, phylo-
genetic inertia, and niche tracking. Am Nat. 2009; 174(2):204—220. https://doi.org/10.1086/600088
PMID: 19538089

Rubalcaba JG, Olalla-Tarraga MA. The biogeography of thermal risk for terrestrial ectotherms: Scaling
of thermal tolerance with body size and latitude. J Anim Ecol. 2020; 89(5):1277—1285. https://doi.org/
10.1111/1365-2656.13181 PMID: 31990044

Cecchetto NR, Naretto S. Do sex, body size and reproductive condition influence the thermal prefer-
ences of a large lizard? A study in Tupinambis merianae. J Therm Biol. 2015; 53:198-204. https://doi.
org/10.1016/j.jtherbio.2015.09.001 PMID: 26590472

Marketon JIW, Glaser R. Stress hormones and immune function. J Cell Immunol 2008; 252(1-2):16—
26.

French SS, DeNardo DF, Greives TJ, Strand CR, Demas GE. Human disturbance alters endocrine and
immune responses in the Galapagos marine iguana (Amblyrhynchus cristatus). Horm Behav. 2010; 58
(5):792-799. https://doi.org/10.1016/j.yhbeh.2010.08.001 PMID: 20708010

Cotter SC, Simpson SJ, Raubenheimer D, Wilson K. Macronutrient balance mediates trade-offs
amongst competing life-history and immune traits. Funct Ecol. 2011; 25(1):186—198.

Currylow AF, Collier MAM, Hanslowe EB, Falk BG, Cade BS, Moy S, et al. Thermal stability of an adapt-
able, invasive ectotherm; Argentine giant tegus in the Greater Everglades ecosystem, USA. Ecosphere.
In Review.

Ashfaq M, Rastogi D, Mei R, Kao SC, Gangrade S, Naz BS, et al. High-resolution ensemble projections
of near-term regional climate over the continental United States. J Geophys Res Atmos. 2016; 121
(17):9943-9963.

Bull CM, Burzacott D. Changes in climate and in the timing of pairing of the Australian lizard, Tiliqua
rugosa: a 15-year study. J Zool. 2002; 256(3):383-387.

Schwanz LE, Janzen FJ. Climate change and temperature-dependent sex determination: can individual
plasticity in nesting phenology prevent extreme sex ratios?. Physiol Biochem Zool. 2008; 81(6):826—
834. https://doi.org/10.1086/590220 PMID: 18831689

Ljungstrom G, Wapstra E, Olsson M. Sand lizard (Lacerta agilis) phenology in a warming world. BMC
Evol Biol. 2015; 15(1):206.

Abe AS. Estivation in South American amphibians and reptiles. Braz J Med Biol Res. 1995; 28(11—
12):1241-1247. PMID: 8728854

Miller MA, Kinsella JM, Snow RW, Hayes MM, Falk BG, Reed RN, et al. Parasite spillover: indirect
effects of invasive Burmese Pythons. Ecol Evol. 2018; 8(2):830-840. https://doi.org/10.1002/ece3.
3557 PMID: 29375757

Miller MA, Kinsella JM, Snow RW, Falk BG, Reed RN, Goetz SM, et al. Highly competent native snake
hosts extend the range of an introduced parasite beyond its invasive Burmese python host. Ecosphere.
2020;Forthcoming.

PLOS ONE | https://doi.org/10.1371/journal.pone.0245877 March 10, 2021 17/17


https://doi.org/10.1007/s00360-007-0227-7
http://www.ncbi.nlm.nih.gov/pubmed/18071715
https://doi.org/10.1086/600088
http://www.ncbi.nlm.nih.gov/pubmed/19538089
https://doi.org/10.1111/1365-2656.13181
https://doi.org/10.1111/1365-2656.13181
http://www.ncbi.nlm.nih.gov/pubmed/31990044
https://doi.org/10.1016/j.jtherbio.2015.09.001
https://doi.org/10.1016/j.jtherbio.2015.09.001
http://www.ncbi.nlm.nih.gov/pubmed/26590472
https://doi.org/10.1016/j.yhbeh.2010.08.001
http://www.ncbi.nlm.nih.gov/pubmed/20708010
https://doi.org/10.1086/590220
http://www.ncbi.nlm.nih.gov/pubmed/18831689
http://www.ncbi.nlm.nih.gov/pubmed/8728854
https://doi.org/10.1002/ece3.3557
https://doi.org/10.1002/ece3.3557
http://www.ncbi.nlm.nih.gov/pubmed/29375757
https://doi.org/10.1371/journal.pone.0245877

