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A B S T R A C T

The tegu lizard Salvator merianae is a large, widely distributed teiid lizard endemic to South America that ex-
hibits annual cycles of high activity during the spring and summer, and hibernation during winter. This pattern
of activity and hibernation is accompanied by profound seasonal changes in physiology and behavior, including
endothermy during the austral spring. The unusual combination of seasonal endothermy, hibernation and ovi-
parity, in a non-avian, non-mammalian species, makes S. merianae an interesting subject for study of com-
parative aspects of endocrine regulation of seasonal changes in physiology. In the present study, we first vali-
dated commercially available immunoassay kits for quantification of hormone concentrations of the
reproductive (testosterone, estradiol and progesterone), adrenal (corticosterone), and thyroid [thyroxine (T4)
and triiodothyronine (T3)] axes in plasma of an outdoor, captive adult male and female S. merianae in south-
eastern Brazil. All assays exhibited parallelism and accuracy with S. merianae plasma. We next assessed patterns
of concentration of these hormones across the annual cycle of S. merianae. Testosterone in males and estradiol in
females peaked in spring coincident with the peak in reproductive behavior. Progesterone in females was sig-
nificantly elevated in October coincident with putative ovulation when gravid females build nests. Thyroid
hormones, known for regulating energy metabolism, varied seasonally with some sex-dependent differences. T4

gradually increased from an annual nadir during pre-hibernation and hibernation to high concentrations during
spring in both sexes. In contrast, T3 did not vary seasonally in males, but females showed a two-fold increase in
T3 during the spring reproductive season. T3 may be involved in energy investment during the seasonal pro-
duction of large clutches of eggs. Corticosterone was significantly elevated during the active season in both
sexes, suggesting its involvement in mobilization of energy stores and modulation of behavior (territoriality) and
physiology. Ours is the first investigation of concurrent changes in reproductive, thyroid and adrenal hormone
concentrations in this endemic and physiologically unique South American lizard. Our findings set the stage for
future investigations to determine the extent to which these hormones influence activity and thermoregulation
in S. merianae.

1. Introduction

Seasonal adjustments in behavior and physiology are often driven
by changes in hormones, which, among vertebrates, coordinate timing
of breeding and energy allocation in environments that undergo cycles
of scarcity annually (Wilsterman et al., 2015). Hormonal correlates of
seasonal physiological and behavioral adjustments have been ex-
tensively documented in endothermic vertebrates, in which the high

energetic cost of endothermy often drives those adjustments to survive
phases of food and/or water scarcity (McNab, 1974; Richter et al.,
2017). Study of other vertebrates (especially if they show endothermy,
partial or seasonal), would be valuable for illuminating general endo-
crine mechanisms of seasonal modulation of physiology and behavior
(Davenport et al., 1990; Korsmeyer and Dewar, 2001; Tattersall et al.,
2016; Slip and Shine, 1988).

The seasonally endothermic tegu lizard Salvator merianae, a large-
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bodied oviparous species that undergoes hibernation annually, has the
widest geographic distribution of the three species of the Salvator genus
(the other two are Salvator duseni and Salvator rufescens, also known as
“tegus”; Harvey et al., 2012) and can be found from tropical to sub-
tropical and temperate zones in most biomes of Brazil, Uruguay,
Paraguay and northern Argentina (Lanfri et al., 2013). S. merianae has
been the subject of numerous investigations of physiology and behavior
(Abe, 1995, 1983; Andrade et al., 2004; Chamut et al., 2012; Chani
et al., 1993; Da Silveira et al., 2013; do Nascimento et al., 2016; Klein
et al., 2006; Milsom et al., 2008; Sanders et al., 2015; Tattersall et al.,
2016; Toledo et al., 2008; Zena et al., 2016) and has been shown to be
endothermic during the breeding season (Tattersall et al., 2016), ex-
hibiting profound seasonal shifts in metabolic rate and body tempera-
ture (Lopes and Abe, 1999; Sanders et al., 2015; Tattersall et al., 2016).
Highest resting metabolic rates are observed during spring (re-
productive season) and summer, while lowest levels occur during its
approximately three-month-long hibernation in winter in Southeastern
Brazil (Lopes and Abe, 1999; Sanders et al., 2015; Tattersall et al.,
2016). At this geographic region, dormancy in S. merianae occurs sea-
sonally during the winter, which is characterized by mild ambient
temperatures (Abe, 1995; Andrade et al., 2004; Sanders et al., 2015)
and low precipitation. The word aestivation has been used for this
dormancy, but we follow Milsom et al., 2012 and use the term hi-
bernation hereafter.

During the reproductive season, S. merianae exhibit territoriality,
courtship, and copulation, as well as nest construction and incubation
of the eggs by females (Chamut et al., 2012; García-Valdez et al., 2016),
even in captive populations (L. Zena, pers. obs.). Interestingly, the
seasonal cycle of activity and hibernation in S. merianae seems not to
involve direct temperature-induced metabolic changes, but rather is a
temperature-independent phenomenon (Abe, 1995; Milsom et al.,
2008; Sanders et al., 2015). Because of this unique combination of traits
among lizards — thermogenic capacity and seasonal metabolic ad-
justments, with a regularly occurring hibernation phase — S. merianae
constitutes an interesting species for exploring basic features of annual
cycles in hormones and behavior.

Sex steroids, including estrogens, progesterone, and androgens, are
well-documented players in the regulation of season-specific behaviors,
physiology and maintenance of secondary sex characteristics in reptiles
(Chamut et al., 2012; Crews et al., 1978; García-Valdez et al., 2016;
Hamlin et al., 2014; Hews and Moore, 1995). Similarly, the gluco-
corticoids (corticosterone and cortisol) also commonly exhibit seasonal
changes that correlate with energetic requirements and exposure to
social, nutritional or physiological stress (Anderson et al., 2014;
Welcker et al., 2014). Though not classically considered reproductive
hormones, glucocorticoids frequently show predictable seasonal ele-
vations of baseline during reproduction, possibly due to increased en-
ergetic requirements as well as increased stress of social interactions
(Romero, 2002). Finally, thyroid hormones (THs; thyroxine [T4] and
triiodothyronine [T3]) are of particular interest, especially in seasonally
endothermic species. They have been best studied in mammals and
birds, where they play a major role in energy metabolism and metabolic
regulation, maintaining body temperature and influencing a wide
variety of physiological processes (Mullur et al., 2014). In ectotherms,
circulating TH concentrations positively correlate with aerobic en-
ergetic capacity, nutritional status, and ambient temperature (Dunlap,
1995; John-Alder, 1990; Little and Seebacher, 2014; Moon et al., 1999;
Rivera and Lock, 2008), and also often exhibit relationships with
photoperiod and reproductive events (Boggs et al., 2011; El-Deib, 2005;
John-Alder, 1984; Kohel et al., 2001; Moon et al., 1999; Southwood
et al., 2003).

The seasonal patterns of the steroid and thyroid hormones are
widely observed in mammals and birds, but comparable data from the
few studied reptiles are scarce. For S. merianae in particular, endocrine
data are limited to one study on seasonal testosterone patterns in males
(Chamut et al., 2012). Progesterone and estradiol profiles have been

described for the related S. rufescens (García-Valdez et al., 2016) but not
for S. merianae, while glucocorticoids and thyroid profiles have not
been described for any member of the Salvator genus. As a next step in
exploring seasonal changes in gonadal, adrenal and thyroid hormones
in this seasonally endothermic, hibernating lizard, we set out to (1)
validate immunoassays for S. merianae plasma for all hormones of in-
terest, and (2) document seasonal changes in circulating levels of the
major steroid and thyroid hormones. We focused on three reproductive
steroids (testosterone, estradiol and progesterone), the primary repti-
lian adrenal glucocorticoid (corticosterone), and two THs (T4 and T3).
Validations employed tests of assay parallelism and accuracy of S.
merianae plasma to verify that commercial immunoassay kits can ac-
curately quantify these six hormones (Ellsworth et al., 2014; Grotjan
and Keel, 1996; Hunt et al., 2017). For our second goal, we repeat-
sampled S. merianae housed under semi-natural conditions across the
year, and assayed plasma of males for testosterone, of females for
progesterone and estradiol, and of both sexes for adrenal and thyroid
hormones, assessing resulting data for significant seasonal patterns.

2 Materials and methods

2.1 Animals

Twenty adult captive-bred S. merianae tegu lizards of both sexes (10
males and 10 females) were obtained from Jacarezário, São Paulo State
University-UNESP, Rio Claro, São Paulo state, Brazil (IBAMA permit no.
02001-000412/94-28 and SISBIO-ICMBio/n. 26677-1/transport and
maintenance permit: ICMBio #52085-1). Males and females did not
significantly differ in their initial body mass (2.29 ± 0.23 kg for males
and 1.88 ± 0.09 kg for females; P=0.17; F1, 158= 1.989). All in-
dividuals were housed communally in a single 42m2 outdoor enclosure
with natural exposure to ambient fluctuations in temperature, daylight,
humidity and rainfall at the campus of UNESP in Jaboticabal, SP (21°
14′ 05″ S and 48° 17′ 09″ W; ∼160 km from Rio Claro). Tegus were
moved into this enclosure in March 2016 and remained there for the
duration of the study, which was from October 2016 to September
2017). The enclosure contained common shelters for the animals to
retreat to and to use during hibernation (tegu hibernation in south-
eastern Brazil occurs from late May or June to mid-August). In addition,
the shelters provided protection from direct sunlight and precipitation.
Animals had free access to a shared open area, providing options for
thermoregulatory, ambulatory, and social behavior. Animals were fed
2–3 times/week with cooked chicken, eggs, mice, fruits and captive
bred cockroach (Nauphoeta cinerea) supplemented with calcium and
vitamin D3 (Zoo Med Reptivite; San Luis Obispo, CA, USA). Water was
provided ad libitum. Even in captivity, tegus voluntarily stop eating at
the end of the austral autumn in late May (de Andrade and Abe, 1999;
de Souza, 2004; Zena et al., 2016) and begin eating again upon emer-
gence from hibernation (“emergence” hereafter) in early August; during
hibernation water, but no food, was provided. All experimental proto-
cols were approved by a local ethical committee of São Paulo State
University (CEUA; # 7.434/16).

2.2. Sample collection

Although tegus are individually recognizable due to variable color
patterns, all animals were additionally marked with a subcutaneous
microchip (transponder ISO FDX-B 134.2 KhZ, AnimallTAG, São Carlos,
Brazil) to further confirm individual identification. Blood was collected
from all animals in October and December of 2016, and February, April,
May, June, August and September of 2017. One male was injured by
other animals in November 2016 and therefore was not sampled during
recovery in December 2016. For blood sampling, animals were in-
dividually captured by hand and had their heads covered with a cloth
bag. Blood was collected (up to 5% of total blood volume; Stahl, 2006)
from the ventral coccygeal vein using a heparinized 5mL syringe and a
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21 G needle; whole blood samples were immediately transferred to
plastic tubes (2 mL) on ice. Total handling time was ∼3min to mini-
mize potential effects of handling stress (Romero and Reed, 2005) and
all handling was performed between 8:00 and 10:00 a.m. to eliminate
time of day effects (Jessop et al., 2002; Jones and Bell, 2004). Body
mass was measured to the nearest± 1 g on a digital scale (Bel Equi-
pamentos Analíticos, Piracicaba, São Paulo, Brasil). After collection,
blood samples were held on ice for a maximum of 2.5 h, centrifuged at
9,391g (speed: 10,000 rpm; radius of the rotor: 84mm) for 10min at
4 °C, and plasma was aliquoted into four 0.5 mL microcentrifuge tubes
and frozen at -80 °C for future analyses.

2.3. Reproductive hormone extraction

Based on manufacturer's recommendations and previous experi-
ence, estradiol, testosterone and progesterone were extracted using
solid phase extraction of 500 µL plasma (detailed in Newman et al.,
2008). Samples were then eluted in 90% methanol, dried in a Ther-
moSavant SpeedVac Concentrator (model SDP121P; Thermo Fisher
Scientific, Waltham, MA, USA) at 35 °C and stored at −80 °C. One day
prior to assay, samples were resuspended in 1mL assay buffer (1:2 di-
lution), shaken on a multi-tube vortexer (Glas-Col Large Capacity
Mixer, speed set on 50; Glas-Col, Terre Haute, IN, USA) for 1 h and then
stored at 4 °C overnight. Before assays, the tubes were shaken again for
1 h. Corticosterone, T4 and T3 assays were performed using unextracted
plasma.

2.4. Hormone assays and validation

Commercially available enzyme immunoassay (EIA) kits (Arbor
Assays, Ann Arbor, MI, USA) were used to quantify plasma testosterone
(kit #K032), estradiol (kit # KB30), progesterone (kit #K025), corti-
costerone (kit #K014), and T4 (kit #K050), while a coated-tube 125I
radioimmunoassay (RIA) kit was used to quantify plasma T3 (MP
Biomedicals, Solon, OH, USA; kit #06B-254215). Two additional low-
dose standards (created by mixing equal volumes of previous stan-
dard+ assay buffer) were added to the T3 standard curve to improve
assay precision for low concentrations of hormone. Similarly, one ad-
ditional low-dose standard was added to the testosterone standard
curve. Following the manufacturer's protocols, the T4 and corticos-
terone assays included addition of a dissociation reagent to dissociate
hormones from plasma binding proteins. All hormone assays were va-
lidated for S. merianae plasma by conducting tests of parallelism and
accuracy, using standard methods described in Grotjan and Keel
(1996). To test for parallelism, a pooled plasma extract (testosterone,
estradiol, and progesterone assays) or pooled unextracted plasma
(corticosterone, T4 and T3) was serially diluted (1:2 – 1:128) and as-
sayed. The slope of percentage of antibody bound vs. relative dose was
compared to the slope of the known concentration standards. Paralle-
lism of the two lines indicates that the antibody binds well to the
hormone of interest with similar affinity as to pure parent hormone; this
is considered evidence that the hormone is in fact present (Grotjan and
Keel, 1996). From the parallelism results, a dilution was selected for
each hormone assay to keep results as near as possible to 50% bound,
the area of greatest assay precision. The dilutions selected were 1:2 for
testosterone and estradiol, and 1:4 for progesterone (all diluted with
Arbor Assays assay buffer X065), while corticosterone, T4 and T3 were
assayed with undiluted plasma.

Assay accuracy (aka “matrix effect test”, “interference test”; Grotjan
and Keel, 1996) was determined by spiking each standard with pooled
tegu plasma, with assay of the spiked curve as unknowns alongside a
second standard curve that was spiked only with buffer. Slopes of ap-
parent hormone concentration vs. known concentration were assessed;
a slope close to 1.0 indicates the ability of the assay to correctly
quantify the hormone concentration across the desired range without
interference from the sample matrix (i.e., tegu plasma).

Following validations for all assays, plasma samples from both sexes
were assayed for corticosterone, T4 and T3. The reproductive steroids
were each studied in only one sex, with samples from males assayed for
testosterone and samples from females assayed for estradiol and pro-
gesterone. All assays included a full standard curve. Standards and
unknowns were run in duplicate. Any sample that exceeded 10%
coefficient of variation between duplicates was re-analyzed. Intra-assay
and inter-assay variations were< 10%. For antibody cross-reactivities,
assay sensitivities and other methodological details, see Hunt et al.,
2017 (all EIAs) and Wasser et al., 2010 (T3 RIA).

2.5. Statistical analysis

Parallelism results for all hormones were plotted as percentage of
antibody bound vs. log[relative dose]. Differences between slopes of the
binding curve for the serially diluted pool and the standard curve were
assessed with an F test. Accuracy results were plotted as the apparent
concentration vs. the standard concentration, and assessed by linear
regression, with acceptable accuracy defined as r2≥ 0.99 and slope
within 0.7–1.3 (ideal slope=1.0). Monthly changes in sex steroid
concentrations (testosterone, estradiol and progesterone) were assessed
using a one-way repeated-measures ANOVA (i.e., independent variable
of month). Corticosterone and the thyroid hormones (T4 and T3) were
assessed with two-way repeated-measures ANOVA (i.e., independent
variables of month and sex). Differences among means were further
determined by Tukey post-hoc tests. Due to preliminary indications of
possible relationships of testosterone with body size in males, we re-
gressed testosterone and male body mass in each month separately and
all months together using the false-discovery-rate (FDR) correction for
multiple comparisons (Curran-Everett, 2000; Curran-Everett et al.,
2004). When data were not normally distributed, logarithmic trans-
formations were performed. Statistical analyses were carried out using
SigmaPlot version 11 (ANOVA; Systat Software Inc.) and GraphPad
Prism 6 (parallelism, accuracy, regressions, and multiple comparisons
corrections; GraphPad Software). All data are presented as means ±
SEM and all differences considered significant at P < 0.05.

3. Results

3.1. Enzyme immunoassay (EIA) and radioimmunoassay (RIA) validations

All hormone assays of serially diluted tegu lizard plasma yielded
displacement curves parallel to the respective standard curves (Figs. 1
and 2). There were no significant differences in slopes between stan-
dards and serially diluted tegu plasma pools (P > 0.05) for testos-
terone (F(1, 10)= 0.0799; P=0.7831), estradiol (F(1,7) = 0.2813;
P=0.6123), progesterone (F(1,8) = 0.6258; P=0.4517), corticos-
terone (F(1,6) = 0.0739; P=0.7949), T4 (F(1,6) = 0.3073; P=0.5994),
or T3 (F(1,6) = 0.0010; P=0.9754). Accuracy was acceptable for all
hormones tested, as indicated by a linear relationship between observed
and expected hormone concentration (r2≥ 0.99 for all hormones), and
a slope within the desired range of 0.7–1.3, as follows (Fig. 3): testos-
terone (slope=0.7), estradiol (slope= 1.2), progesterone
(slope= 1.1), corticosterone (slope= 1.2), T4 (slope= 0.7) and T3

(slope= 0.9).

3.2. Seasonal variation in endocrine profiles of Salvator merianae

3.2.1. Sex steroid hormones
Male tegus started emerging from hibernation in mid-August, and

displayed reproductive behaviors in September. Plasma concentrations
of testosterone varied seasonally (F(7,71)= 21.660; P < 0.001;
Fig. 4A), with a single prominent peak in September coincident with the
reproductive season for this species in southeastern Brazil (September;
range: 0.0063–8.21 ng.mL−1; mean: 4.82 ± 0.83 ng.mL−1). The
smallest male had the lowest testosterone in September (0.0063 ng.
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mL−1) as well as relatively low circulating testosterone concentrations
across the other months. Subsequent analysis of relationships of tes-
tosterone with body mass revealed a significant positive relationship in
the months of May (r2=0.6753, P=0.0035; compare P to FDR mul-
tiple-comparisons correction criterion d of 0.0063, where P < d in-
dicates significance); and October (r2=0.6198, P=0.0069; compare P
to d of 0.0125), but no significant relationship in any of the other six
months (P≫ d for all remaining tests).

All hormone concentrations were quantified for nine of ten females;
however, we were unable to collect sufficient plasma from the tenth

female in October to assay for estradiol. Female tegus exhibited sig-
nificant seasonal changes in plasma estradiol concentration
(F(7,71) = 9.652; P < 0.001; Fig. 4B), again peaking in September co-
incident with the reproductive season (September range:
0.020–0.103 ng.mL−1; mean: 0.041 ± 0.007 ng.mL−1). Progesterone
also varied seasonally in females (F(7,71) = 11.565; P < 0.001; Fig. 4C)
with two distinct peaks, one in October (range: 0.51–1.24 ng.mL−1;
mean: 0.856 ± 0.085 ng.mL−1) and another one in April (range:
0.33–1.64 ng.mL−1; mean: 1.05 ± 0.14 ng.mL−1)-May (range: 0.42–
1.99 ng.mL−1; mean: 0.87 ± 0.18 ng.mL−1).

Fig. 1. Parallelism results for steroid hormones. (A) testosterone, (B) estradiol, (C) progesterone and (D) corticosterone in the plasma of the tegu lizard Salvator
merianae; serial dilutions of pooled plasma (red triangles) are parallel to the standard curve (blue circles). Best-fit regression equations given at bottom. Stds:
standard; Ukn: unknown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Parallelism results for thyroid hormones. (A) thyroxine (T4) and (B) triiodothyronine (T3) in the plasma of the tegu lizard Salvator merianae; serial dilutions of
pooled plasma (red triangles) are parallel to the standard curve (blue circles). Best-fit regression equations given at bottom. Stds: standard; Ukn: unknown. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.2.2. Corticosterone
Marked monthly variation in plasma corticosterone levels was ob-

served for all lizards (F(7,150) = 43.441; P < 0.001; Fig. 5). There were
no significant differences between the sexes (P=0.99) so male and
female data were combined for all analyses. The lowest concentrations
of corticosterone occurred during hibernation (June: 29.97 ± 2.86 ng.
mL−1) and early emergence (August: 28.59 ± 2.58 ng.mL−1). Corti-
costerone initially rose in September (67.68 ± 6.84 ng.mL−1), coin-
cident with the onset of the reproductive season. Peak concentrations
occurred in December (125.68 ± 11.71 ng.mL−1) followed by a de-
cline over the months preceding to hibernation.

3.2.3. Thyroid hormones
Thyroid hormones (T4 and T3) were quantified in nine males and

nine females. The tenth male was not sampled for T4 in October (de-
tailed in Materials and Methods), and T3 for October and December
(insufficient plasma), while data for one female are missing T3 in
October due to insufficient plasma. There were no significant sex dif-
ferences in plasma T4 concentration (P=0.500) and therefore data
were pooled for all analyses. Monthly levels of plasma T4 changed
across the year (F(7,151) = 19.559; P < 0.001; Fig. 6A), increasing
gradually from the lowest values during hibernation (May:
1.80 ± 0.21 ng.mL−1 and June: 1.98 ± 0.23 ng.mL−1) to peak con-
centrations in October (3.68 ± 0.15 ng.mL−1) that remained elevated
through December (3.64 ± 0.15 ng.mL−1) and February
(3.50 ± 0.12 ng.mL−1).

Concentrations of T3 exhibited a significant interaction between sex
and month (F(7,149) = 2.923; P=0.007; Fig. 6B), with a considerable
difference between males and females (F(1,155) = 9.630; P=0.006;
Fig. 6B). Male T3 concentrations remained fairly constant across the
year whereas plasma T3 levels of females increased two-fold from the
annual low during hibernation in June (0.38 ± 0.03 ng.mL−1) to a
peak in October (0.89 ± 0.07 ng.mL−1). Despite the decrease in
plasma T3 levels of females from December to February, female T3

levels were significantly elevated relative to the males for the same
months (P < 0.05).

4. Discussion

This is the first study to characterize the integrated seasonal profile
of reproductive (testosterone in males, estrogen and progesterone in
females), adrenal (corticosterone) and thyroid (T4 and T3) hormones in
captive adult male and female S. merianae, using repeat sampling across
an entire year. More importantly, the present study is one of the most
complete datasets in any lizard or reptile. All six hormones fluctuated
seasonally in a manner consistent with published seasonal patterns of
metabolism, behavior and reproduction of S. merianae (Abe, 1983;
Andrade et al., 2004; Tattersall et al., 2016). Elevated levels of gonadal
sex steroid hormones occurred in synchrony with specific reproductive
behaviors in both males and females. In addition, an important sex
difference in the seasonal thyroid (T3) hormone profiles in S. merianae
may underlie important aspects of reproductive and metabolic phy-
siology and behavior.

4.1. Reproductive hormones

Male tegu lizards had lowest levels of plasma testosterone during
hibernation followed by a gradual increase starting in August, late
winter in southeastern Brazil. Testosterone peaked in September,
during the reproductive season for S. merianae in this region (Lopes and
Abe, 1999). The highest levels of testosterone coincided with the ob-
servation of male-typical reproductive behaviors such as scent marking
(femoral gland secretion), courtship and mating. This is also the time of
the year when spermatogenesis is known to occur (Chamut et al.,
2012). These events are therefore temporally linked, i.e., male tegus
express an associated reproductive pattern, similar to the majority of
vertebrates (Crews, 1984). In contrast, some species of snakes, turtles
and bats display a dissociated reproductive pattern, where mating

Fig. 3. Accuracy results. (A) testosterone, (B) estradiol, (C) progesterone, (D) corticosterone, (E) thyroxine (T4), and (F) triiodothyronine (T3) in the plasma of the
tegu lizard Salvator merianae. Pooled plasma spiked with known amounts of hormone show good accuracy and little to no matrix effect. Best-fit regression equations
given at bottom.
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behavior occurs when gonads are quiescent and levels of plasma sex
steroid hormones are low. A striking example of a dissociated re-
productive pattern is found in the red-sided garter snake (Thamnophis
sirtalis parietalis), the northernmost reptile. These animals exhibit a
pronounced seasonal cycle of hibernation and activity but have a strong
seasonally restricted breeding period (Woolley et al., 2004; Joy and
Crews, 1987). In contrast, S. merianae in the subtropical South America
have long and predictable phases of food availability, potentially fa-
voring associated and longer seasonal reproduction.

In late-winter and early spring (August), S. merianae emerge from

Fig. 4. Mean monthly plasma gonadal steroid concentrations in tegu lizards
Salvator merianae. Testosterone concentrations from adult males (A; n=9–10)
and estradiol (B; n= 9–10) and progesterone (C; n= 9–10) concentrations
from adult females kept in an outdoor enclosure in southeastern Brazil.
Different letters denote significant differences. Data are presented as
means ± SEM. Data collection began in Oct 2016 and concluded in Sep 2017;
data are presented with Sep 2017 adjacent to Oct 2016 for visual comparison of
the Sep-Nov breeding season months.

Fig. 5. Mean monthly plasma corticosterone concentrations in tegu lizards
Salvator merianae. Corticosterone concentrations from adult males (n= 9–10)
and females (n= 10) kept in an outdoor enclosure in southeastern Brazil.
Different letters denote significant differences. Data are presented as
means ± SEM. Data collection began in Oct 2016 and concluded in Sep 2017;
data are presented with Sep 2017 adjacent to Oct 2016 for visual comparison of
the Sep-Nov breeding season months.

Fig. 6. Mean monthly plasma thyroid hormone concentrations in tegu lizards
Salvator merianae. Concentrations of plasma thyroid hormones (thyroxine; T4,
A, and triiodothyronine; T3, B) from adult males (n= 9–10) and females
(n= 10) kept in an outdoor enclosure in southeastern Brazil. Different letters
denote significant differences among months; asterisk in panel B represents
significant differences between sexes. Data are presented as means ± SEM.
Data collection began in Oct 2016 and concluded in Sep 2017; data are pre-
sented with Sep 2017 adjacent to Oct 2016 for visual comparison of the Sep-
Nov breeding season months.
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hibernation, shed their skins, forage for food and initiate their first
reproductive behaviors some weeks after emergence (∼around
20–30 days after emergence; Lopes and Abe, 1999). Male red-sided
garter snakes emerge from hibernation and immediately exhibit intense
breeding activity, mating within an hour of emergence regardless of
their quiescent gonads and low plasma androgen concentration (Crews
et al., 1984; Mendonça and Crews, 1996; Lutterschmidt and Mason,
2009). While male red-sided garter snake breeding activities require a
long phase of low temperatures during hibernation followed by
warming (Lutterschmidt and Mason, 2009; Krohmer, 2004), seasonal
changes in physiology and behavior of S. merianae are temperature
independent (Zena et al., 2016; Abe, 1995; Sanders et al., 2015). It is
still unknown whether rhythms in physiology and behavior of S. mer-
ianae are driven by an endogenously generated program or triggered by
reflexive responses to environmental changes, such as the photoperiod.

Another study of testosterone concentrations in S. merianae comes
from an investigation by Chamut et al. (2012) on captive tegus from the
province of Tucumán, Argentina (26°51́S and 65°17́W). They reported
that male S. merianae in that region peak in testosterone in September
(Chamut et al., 2012). Although the Argentine population and ours
have similarly timed peaks in testosterone, their behaviors appear
temporally offset. Specifically, tegus from Argentina emerge from hi-
bernation in September, nearly a month after the tegus in southeastern
Brazil. Further, the Brazilian tegus display sexual behavior soon after
emergence in September, whereas the Argentinian tegus delay sexual
behavior until October. Interestingly, sexual behavior among the Bra-
zilian tegus coincided with their peak in testosterone whereas Argen-
tinian tegus displayed sexual behavior after their initial testosterone
peak. These differences in timing suggest that the annual cycle may be
modulated by environmental differences along the latitudinal gradient
of South America, similar to the plasticity in hibernation and re-
productive timing exhibited by mammalian hibernators at different
sites (Williams et al., 2014) and when exposed to different weather
events (Sheriff et al., 2017).

Among mammalian hibernators, elevated testosterone is typically
incompatible with expression of torpor or hibernation (Darrow et al.,
1988; Goldman et al., 1986; Lee et al., 1990; Smit-Vis, 1972; Vitale
et al., 1985) and testosterone has been hypothesized to trigger the end
of hibernation in males (Richter et al., 2017). The gradual increase in
plasma testosterone levels in male tegus from hibernation to emergence
in August (present study; Chamut et al., 2012), may have an inhibitory
effect in dormancy. In contrast, male red-sided garter snakes undergo
hibernation with plasma testosterone which gradually declines across
winter dormancy until the lowest annual levels are attained at emer-
gence in spring (Lutterschmidt and Mason, 2009). Clearly, there are
species differences among seasonally breeding reptiles, which might be
associated with their reproductive strategies.

Estradiol peaked in September in our female tegus, concurrent with
the testosterone peak in males and the onset of courtship and mating
behaviors. Peak levels of estrogens are usually associated with follicular
development and vitellogenesis in female reptiles (Edwards and Jones,
2001; Hamlin et al., 2014; Lance et al., 2009; Taylor et al., 2004) and
further serve to promote sexual receptivity and pheromone production
(Mendonça and Crews, 1996; Parker and Mason, 2012). After peaking
in September, estradiol in S. merianae decreased to minimum levels in
December, rose again and remained constant from April-August (pre-
hibernation and hibernation). Stable levels of estradiol suggest that the
immature follicles persist throughout hibernation, with some degree of
steroidogenesis. Comparably, in the closely related S. rufescens, devel-
opment of follicles occurs at emergence in association with high
plasmat levels of estradiol (García-Valdez et al., 2016).

In our female tegus, progesterone peaked in October, nearly a
month later than estrogen. Progesterone is associated with ovulation in
many reptiles (Currylow et al., 2017; García-Valdez et al., 2016; Rostal
and Robeck, 1998; Taylor et al., 2004; Weiss et al., 2002). Similar to
male tegus, timing of the female reproduction exhibits plasticity across

populations according by latitude. For example, gravid females from
our captive population oviposit in October coinciding with a proges-
terone surge, while the onset of ovipositioning in females S. merianae
from a southernmost wild population in Espinal and Pampa regions
(30°55′S, 63°40′WS to 31°55′S, 62°15′W) occurs in mid-November,
when corporea lutea can be observed in the ovaries (Naretto, et al.,
2016).

In other oviparous vertebrates (e.g., birds), progesterone is asso-
ciated with nest-building behavior and early stages of nest attendance,
often in combination with permissive or priming effects of estradiol
(Buntin, 1996; Rosenblatt et al., 1985; Silver, 1978; Wood-Gush and
Gilbert, 1973). In October, some female tegus were seen building nests
by gathering dried grass. Intriguingly, progesterone peaked again in
April and May (pre-hibernation). Two peaks in progesterone have also
been reported in female Northern Pacific rattlesnakes (Crotalus or-
eganus) and male house geckos (Hemidactylus flaviviridis). In these cases,
other sex steroids follow the same pattern, possibly due to progesterone
being upstream in steroid synthesis (Al-Amri et al., 2013; Lind et al.,
2010). The nature and function of the non-reproductive peak for pro-
gesterone in our female tegus is presently unknown and needs further
investigation.

4.2. Glucocorticoids

In most vertebrates, glucocorticoid secretion fluctuates seasonally as
well as in response to stressful stimuli (McEwen and Wingfield, 2003;
Romero et al., 2009) to elicit a variety of physiological and behavioral
responses that presumably help animals cope with stressors (French
et al., 2007; Meylan et al., 2010). Stimulation of the hypothalamus–-
pituitary–adrenal (HPA) axis in response to unpredictable events (e.g.,
injury, storms, starvation) can elicit dramatic elevations in glucocorti-
coids that are frequently associated with suppression of reproduction
(Buck et al., 2007; Love et al., 2004). Nevertheless, the predictable and
energy demanding process of reproduction is often associated with
elevated baseline (i.e., not acute-stress-induced) corticosterone. Re-
production in female S. merianae is associated with the energy de-
manding processes of nesting building and incubation (Manes et al.,
2003; García-Valdez et al., 2016). Although baseline corticosterone is
elevated during the breeding season, some females reproduced and
those with developing follicles engaged in reproductive behaviors such
as construction of the nest. Therefore, it appears that corticosterone
may have a role in mobilizing energy without suppressing reproduction
(Moore and Jessop, 2003; Romero, 2002; Williams et al., 2008) in S.
merianae.

The association between elevated baseline corticosterone and re-
production is known as the ‘cort-adaptation hypothesis’ (Bonier et al.,
2009). To test this hypothesis, a more detailed study of tegu re-
production, including variables such as clutch size, eclosion rate, body
condition etc., along with endocrine data will be necessary. Besides
that, corticosterone levels of free-living tegus would offer an interesting
comparison with captive animals since home range and available space
are less constrained in natural environments, perhaps reducing oppor-
tunity for agonistic behaviors and subsequent stress (Winck et al.,
2011).

4.3. Thyroid hormones

Thyroid hormones exhibited a complex seasonal pattern in adult
male and female tegus. T4 of both sexes was elevated from October to
February, encompassing spring and summer seasons, when energy ex-
penditure and activity are high (Abe, 1995, 1983; Klein et al., 2006;
Sanders et al., 2015). These patterns of T4 are consistent with well-
documented changes in physiology (energy expenditure) and behavior
in captive and free-living Salvator lizards (Abe, 1995, 1983; Andrade
et al., 2004; Lopes and Abe, 1999; Montaño et al., 2013; Tattersall et al.,
2016; Zena et al., 2016). In contrast, T3 patterns differed by sex; males
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had little fluctuation in plasma T3 throughout the year, while females
exhibited profoundly elevated plasma T3 during the reproductive and
post-reproductive seasons, slightly earlier than their T4 peak.

Elevated T3 levels during the reproductive season in female tegus
may reflect increased energetic demand related to egg production, in
addition to recovery of body condition after oviposition. Female tegus
invest heavily in large clutches of eggs once a year, which vary from 7
(young females in their first reproductive season) to ∼50 eggs (Lopes
and Abe, 1999; pers. obs.). Thyroid hormones have been implicated in
vitellogenesis in some oviparous species. In the goldfish, high levels of
T3 are associated with early gonadal recrudescence and enhance pro-
duction of vitellogenin, the egg yolk precursor protein, by upregulating
estradiol receptors in hepatocytes (Nelson and Habibi, 2016). If similar
phenomena occur in lizards, peak circulating estradiol (Fig. 4) coin-
ciding with the initial surge in T3 levels (Fig. 6) suggests a cross-talk
between hypothalamus-pituitary-gonadal and -thyroid axes during the
development of follicles and subsequent vitellogenesis in female S.
merianae. Similarly, seasonal regulation of reproduction in birds has
been associated with activation of the hypothalamic-pituitary-thyroid
axis (Dawson, 2015; Nakane and Yoshimura, 2010; Shinomiya et al.,
2014).

Thyroid hormones are also involved in non-breeding season mod-
ulation of physiology, metabolism and behavior. In birds, thyroid hor-
mones have been associated with mass gain, fattening, and muscle
hypertrophy prior to migration (Pant and Chandola-Saklani, 1993;
Pérez et al., 2016). Possibly, thyroid hormones in female S. merianae
serve similar somatotropic functions when animals are actively foraging
before undergoing hibernation.

Although our captive population is located in a humid subtropical
climate zone (hot and humid summers, dry and mild winters), tegus
nonetheless have a strong annual cycle in metabolic rate (Abe, 1995,
1983; Sanders et al., 2015). The thyroid hormone data presented here
resemble thyroid hormone cycles of female arctic ground squirrels
(Wilsterman et al., 2015), an obligate seasonal hibernator that inhabits
the extreme and highly seasonal Arctic (Buck and Barnes, 1999), sug-
gesting some common patterns underlying regulation of metabolic rate
in hibernating species from highly divergent taxa and environments.

5. Conclusions

Many aspects of an animal’s behavior and physiology are seasonally
modulated by changes in endocrine secretion. S. merianae is known to
seasonally vary metabolic rate, which is high in spring and summer
coincident with reproduction, and low during hibernation in winter
(Lopes and Abe, 1999; Sanders et al., 2015). Building upon these ob-
servations, our study represents the first step in describing annual
patterns and interrelationships among the major steroid, thyroid and
glucocorticoid hormones that likely influence predictable changes in
physiology in this unique lizard from a subtropical region in South
America. Peaks in sex steroid hormones (testosterone and estradiol/
progesterone) temporally coincide with observed reproductive beha-
vior. Regardless the sex, corticosterone surge may be related to costs of
reproduction and activity during spring. Finally, sex-dependent sea-
sonal changes in T3 secretion may underlie reproductive physiology of
female S. merianae by supporting increased metabolism associated with
modulation of energy allocation during annual cycles of folliculogen-
esis, nest building and oviposition. Useful follow-up studies could
evaluate seasonal interrelationships among environmental conditions,
body temperature, activity, metabolic rate, and hormone levels, in both
captive and natural environments.
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