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Abstract

Integrative behavioral studies show that the interplay between individual physiology and social behavior influences the
ecology of the species, ultimately affecting individual fitness. Particularly in lizards, color polymorphism is associated with
differential behaviors and reproductive strategies, which are evident in mature males during the mating season. Dominant
males generally have greater endurance, higher body temperature, and larger bodies than submissive males, so they can
acquire and defend larger territories and have greater access to females for mating. We studied whether the color morphs
observed in males of one of the world’s southernmost reptiles, Liolaemus sarmientoi, are related to behavioral variation dur-
ing agonistic interactions, thermal physiology, morphology, and/or locomotor stamina. Liolaemus sarmientoi males exhibit
three color morphs: red (RR), red—yellow (RY), and yellow (YY). These lizards exhibit subtle behavioral displays and we
did not observe stamina differences among morphs. However, we found that RR males are more aggressive than YY males
during agonistic encounters. In addition, greater body temperature change during trials, higher field body temperatures, and
greater head sizes of RR males compared to RY or YY indicate that RR is a dominant morph, which may influence their
ability to acquire and defend territory and tactics for achieving reproductive success.

Keywords Agonistic behavior - Color morph - Locomotor stamina - Morphology - Thermal physiology

Introduction

Alternative behavioral strategies in reptiles are often her-
itable and linked to other traits such as reproductive and
hormone cycles, thermal physiology, morphology, immune
condition, and locomotor performance. These strategies
may also influence individuals’ ecological interactions with
conspecifics and with other species (Smith and John-Alder
1999; Robson and Miles 2000; Sinervo et al. 2000a, b; Perry
et al. 2004; Huyghe et al. 2007; Olsson et al. 2007; Sin-
ervo and Miles 2011). Lizards have been used as models for
integrative behavioral studies, which show that individual
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physiology is closely related to social behavior, which influ-
ences the ecology of the species, as well as individual fitness
(Miles et al. 2007; Sinervo and Miles 2011; Galeotti et al.
2013; Scali et al. 2016; Lattanzio and Miles 2016). Behavio-
ral studies document that lizards use several types of visual
signals to communicate: color patterns, postures, and stereo-
typed movements (Lombo 1989; Font et al. 2010). Many liz-
ard populations include multiple discrete color morphs that
differ in their behaviors and/or reproductive strategies. This
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phenomenon is most common in males (Carpenter 1995;
Sinervo and Lively 1996; Huyghe et al. 2007; Miles et al.
2007; Olsson et al. 2007; Bastiaans et al. 2013; Abalos et al.
2016). The behavioral characteristics of each color morph
are often expressed through displays with different levels
of aggressiveness during the mating season, which, in turn,
allow males greater or lesser access to mates (Sinervo and
Lively 1996; Olsson et al. 2007; Bastiaans et al. 2013).

The association of color morphs with alternative social
strategies has been well-studied in lizards from the northern
hemisphere family Phrynosomatidae, especially the lizard
Uta stansburiana from California (USA). In this species,
morphs appear to be controlled by a locus of large effect,
which has three alleles with co-dominant effects on throat
color (Sinervo et al. 2001, 2006; Corl et al. 2010). Throat
color is inherited according to a Mendelian genetic pattern
and has a substantial effect on social strategies and behav-
iors of males and females (Sinervo et al. 2001, 2006). Color
morphs in U. stansburiana differ in many behavioral and
physiological traits, such as territoriality, dispersal, migra-
tion, immune function, hormones, and social interactions
(in males), as well as egg mass and litter size (in females)
(Sinervo and Lively 1996; Sinervo et al. 2000a, b; Sven-
sson et al. 2001; Sinervo and Svensson 2002; Comendant
et al. 2003; Mills et al. 2008; Corl et al. 2010; Sinervo and
Miles 2011; among other studies). In general, it has been
reported that color morphs in lizards differ in locomotor
performance (running speed and stamina) and morphology,
which appear to influence the outcome of agonistic interac-
tions among males. For example, winners in laboratory tri-
als and/or dominant males and aggressive males in nature
usually are faster, have greater stamina and larger head and
body than submissive males, so they can acquire and defend
large territories and attain more mates (Robson and Miles
2000; Sinervo et al. 2000a; Perry et al. 2004; Calsbeek et al.
2010; Huyghe et al. 2012).

Lizards of the genus Liolaemus, belonging to family Liol-
aemidae from South America, have radiated into a diversity
of species with different habits, diets, and modes of repro-
duction (Cei 1986; Scolaro 2005; Ibargiiengoytia 2008;
Medina and Ibargiiengoytia 2010; Abdala and Quinteros
2014; Fernandez et al. 2015, 2017), making it a valuable
model for studying behavioral interactions (Martins et al.
2004; Labra et al. 2007; Halloy 2012; Halloy et al. 2013).
However, there are no studies in this genus examining the
relationship between color polymorphism and behavior or
physiology or seeking to explain the emergence and main-
tenance of population color polymorphism in Liolaemus liz-
ards. The study of color polymorphisms linked to behavior
in Liolaemus could help to shed light on how many times
this trait has evolved independently. In particular, it may
be possible to take advantage of “replicated natural experi-
ments” in Liolaemidae and Phrynosomatidae, two families
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that show substantial parallelism in their life histories (Mar-
tins et al. 2004; Fuentes 1976) and are widespread in their
respective hemispheres. Herein, we present a starting point
for the comprehensive study of social behavior and physi-
ology in Patagonian lizards. Specifically, we studied adult
males of Liolaemus sarmientoi, which exhibit color poly-
morphism on the flanks of the body.

Liolaemus sarmientoi is a medium sized lizard species
(mean snout—vent length, SVL. es: 76.90 £ 1.21 mm;
SVL ates: 76.82 +2.02 mm; Ibargiiengoytia et al. 2010),
which is omnivorous, saxicolous and viviparous (Cei 1986;
Scolaro and Cei 1997). It is distributed between 48°S, 70°W
and 52°S, 69°W (Breitman et al. 2014) from central Santa
Cruz Province, Argentina, reaching the Strait of Magellan
to the South. The distribution makes L. sarmientoi and its
sympatric congener Liolaemus magellanicus the southern-
most reptiles of the world (Cei 1986; Scolaro 2005; Breit-
man et al. 2014). Liolaemus sarmientoi is a micro-endemic
and specialist species (Abdala et al. 2012) that lives in small
populations along rocky outcrops of glaciofluvial deposits or
lava spills (from ancient volcanic craters) in the dry Patago-
nian Magellanic Steppe. Liolaemus sarmientoi lives in an
unpredictable climate with short daily and seasonal activity
periods (5 months), with a mean air temperature of 12 °C
during spring and summer. In nature, lizards attain a low
mean body temperature of 26 °C during the activity season,
even when they prefer a much higher body temperature in
the laboratory (7}, = 34.4+£0.28 °C; Ibargiiengoytia et al.
2010). These restrictions to attain higher 7} in nature are
probably compensated by their ability to achieve maximum
locomotor performance at a wide range of body tempera-
tures (Fernandez et al. 2011).

In this study, we explore the existence of color polymor-
phism in males of L. sarmientoi in relation to alternative
reproductive tactics, in a lizard that is highly restricted by
low environmental temperature and the short duration of
the mating season. We test the hypothesis that color poly-
morphism in adult males is related to different behavioral
displays during agonistic interactions, and also relates to
thermal ecophysiology, locomotor stamina, and morphol-
ogy of males. In particular, we test whether color morphs
differ in the body temperature (7}) that lizards attain in the
natural environment, the 7}, they attain during an agonistic
behavioral trial (7} change), the Tp, and the efficiency of
thermoregulation (£, sensu Hertz et al. 1993). Results are
discussed in relation to the role of the different morphs in
territory acquisition and reproductive success, which could
represent an adaptive advantage for species in a changing
climate.
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Materials and methods
Captured specimens

Adult males of L. sarmientoi (n=36) were caught by hand
or noose in the south of Santa Cruz Province, Argentina
(51°S, 69°0; 109 m a.s.l.), during the mating season at
the end of October 2013. Males used in behavioral trials
were drawn from this sample. For morphometric compari-
sons, we also included data from 14 males captured at the
end of November 2011, giving us a total sample size of
50 for morphometric comparisons. GPS coordinates were
recorded at all lizard capture sites (GPS GARMIN Map
60Cx). Sex was determined by the presence of pre-cloacal
glands in males, and males were considered adult if they
had an SVL greater than 63.2 mm according to the size at
sexual maturity defined by Fernandez et al. (2017).

Recorded field data

During captures, body temperatures were recorded (7};
TES 1303, + 0.03 °C thermometer) using a thermocouple
(TES TP-KO1, 1.62 mm diameter) inserted approximately
1 cm inside the cloaca. All individuals were captured out-
side their shelters, carrying out activities related to forag-
ing, social behavior or thermoregulation. The substrate
temperature (7; TES 1303, + 0.03 °C thermometer) was
also recorded at the capture site. On capture, each male’s
snout—vent length (SVL) was measured using a digital
caliper (+ 0.02 mm) and mass was measured using a 50 g
Pesola© spring scale (+ 0.3 g).

Operative temperatures (T,) for lizards’
thermoregulation

The operative temperatures (7,) represent the “null” distri-
bution of 7}, that non-regulating animals would achieve in
their environment (Hertz et al. 1993). T, was measured in
a variety of micro-sites, which L. sarmientoi inhabit, using
grey PVC models (1.5X 8 cm) to mimic an L. sarmientoi
of adult size. Thus, we estimated the temperature that an
individual would experience in its environment (such as
under the sun, in shadow, on a rock or inside shelter). The
model was chosen to represent a living animal and was
validated for Liolaemus species of similar shape and size
to L. sarmientoi, showing a strong association between
the model temperature and the live animal temperature
(r>>0.91; Kubisch et al. 2016). Each model was con-
nected to a thermistor and sealed at the end with silicone
(Fastix®). To record operative temperatures, 13 thermal
models were connected to five data loggers (HOBO Onset

Computer Corporation), which recorded the temperature
every 1 min during field work.

Color morph classification

Color morphs were recorded immediately after capture by
taking photos of the ventral, dorsal and lateral view of the
body of each male using a VC-03 Nikon camera (D3100)
with flash. Photos were also taken after all experiments (see
below) in the lab. Thus, the same person identified the color
morphs twice: in the field and also with photos taken in the
lab.

Subsequently, a morph code was assigned using methods
previously used with U. stansburiana (Sinervo and Lively
1996; Sinervo et al. 2001, 2006), and Sceloporus grammicus
(Bastiaans et al. 2013). Males were classified by the discrete
color observed on the flanks of the animal from the armpit
to the hip, and the numbers 1, 0.5 and 0 assigned to each
coloration axis (Table 1; Fig. 1). We assigned a score of 1
on a given axis when a color was very intense and not mixed
with any other color (pure color, Fig. 1a, c). If two patches
of different colors were present on the flank of the lizard
(Fig. 1b), we assigned a score of 0.5 on each of those two
color axes. All males showed color on the flanks. When one
of the colors was absent we assigned 0 for that color on its
axis and 1 for the present color.

Behavioral trials

A subsample of n=34 males was selected to record, through
videos, the behavioral displays between two males interact-
ing in a terrarium to determine the association of agonistic
interaction with male color morphs. The day after capture,
in the laboratory, we assigned lizards to male-male contests
from a sample of individuals chosen taking into account the
following premises. Because body size can influence social
dominance in lizards (Tokarz 1985; Carpenter 1995; Sacchi
et al. 2009; Calsbeek et al. 2010) males in a contest did not
differ by more than 4 mm in SVL. In addition, although we
do not have data about the home range of L. sarmientoi, we
attempted to avoid “dear enemy” effects, in which males
from neighboring territories exhibit fewer agonistic inter-
actions than males from nonadjacent territories (Whiting

Table 1 Frequencies assigned to each color morph observed on the
flanks of adult males of L. sarmientoi and the corresponding photo
of Fig. 1

Observed coloration Red Yellow Corresponding photo
Pure red (RR) 1 0 Figure la
Red-yellow (RY) 0.5 0.5 Figure 1b
Pure yellow (YY) 0 1 Figure lc
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Fig. 1 Color morphs observed on the flanks of adult males of L.
sarmientoi: a pure red morphs (RR); b red—yellow morphs (RY); ¢
pure yellow morphs (YY)

1999). Thus, we ensured that two males used together in
a contest had been captured at least 40 m apart from each
other, adapting a method used for another territorial lizard
species (Sceloporus grammicus, Bastiaans et al. 2013). We
selected the distance cutoff by recording all the coordinates
of all male capture locations and generating a matrix of dis-
tances between capture locations, using the program Geo-
graphic Distance Matrix Generator (version 1.2.3, American
Museum of Natural History 2006). We calculated the aver-
age nearest neighbor distance for the population (the mean
distance between a focal capture point and the nearest other
capture point; approximately 20 m at both sites) and gener-
ated the minimum distance between males included in the
same trial by doubling that distance (Bastiaans et al. 2013).
Thus, 40 m was taken as the minimum distance between
males used in the same trial, because it is very unlikely that
these males would have had extensive previous interactions.

For the behavioral trials, each male was manipulated with
a different latex glove, to prevent mixing scent between indi-
viduals before the experiment, and was placed in a chamber
measuring 55 cm long X 35 cm wide X 24 cm tall, with
opaque walls and sand from the sampling site as substrate.

@ Springer

Before each trial, the chamber had two cardboard barriers
to produce three equal sections. Males were assigned ran-
domly to one of the two compartments of the chamber (left
or right). The central section was used during experiments
to encourage lizards to approach and engage in agonistic
interactions, it was composed of a central rock and above
it a 40 W incandescent light bulb to light the chamber and
also to heat the rock and the central area of the chamber
(Bastiaans et al. 2013). In addition, the chamber always
received ambient sunlight to guarantee a natural perception
of opponents during agonistic trials. After every behavioral
trial, the chamber and rock were scrubbed with water and
dried, and the substrate was changed to prevent scent cues
from influencing future trials. Each individual male was used
in only one trial.

We performed trials during the activity hours of the
lizards observed during captures (between 11:00 and
18:00 pm). Before the beginning of each trial, males were
placed in the 2 outer sections of the chamber for at least
5 min as an acclimation period. Trials commenced when
both cardboard dividers were simultaneously lifted and
ended after 20 min (Bastiaans et al. 2013). Trials were vide-
otaped using a digital video camera (Sony VC-02) mounted
on a tripod above the trial chamber. We measured body
temperature of each male with an infrared thermometer
(AMPROBE IR-750, + 0.1 °C) at the beginning (T},;;,;) and
the end of the trial (Ty,,) to calculate the body temperature
change during the agonistic behavioral trial (% change in 7,
(Tsnat = Tinitiat/ Tiniian) % 100).

i initial

Behavioral analyses

For analyses of behavioral displays, we recorded the behav-
iors detailed in Table 2, which are mostly based on literature
descriptions of male agonistic behaviors of the genera Liola-
emus (Martins et al. 2004; Labra et al. 2007; Halloy 2012;
Halloy et al. 2013), Podarcis (Sacchi et al. 2009), Scelopo-
rus (Bastiaans et al. 2013), and Anolis (Lombo 1989).

To avoid pseudoreplication, videos were analyzed with
the observer focusing on one male (focal male), and the
other male was defined as the opponent (Bastiaans et al.
2013). In choosing focal males, we used equal numbers
of males from the left and right acclimation chambers (to
which they had been randomly assigned before the trial),
to discard a potential effect of the acclimation chamber
in the behavior of the focal male, specifically we used
8 males from left and 9 males from right chamber. Vid-
eos were analyzed with the program Microsoft Windows
Movie Maker version 2012, using the frame-by-frame
function, which allows us to count the number of moves
made in frames (£ 0.033 s). We recorded the time that
elapsed before the first behavior (Latencyy.payior) Of the
focal male and also tallied the number of movements
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Table 2 Name, description and category of behaviors performed dur-
ing agonistic behavioral trials. Sources: Martins et al. (2004)!, Labra
et al. (2007)%, Sacchi et al. (2009)°, Halloy (2012)*, Bastiaans et al.

(2013)°, Halloy et al. (2013)°, Lombo (1989)7, and Fernindez J.B.,
personal observation®

Name Description

Source Category

Push-up

The most common behavior in Liolaemus. Entire body moves up

1,2,4,5,6,7 Aggression or challenge

and down vertically due to bending and straightening of front
legs. Provides information about the identity of the individual.
Common in territorial conflicts, more frequent in the winner

Lateral compression Back arching and trunk compression, displaying lateral and belly 2, 5,7 Aggression or challenge
color patches

Approach Male moves toward opponent while looking at opponent 3,5,7 Aggression or challenge

Touch Male comes into contact with opponent, but not tongue flicks are 3,5 Aggression or challenge
made

Bask Male occupies territory to increase his temperature, basking on 8 Dominance

top of the rock and/or under the lamp

Tongue flicks to the substrate or air Male touches substrate or air with their tongue or snout. General 2, 5,7 Exploratory behavior
exploratory behavior

Tongue flicks to the opponent Male touches opponent with their tongue or snout. General 2,5 Exploratory behavior
exploratory behavior

Retreat Male approached by his opponent runs away fast without facing 3,5, 7 Submission
him

Scratch Male scratches the ground or the walls of the chamber with the 3 Submission
fore or hind limbs, without facing the opponent

Tail wave Vigorous tail waves side to side and/or above body 2,3,5,6 Submission

Dorso-ventral flattening Flattening against ground and eyes close 2,7 Submission

comprising each behavior (Table 2) performed by the
focal male over the course of each 20 min trial. To mini-
mize observer bias, blinded methods were used when all
behavioral data were recorded and/or analyzed. Thus,
all videos were analyzed by the same observer, without
knowledge of the color morphs of the lizards involved in
each trial.

Preferred body temperatures (T,)

After behavioral trials, with a minimum of 24 h rest, we
recorded preferred body temperatures (7,) for all males
(n=35). Lizards were placed individually in an open-
top terrarium (100 X 25 X 15 cm) with a thermal gradient
(17-45 °C) produced by a 75 W incandescent light bulb
in a lamp over one end of the terrarium. The body tem-
perature of each lizard was measured using an ultra-thin
(0.08 mm) catheter thermocouple inserted approximately
1 cm inside the cloaca and fastened to the base of the liz-
ard’s tail to keep the thermocouple in position during the
experiment. Thermocouples were connected to a temper-
ature Data Acquisition Module (USB-TC08, OMEGA),
which recorded the body temperature every minute for
two hours. For each individual, we estimated the mean
T, and these means were compared among color morphs.

Effectiveness of thermoregulation (E)

Based on T}, Tp and the operative temperatures (7,), we
obtained the following indices for the three color morphs
(sensu Hertz et al. 1993): The index of the mean thermal
quality of a habitat from an organism’s perspective (d,) was
calculated as the mean of the absolute value of the devia-
tions of 7, from the interquartile of the T, of each lizard.
The d, index (mean | T.-T, | ) allowed us to estimate the
availability of thermal microenvironments that are included
in the interquartile of the Tp. In addition, to measure the
average extent to which L. sarmientoi experienced T}, outside
the interquartile of the Tp, the mean of the absolute values of
the deviations of 7}, from the interquartile of the 7, of each
lizard was obtained (d,). The d, index ( | T, - T, | ) allowed
us to estimate if the activity body temperatures of the lizard
were included in the interquartile of the 7}, The existence
of active selection of the microhabitats by thermoregulation
and the effectiveness of the thermoregulation was obtained
as E=1 — d/d, which integrates the thermal resources
that L. sarmientoi have in their natural microenvironments
and their thermoregulation ability. The E index allowed us
to estimate the existence of thermoregulation, with cor-
responding E values close to 1 indicative of an excellent
thermoregulator; values of E close to O is indicative of a
thermoconformer or a passive thermoregulator; values of
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E close to 0.50 is indicative of a moderate thermoregulator
(Hertz et al. 1993; Bauwens et al. 1996; Medina et al. 2009;
Ibargiiengoytia et al. 2010).

Locomotor stamina

After the preferred body temperature experiment, we
allowed lizards to rest for a minimum of 24 h before the
locomotor stamina experiment. We considered 24 h to be
enough time for lizards to recover from stress based on the
methods and results of previous experiments (Moore et al.
1991; Sinervo et al. 2000a; Langkilde and Shine 2006).
We measured the locomotor stamina of =233 males (who
had previously participated in the contests) on a rubberized
belt of a treadmill moving constantly at 0.5 km/h (Sinervo
et al. 2000a). Stamina was defined as the time a lizard spent
running on the treadmill before becoming exhausted (Sin-
ervo and Huey 1990; Sinervo et al. 2000a). Animals were
considered exhausted when they did not show a righting
response after being placed on their back. Lizards were moti-
vated to run (when necessary) by gently touching them on
their hind legs or tail. Lizards ran at the mean body tem-
perature recorded during captures for this sample of males
(28.28 +0.77 °C, n=133), to measure the locomotor stamina
at the body temperature that frequently lizards achieved by
thermoregulation while are active in nature (Ibargiiengoytia
et al. 2010). During and after races activity, body tempera-
ture of males on the treadmill was maintained with a 75 W
incandescent lamp mounted over the track (Sinervo et al.
2000a).

Morphometric measures

For morphometric measures, we used lizards captured dur-
ing the mating season (n=36), and also 14 males from the
same population captured at the end of November 2011
(total n=50). We measured (using a digital caliper with a
precision of 0.02 mm) the head length, head width, head
height, inter-limb length (at the insertion to the shoulders
and pelvic girdles), distance between knees (measured ven-
trally with femurs outstretched perpendicularly to body),
and distance between elbows (measured dorsally with arms
perpendicularly to body). After all experiments, lizards were
released at their exact site of capture, using the coordinates
we previously recorded (GPS GARMIN Map 60Cx).

Statistical analyses

We used the statistical software programs Sigma Stat 3.5,
SPSS 15.0%, JMP 12®, and Sigma Plot 10.0® for statisti-
cal analyses. Discriminant analysis was used to identify the
morphometric variables that best explained the differences
among color morphs. Principal component analysis (PCA)
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was used to develop integrative measures of the behavior
of males during agonistic interactions. We used Paired ¢
Test comparisons to analyze differences between means of
the body temperature of focal males at the beginning and
the end of the behavioral trial. When we compare means
of the three morphs we used one-way analysis of variance
(ANOVA) with a Holm-Sidak method as a posteriori test.
Assumptions of normality and homogeneity of variance
were checked using Kolmogorov—Smirnov and Levene’s
tests, respectively. When normality and/or homogeneity of
variance failed, we used the equivalent non-parametric test
Kruskal-Wallis one-way ANOVA on Ranks for the compari-
son of the three morphs. Means are given with the standard
error (+ SE) and when the assumptions of normality failed
we present the median. The significance level used for all
statistical tests was p <0.05.

Results
Color morphs

Based on the observations of each male of L. sarmientoi
(n=50) immediately after capture, the photos taken in the
field and the photos taken in the lab, we recorded three color
morphs with two pure colors on the flanks of the body. The
most common morph in the population was the pure red
(RR) color morph with a frequency of 44%, followed by
the mixed color morph red—yellow (RY) with a frequency
of 40%, and the least common morph was the pure yellow
morph (YY), with a frequency of 16%.

Agonistic behavioral differences among color
morphs

We performed a total of 17 agonistic behavioral trials among
color morphs: RY-RY (n=4), RY-RR (n=6), RY-YY
(n=1), RR-RR (n=3), YY-RR (n=3). Males of different
morphs involved in the agonistic behavioral trials (n=34)
were not different in SVL (one-way ANOVA: F, 3; = 0.082;
p=0.922, Table 4). Regarding the body temperature at the
beginning of the trial, there were no differences among the
three morphs (ANOVA: F, ;¢ = 0.199; p=0.822). Across
all morphs, focal males had higher temperatures at the end
(T than at the beginning (7, of the trial (Paired ¢ test:
t;=—5.750; p<0.001).

Exploratory analyses revealed that many of the focal
male behavioral variables and also the Latencyy,ior and
% change in T, were correlated with one another, so we
used principal component analysis (PCA) to develop inte-
grative measures of behavior. The variables we included in
the PCA were the number of incidences of each behavior
(Table 2) during the trial, the % change in T}, and also the
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Table 3 Loading scores, eigenvalues, and percent variation explained
by principal component 1 and 2 (PC1 and PC2) for behaviors exhib-
ited during agonistic trials, time elapsed before the first behavior
(Latencypepavior)» and also body temperature change during the trials
(% change in T,) by focal males of L. sarmientoi

Behavior PCl1 loading  PC2 loading
% change in Ty, 0.253 0.682*
Latencypepavior — 0.460* 0.690*
Bask 0.662* —0.086
Push-up 0.489* 0.297
Lateral compression —0.100 0.507*
Approach 0.849* 0.130
Touch 0.841* —0.050
Tongue flicks to the substrate or air ~ — 0.111 —0.068
Tongue flicks to the opponent 0.828%* 0.003
Retreat 0.004 —0.634*
Scratch 0.380 —0.491*
Tail wave 0.151 —0.206
Dorso-ventral flattening -0.320 —0.776*
Eigenvalue 3.358 2.607
% Variation explained 25.8% 20.1%

*Significant scores

Latencyyeayior- Principal component 1 (PC1) showed posi-
tive loadings from some aggressive and exploratory behav-
iors (Table 3) but morphs were not significantly different in
PC1 (ANOVA: F, ;4= 1.118; p=0.354).

We considered the principal component 2 (PC2) to be
a proxy for male aggression since this axis showed posi-
tive loadings (Table 3) from the variables: Latency,.pavior %
change in T}, and also the behavior “lateral compression”,
behaviors associated with male aggression or challenge
(Lombo 1989; Labra et al. 2007; Bastiaans et al. 2013). In
addition, PC2 showed negative loadings from behaviors
such as “retreat”, “scratch” and “dorso-ventral flattening”,
behaviors associated with male submission (Lombo 1989;
Labra et al. 2007; Sacchi et al. 2009; Bastiaans et al. 2013).
There were differences among the three morphs in the val-
ues of PC2 obtained for each focal male (ANOVA: F, 4=
4.823; p=0.026), specifically the males of the RR morph
were more aggressive on the PC2 axis than males of the
Y'Y morph (Holm-Sidak method: =3.09, p=0.008; Fig. 2),
while RY males were intermediate and not significantly dif-
ferent from either RR or YY (Fig. 2).

Field temperatures, preferred body temperature
and locomotor stamina differences among color
morphs

Field body temperatures recorded during capture differed
among color morphs (ANOVA: F, 3, = 8.81; p<0.001).
Specifically, the average temperature of RR males was

PC2
o

2

'3 T T T

Morphs

Fig.2 Mean and standard deviation of the principal component 2
(PC2) values from each focal male of the different morphs (RR pure
red, RY red—yellow and Y'Y pure yellow) of L. sarmientoi

higher than the average temperature of RY males (Holm-
Sidak method: r=4.194; p <0.001, Fig. 3; Table 4). The
substrate temperatures on which males were captured
did not differ among morphs (ANOVAs: F, 3, = 1.64;
p=0.209, Table 4). Similarly, we found no differences in
mean preferred body temperature among morphs (F, 5, =
1.85; p=0.173, Fig. 3; Table 4), nor in locomotor stamina
(Kruskal-Wallis: H,=0.46; p=0.792; n=33, Table 4).
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Fig.3 Left axis: Mean and standard deviation of the field body tem-
perature of the different morphs (RRyy,: pure red, RYy,: red—yellow
and YYr,: pure yellow) of L. sarmientoi males. Right axis: Distribu-
tion of the preferred body temperatures of morphs of L. sarmientoi
males (RRr,,: pure red, RYr,;: red—yellow and YYr,;: pure yellow); the
10, 25, 75, and 90% percentiles are indicated for each boxplot
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Table 4 Means (+SEM) and sample size (n) of the field body tem-
perature (7},), substrate temperature during capture (7), preferred
body temperature (7,), and locomotor stamina of the different color

morph of lizards captured during mating season (n=35), snout—vent
length (SVL) and the significant morphometric variable of the differ-
ent color morph of all captured lizards (n=50)

Morphs T, °C) T, (°C) Tp °C) Locomotor stamina (min) SVL (mm) Head height (mm)
Pure red 30.81+0.72 (14)* 2544+1.11 (14) 33.54+0.30 (14) 10.08+0.65 (14) 83.02+0.85(22) 9.90+0.15 (22)*
Red-yellow  24.68+1.26 (14)* 21.88+1.87(14) 33.40+0.18 (14) 10.90+1.34 (13) 82.47+1.33(20) 9.77+0.16 (19)*

Pure yellow  27.49+1.49(7)  26.81+3.60 (7)

34.29+0.52 (7)

11.67+2.29 (6) 80.06+2.52(8)  9.05+0.27 (8)*

*Significant differences among means

Effectiveness of thermoregulation (E)

The effectiveness of thermoregulation was higher in the RR
morphs (Egg = 0.82) than in RY and YY morphs (ERry =
0.55; Eyy =0.61). The E value for RR morphs corresponds
to an excellent thermoregulator; while the E values for RY
and YY morphs correspond to moderate thermoregulators.

Morphology

Considering all males captured (n=50), color morphs did
not differ in SVL (ANOVA: F), 49 = 0.89; p=0.417, Table 4).
Among all morphometric variables measured, head height
was the only variable that differed among morphs (discri-
minant analysis: 1=0.842; p <0.05; ANOVA: F, ;s = 4.31;
p=0.019; Table 4). Specifically, RR and RY males had
greater average head heights than YY males (Holm-
Sidak method: fzpycyy = 2.90; p=0.006; tgy,c yy = 2.40;
p=0.025, Table 4).

Discussion

The interplay between discrete color morphs and particular
behavioral displays affects life-history strategies (Sinervo
and Lively 1996; Sinervo et al. 2001; Miles et al. 2007,
Galeotti et al. 2013) and ultimately individual fitness in
lizards (Zamudio and Sinervo 2000; Sinervo and Clobert
2003; Miles et al. 2007; Sinervo and Miles 2011; Galeotti
et al. 2013). Males of L. sarmientoi, one of the southern-
most species of reptiles of the world, exhibit color polymor-
phism on the flanks of the body. We documented the color
morphs pure red (RR), red—yellow (RY) and pure yellow
(YY) and found that these morphs differed in behavioral
displays performed during an agonistic interaction between
males. Liolaemus sarmientoi males of the RR morph showed
higher aggressive behaviors than males of the YY morph.
These behaviors included a challenge posture that allows
males to display lateral color patches on the body (“lateral
compression behavior”), which is also a common behavior
in the aggressive morphs of other lizard species (Lombo
1989; Labra et al. 2007; Bastiaans et al. 2013). Additionally,
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RR males showed lower numbers of escape and submissive
behaviors such as “retreat”, “scratch” and “dorso-ventral
flattening” (Lombo 1989; Labra et al. 2007; Sacchi et al.
2009; Bastiaans et al. 2013) than RY and Y'Y males.

It is expected that dominant individuals are capable of
monopolizing preferred thermal microhabitats for ther-
moregulation, and they thus should achieve greater activity
body temperatures than submissive individuals (Comendant
et al. 2003; Calsbeek and Sinervo 2007). Accordingly, L.
sarmientoi aggressive males (RR) achieved higher body
temperature during the behavioral trials than YY males,
and they also took longer to perform their first behavior.
Moreover, the RR morph showed higher field body tem-
peratures and were closer to their 7}, than the RY or YY
morphs (Fig. 3). The higher effectiveness for thermoregula-
tion of the dominant morph in L. sarmientoi (RR) show they
can monopolize better quality rocky outcrops than the other
morphs, as has also been reported in the dominant morph of
Uta stansburiana (Calsbeek and Sinervo 2007). In one of the
coldest environments for ectotherms in Patagonia, with cold
air masses from the Pacific and sub-polar air masses from
Antarctica that reach a high mean speed of 37 km/h during
spring and summer (Soto and Vazquez 2001), the possibility
of a particular morph to occupy the best spots on the rocky
outcrop represents a relevant competitive advantage over the
rest of the morphs, especially during the mating season, to
face the ever-changing weather in the environment that L.
sarmientoi inhabits.

Furthermore, some studies have reported the importance
of testing whether lizard color patches reflect the ultraviolet
(UV) spectrum, because UV coloration plays an important
role in communication and mating success in some spe-
cies (Whiting et al. 2006; Pérez i de Lanuza and Font 2007,
Font et al. 2010; Olsson et al. 2011, among others). We sug-
gest that future studies should address the UV relevance in
the social behavior of L. sarmientoi. In addition, because we
do not have the possibility of using a spectrophotometer to
test the hypothesis that color in L. sarmientoi males may be
a continuous trait which appears discrete to the human eye,
we have to consider that the yellow and red patches shown
by L. sarmientoi may not be perceived by conspecifics as
categorically independent colors. However, in this study,
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the discrete color classification of morphs (by human visual
perception) was supported by the findings in the behavioral
and physiological differences found among morphs. This
eco-physiological differences could suggest that the discrete
classification allows us to describe alternative strategies in
males of this austral lizard, following the methodology of
Sinervo and Lively (1996), Sinervo et al. (2001, 2006), Ver-
cken et al. (2008), Bastiaans et al. (2013), and Yewers et al.
(2016), among other studies.

Accordingly, in several polymorphic lizard species, con-
spicuous, long-wavelength colors (often red or orange) are
associated with most aggressive or socially dominant males
(e.g., Uta stansburiana, Sinervo and Lively 1996; Sinervo
et al. 2000a; Ctenophorus pictus; Healey et al. 2007; Ols-
son et al. 2007; Podarcis melisellensis; Huyghe et al. 2007,
Chlamydosaurus kingii; Hamilton et al. 2013; Ctenophorus
decresii; Yewers et al. 2016; but see Abalos et al. 2016). In
addition, these dominant red or orange males have greater
levels of testosterone (Sinervo et al. 2000a; Weiss and Moore
2004; Cox and John-Adler 2005; Olsson et al. 2007; While
et al. 2010), which seems to be related to a larger head size.
Similarly, RR and RY L. sarmientoi males showed greater
head height than males of the YY morph. The length and
width of the head play important roles in providing a biome-
chanic advantage in bite force (Vanhooydonck et al. 2010),
as does the height (Herrel et al. 2001, 2004; Anderson et al.
2008). This result agrees with the results found in other spe-
cies of lizards (e.g., Anolis cristatellus, Perry et al. 2004;
Podarcis melisellensis; Huyghe et al. 2007), where head size
is a relevant trait to determine the overall outcome of an
agonistic interaction between males, even in the absence of
obvious aggression, because it is directly related to bite force
(Herrel et al. 1998; Huyghe et al. 2009, 2012). However,
future studies that relate head morphology to bite force in L.
sarmientoi males could help confirm this assumption.

In addition, in several species, the dominant morph has
greater locomotor performance (Robson and Miles 2000;
Sinervo et al. 2000a; Huyghe et al. 2007; Labra et al. 2007,
Calsbeek et al. 2010), which allows male lizards to acquire
and defend large territories and achieve more matings. How-
ever, this correlation between locomotor ability and domi-
nant behavior is not universal among lizards (Anolis cris-
tatellus, Perry et al. 2004; Podarcis melisellensis; Huyghe
et al. 2007 and Podarcis muralis; Zajitschek et al. 2012). We
also found no correlation between color morph and locomo-
tor stamina, which may be linked with the fact that in L.
sarmientoi and the other species mentioned above, fighting
rarely represents a long-term endurance effort and stamina
is not necessarily required to win agonistic encounters. In
this sense, the characteristics related to social dominance
appear to be influenced by the particular characteristics
and environmental and ecological context of each species
(Perry et al. 2004). Thus, L. sarmientoi, which lives on large

rocky outcrops distributed along the extensive shrub steppe,
presents much smaller and subtler behavioral displays than
those observed in lizard species of temperate and tropical
climates, where generally the population density and the fre-
quency of territorial fighting are much higher. Most likely,
males of L. sarmientoi rarely need to defend their territo-
ries, as their territories are extensive. Instead, it is likely that
behavioral displays of dominance are most common during
competition for females, which directly affects males’ repro-
ductive success and fitness.

The persistence of the YY and RY morphs in L. sarmien-
toi, considering the dominance of RR, suggests there must
be other mechanisms that perpetuate the polymorphism in
the population. For example, in other species, females of
different morphs adjust their clutch size and clutch success
in response of population density, morphs frequency, habi-
tat structure, and other environmental parameters (e.g., Uta
stansburiana, Sinervo et al. 2000b; Sinervo 2001; Sinervo
and Zamudio 2001; Lacerta vivipara; Vercken et al. 2007,
2010 and Podarcis muralis; Galeotti et al. 2013). If alterna-
tive reproductive strategies in a polymorphic species have a
genetic basis, allelic variation can be maintained if different
morphs achieve equal mean fitness in a heterogeneous envi-
ronment in which phenotypic plasticity is advantageous; or
also when there is a negative frequency-dependent selection
over the common phenotype (Sinervo 2001; Calsbeek et al.
2001; Vercken et al. 2007). Moreover, genetic variation can
also be maintained by over-dominance in fitness traits of
heterozygous genotypes over homozygous genotypes, which
could also be under frequency-dependent selection (Sinervo
and Zamudio 2001; Sinervo and Calsbeek 2006; Vercken
et al. 2010).

Although a larger sample size is necessary to strengthen
our conclusions about the behavioral and physiological dif-
ferences among the color morphs of L. sarmientoi, this study
is a first step to explore the biological and behavioral signifi-
cance of this polymorphism. In males of L. sarmientoi, vari-
ation in color morph is associated with head size, body tem-
perature, and aggressive and submissive behaviors displayed
during agonistic encounters, which may influence their abil-
ity to mate with females and thus have a direct effect on their
offspring. Recent studies (Forsman et al. 2008; Pizzatto and
Dubey 2012; Takahashi et al. 2014; Bolton et al. 2016; Fors-
man 2016; Svensson 2017) reveal that some color polymor-
phic species may be more likely to successfully face present
and future environmental changes than monomorphic spe-
cies, because the increased phenotypic diversity can enhance
population persistence. In addition, viviparity in squamates
is phylogenetically derived relative to oviparity, and vivipar-
ity has evolved many times from oviparity because of biotic
and abiotic factors (Shine and Bull 1979; Pizzatto and Dubey
2012). This finding implies that viviparous, polymorphic
species such as L. sarmientoi have competitive advantages
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that may promote their ecological success by allowing them
to exploit a wider range of habitat types. These ecological
advantages may enhance their resilience, allowing them to
better adapt to future climate variations.
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