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Simple Summary: Lizards display multiple communication modalities, through chemical, visual,
vocal, or tactile signals which mediate sociality, reproduction, territoriality, competition, and other
complex interactions among individuals. In some species that dwell on the surface, it has been shown
that multimodal communication is possible, for example, visual and chemical communication. It is
less known if lizards that dwell in caves or burrows (fossorial) also use visual signals. By studying
behavior in a semi-fossorial lizard from the northern Ecuadorian Andes, we have discovered that they
can use visual signals like leg movements and body arching to communicate. In this manuscript, we
describe these observations and discuss the potential roles of these signals. This is the first description
of such behaviors in semi-fossorial lizards.

Abstract: It has been suggested that gymnophthalmids, like most semi-fossorial lacertoids, rely
more in chemical cues to communicate, in comparison to other groups, like Iguanids, on which
communication is mostly based on visual signaling. We present the first description of visual signaling
in the Andean lizard Pholidobolus montium (Gymnophthalmidae) and a complete ethogram based
on ex situ observations (34 different types of behaviors including positions and simple movements).
Through the design of conspecific stimulus experiments, we were able to recognize leg-waving as a
visual signal, as it is only displayed in presence of conspecifics or in presence of a mirror and was
one of first and most frequent displays in this context. We also detected other visual displays like
neck-arching and tail-undulation which may also be relevant as visual signals. Based on our results,
we propose that visual signaling is also possible in semi-fossorial lizards; however, further studies
regarding chemical signal recognition and color detection are required to confirm our hypothesis.

Keywords: Pholidobolus; lizard; behavior; visual signaling

1. Introduction

Communication signals vary greatly across squamate reptiles and may involve acous-
tic, visual, and chemical components [1-7]. Chemical communication in lizards comes by
means of the secretions of chemical signals and its vomerolfactory reception [5]. Chemical
signals are secreted by epidermal glands such as the femoral follicular glands and the
preanal glands, although metabolites in skin or in feces may also be important [8-10].
In addition to chemical signaling, visual signaling is widespread across lizards and consists
of the context-dependent presentation of visually distinctive skin ornaments like dewlaps,
proboscides, colorful parts of the body, changes in coloration, movement of the head, limbs
or tail, among others [11].

Historically, it has been suggested that some groups within Squamata, like Gymnoph-
thalmidae, rely more in chemical signaling as a form of communication, compared to other
clades on which communication is mostly based on visual signaling [12-15]. However,
epidermal glands and chemoreception ability (judged by vomerolfaction development,
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tongue shape, and tongue-flicking) are present in every lizard clade; therefore, it is possible
that most lizards use multiple signal modalities (chemical and visual signaling, for exam-
ple) to communicate [9,14,16-18]. It is less clear if fossorial or semi-fossorial lizards also
use visual signaling. Indeed, these species usually lack dewlaps or other visible accessorial
structures commonly associated with visual communication [19].

Gymnophthalmids are lizards with cryptic dorsal color patterns, and fossorial or
semi-fossorial behaviors [20]. These characteristics, in addition to a “non-charismatic”
status, have limited studies regarding its biology and natural history. In gymnophthalmid
lizards, as well as in other fossorial lacertoids, it has been suggested that communication
is conducted mostly using chemical cues to inform behaviors such as social interactions,
courtship, and mating [14,18]. According to the most complete evolutionary analysis of
lizard display behaviors, produced by Johnson et al. [11], within the family Gymnoph-
thalmidae there are no records of visual displays that involve postural changes, movement
of head, limbs or mandible, and very few species (only 2 out of 31 genera analyzed) show
stimulus elicited tail movements. Importantly, a few species of Gymnophthalmidae have
conspicuous colorations while some others exhibit color bands or color patches in the
belly, throat, or limbs [21], yet the signaling value of such characteristics also remains to
be studied.

Pholidobolus montium [22] is a small (SVL: male 56 mm, females 66 mm) diurnal terres-
trial gymnophthalmid lizard with grey-black dorsal iridescent color patterns, pale yellow
dorsolateral stripe, and a white creamish lip stripe extended towards the forelimb. This
species is present in the highlands of the northern Ecuadorian and southern Colombian
Andes [23], and it is commonly named “cuilan” or “miner lizard” (Lagartija minadora) as
it hides in natural or man-made burrows, open shrubby areas, rock piles, stone walls, and
agave fence rows [24,25]. Pholidobolus montium has been described previously as a diurnal
species with foraging and basking habits [25]. Burrows seem to be the most preferred site
for nesting for P. montium, where females deposit two-egg clutches per reproductive cycle,
with previous reports suggesting there is continuous breeding throughout the year [25-27].
Furthermore, Ramirez-Jaramillo [26] reported two communal nests for this species, which
may be evidence of social aggregation and other complex social interactions [28]. Remark-
ably, P. montium and Pholidobolus prefrontalis, two of the fourteen species of Pholidobolus, lack
femoral follicular glands [21,23,25]. However, nothing is known regarding communication
and signaling in this species. Pholidobolus montium is also a “near threatened” species that
is disappearing from populated areas where it used to thrive in previous decades [29]; thus,
ex situ studies of P. montium reproduction and behavior are sorely needed.

To assess the suitability of ex situ breeding and maintenance of P. montium, we gener-
ated a complete description of P. montium behavior in captivity through daily observation
and the recording of behavioral patterns of individuals. This description includes an
ethogram generated from the constant observation of isolated adult males and females,
and the behaviors observed in a focal lizard in the presence of conspecifics. In this context,
we were able to record, for the first time, conspecific elicited visual displays in a gymnoph-
thalmid lizard. Finally, we discuss the functional significance of this display relative to the
context in which it occurs.

2. Materials and Methods
2.1. Animal Collection and Housing

Animal handling protocols and procedures were designed following the Guidelines
for Use of Live Amphibians and Reptiles in Field Research [30]. Pholidobolus montium
adults were captured at the urban locality of Calacali (0°00'00.4” S, 78°30'39.4” W, 2819 m;
T = A12.5 °C) in the northern Ecuadorian highlands. We located the lizards by active
search, collected them by hand, and placed them in separate plastic containers within a
cooler. The collection points are urbanized areas designed for outdoor sports with constant
human presence. Sixteen individuals (7 males and 9 females) were captured in August
2016 and nineteen individuals (9 males and 10 females) during September 2017. Sex was
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determined by two criteria: males are more swollen at the base of the tail than females,
and a brownish spot at both sides of the head is observable in some males but never on
females. Only adults were collected, based on sexual dimorphic characters and on the
adult snout-vent length or SVL (males = 44.31 + 2.14 mm, females = 48.1+ 1.92 mm), which
limited drastically the number of collected individuals. All individuals were transported
in plastic tubs to the laboratory at Pontificia Universidad Catélica del Ecuador (PUCE) in
Quito, 23 km from the collection site. Each lizard was assigned a code which consisted of a
number and information related to its collection site and sex. Lizards were maintained in
the laboratory until August 2018, when they were released to the same collection site.

Lizards were housed in a semi-closed greenhouse where temperature was not con-
trolled and fluctuated with the weather outside. The average temperature recorded in the
green house was 19 °C + 6.33 °C. Lizards were isolated individually in glass terrariums
without lid (50 cm x 25 cm x 30 cm). Illumination was provided by natural light from
windows and white-light fluorescent bulbs (60 Watts) suspended 20 cm above the terrarium
and controlled with a timer to obtain a 12 h. light-dark cycle (06:30-18:30). Each terrarium
contained a substrate of gravel (12 mm diameter), permanent supplement of water in a
plastic petri dish, and an inverted dark plastic plate (13 cm diameter) used as burrow.
Terrariums were misted daily, and lizards were fed appropriately sized crickets dusted
with multivitamin powder three times weekly.

2.2. Behavioral Observations

To observe and describe behaviors, we quantified activities performed for a period of
time, and the number of activities or positions. We classified behaviors as states or events
following Martin et al. [31]: an event corresponds to a behavior of short time duration,
such as body movements, and a state corresponds to a behavior performed during a longer
period of time, such as specific activities or postures. We performed observations of males
and females under three conditions: solitary observations, conspecific interactions, and
solitary facing a mirror. All behavioral observations and experiments were carried out
during the light period without modifying other environmental conditions.

Solitary observations. We recorded isolated lizards inside their terrariums from 08:00
to 17:00 using a video camera Sony HDR-PJ430VE positioned vertically above the terrarium.
Lizards were isolated in new terrariums, never occupied by another conspecific, for two
weeks before recording. We recorded 12 lizards, 6 females and 6 males, between November
and December 2016.

Conspecific interaction experiments. Lizards were randomly designated as focal
animal (observed lizard) or stimulus animal (individuals used to elicit the focal lizard’s
reaction, which were not filmed). The experiments were carried out during the light period
between 9:00 and 11:00 am. Responses of focal lizards were filmed, from short distance
(~30 cm), with the video camera accompanied by an observer. Two individuals were used
per trial to test the behavioral responses of a focal animal caused by an animal of the same
or opposite sex following two protocols. For lizards captured in 2016 (2016 experiments),
we measured the response of a focal lizard to a stimulus created by a strange ‘stimulus
lizard” which was placed inside the enclosure of the focal lizard. For these experiments,
focal animals were allowed to adjust to the terrarium alone for at least 48 h before the
experiment, and only the focal lizard was filmed. Twelve same-sex (six male-male and
six female—female) and six opposite-sex trials (three male-females and three female-male)
were performed during January and February 2017. For lizards captured in 2017 (2017 ex-
periments), we used a neutral glass observation chamber (80 cm x 50 cm) bisected by a
removable opaque partition, fitted with a replaceable cardboard and not previously occu-
pied by either individual. The chamber was washed, and the cardboard was replaced prior
to each trial to eliminate potential chemical cues from previous occupants. The chamber
walls were also covered with cardboard to prevent any visual disturbance, except the side
of the observer. In these experiments, two lizards—the focal and stimulus individuals—
were moved from their terrariums and placed at the same time at opposite ends of the
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chamber. After a 15-min acclimation period for both individuals, the plastic division was
removed, and the lizards were allowed to interact. Only the focal lizard was filmed. For all
experiments, focal lizards were never used more than once in same-sex or opposite-sex
experiment, and a period of 48 h isolation was allowed before each stimulus lizard was
used again. Interactions where halted when lizards moved away from each other, or when
prolonged aggression occurred (e.g., biting). A total of 24 experiments were performed in
the neutral glass observation chamber between September and December of 2017.

Solitary facing a mirror. We located individuals within a small cardboard box (30 cm
x 30 cm x 20 cm) with a small mirror (10 cm X 7 cm) fixed to one of the walls. Two video
cameras were set up using tripods, pointing towards the mirror from different angles within
the cardboard. The box was discarded and the mirror washed after every experiment. We
used six males and six females, and recorded 12 videos of the first responses of the focal
lizard. For this experiment we only used lizards collected in 2017.

2.3. Video Analysis

To analyze postures and movements, we quantified the behaviors using the software
Boris v.7.0.10 [32]. This software allowed us to register the number of events and the
duration of states occurring during the observation. Based on recurrent behaviors observed
in all videos, we created an ethogram.

In solitary observations, to quantify and compare exploratory behaviors we calcu-
lated the percentage of time spent moving of each individual (PTM) by quantifying the
amount of time a lizard spent actively moving divided by the total amount of time spent
outside its burrow (TTO). We tested for differences in PTM between males and females
using the Wilcoxon Rank-Sum Test. For differences in basking time we used a f-test with
paired samples.

For the 2016 and 2017 experiments, we focused on behaviors that imply a response
from the opponent. To detect the similarity on behavioral responses of individuals in these
different experiments, we built a similarity matrix using the Jaccard Index and the nearest
neighbor cluster method, taking into consideration the presence/absence of behaviors
during each experiment. For this analysis, we excluded behavioral observations which had
less than three repetitions or occurred only in one occasion. We also performed a Kruskal
Wallis test to compare the duration of interactions between conspecific experiments (male—
male, female—female, male—females, and female-male). Statistical analyses and graphs
were performed using RStudio V.1.3.1056 [33], with the packages Vegan [34], ggplot2 [35],
and superheat [36].

3. Results
3.1. Ethogram

We observed thirty-four behaviors performed by P. montium in captivity (Table 1).
Behaviors were grouped into three functional categories: maintenance (13), general lo-
comotor patterns (4), conspecific elicited locomotor patterns (5), and conspecific elicited
positions and movements (12). Maintenance represents actions that are normal for the
species and are performed in solitary. General locomotor patterns correspond to unaccom-
panied displacement activities. Conspecific elicited patterns are displacement motivated
by another lizard, and conspecific elicited positions and movements are behaviors that
provide evidence of the animal’s motivation. Such individual behaviors are not necessarily
exclusive to one category (Table 1). All behaviors listed as maintenance were observed in
all individuals (male and female) during the focal solitary observations, mirror treatments
or conspecific stimulus experiments.
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Table 1. Ethogram of Pholidobolus montium. Behaviors of individuals maintained in captivity are listed and have been assigned to

functional categories based on current observations and previous studies. The symbols imply states (~) or events (*).

Occur during

Occur during
Conspecific

Occur during

Functional Category = Behavior Description Solitary Stimulus Ml.rror
obs. . Experiments
Experiments
Maintenance
One or more limbs are raised off the
Adpress * substrate and held against the side of yes no no
the body.
Bask ~ Dorsoventral flattening of the body os no no
onto the substrate. y
Thread * Lizard rolls its body sideways. yes no no
Burrow ~ Lizard hides inside its burrow. yes no no
Hide underground by digging down
Bury ~ the substrat%. v e yes ne ne
Full body displacement frontward
Cloacal-drag ~ while keeping the cloacal region in yes no no
contact to the substrate.
Dig ~ Lizard removes the substrate with its yes no no
forelimbs.
Snout placed into the water and
Drink ~ tongue is slowly protruded and yes no no
returned to the mouth.
E A food item is grasped with the jaws
at ~ . yes no no
and ingested.
Tongue-flick * ;F}(]):ﬁeultshl.)rotruded and returned to yes yes yes
Scratch * Hind limb movements used to rapidly os no no
scrape the body bowed laterally. Y
Scrapes its body against stationar
Slough* objegts as to rer}r,m\%e sloughed Skil}’ll. yes ne ne
Looking-around ~ Side to side movement of the head, yes no no
while the body remains motionless.
General Locomotor patterns
Forward movement with the ventral
Walk ~ region of the body in contact with the yes yes yes
substrate.
Jump ~ Fast leap, all four feet are not in os no no
P contact to the substrate. y
Run ~ Fast forward movement with the os os os
body raised off the substrate. Y Y Y
Stalk ~ Slow walking movement. yes yes yes
Conspecific elicited locomotor patterns
One lizard moves toward another up
Approach ~ to a considerable distance, which does no yes yes
not allow physical interaction.
Chase ~ Rapid pursuit of one lizard to another. no yes no
Flee * Rapid evacuation when chased by no os no
another individual. y
Move-away ~ One lizard slowly passes over another. no yes yes
M One lizard moves over the top of
ove-over ~ no yes no
another.
Conspecific elicited positions and movements
Bite * Grip another individual with its jaws. no yes no
Hindlimb-kick * Pu'sh away famot‘her individual by no yes no
using one hindlimb.
Face another individual laterally, the
Lateral orientation ~  sagittal plane of the entire body or, at no yes yes
least the anterior part, is presented.
Leg-waving * Lizard elevates and swings a foreleg. no yes yes
L " One lizard rapidly moves toward and
unge no yes yes

away from another.
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Table 1. Cont.

Occur during

Occur during Conspecific

Occur during

Functional Category = Behavior Description Solitary Stimulus Mirror
obs. . Experiments
Experiments

Mount * One hza.rdlsteps /stands on the no yes no
antagonist’s dorsum.
Lizard raises its body using push up

Neck-arch ~ (stretch front legs), while the snout is no yes no
pointed toward the ground.

Neck-bite * Lizard bits the skin on the neck of no yes no
another.

. . Lateral compression of the body and

Sagittal expansion ~ . no yes no
dorsoventral expansion.

Strobe-motion * Short rapid jerks. no yes no

Tail-bite * Grasp another lizard’s tail in its jaws. no yes no

. " A sinusoidal, horizontal movement of
Tail-undulate no yes yes

the entire tail.

08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00

3.2. Focal Solitary Observation and Measurement of Activity during the Day

To assess reptile behavioral welfare in a laboratory experimental setup and to discover
daily patterns of behaviors in isolated lizards, we documented approximately 108 h of focal
solitary observations from six males and six females in their isolation terrariums (Figure 1A).
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i Bo. ek NN
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Figure 1. Exploratory (Expl.) behaviors in isolated lizards. (A) Scheme with the Distribution of Exploring (Gray), basking

(Orange) and burrowing (Blue) behaviors across 9 h of observation for 12 individuals, 6 males and 6 females. (B) Boxplot

for the percentage of time allocated to foraging (For), basking (Bask), and burrowing (Burrow) in males vs. females from
Table 2. The boxes present a median line and standard deviation whiskers.

We classified observed behaviors as Exploratory (active behaviors), Basking, and
Burrowing. Exploratory periods were characterized by displacement in the enclosure while
moving the head side to side (looking around), protruding the tongue (tongue-flick), and
capturing preys (eat) by digging (dig) to uncover crickets. Basking is the flattening of the
ventral surface onto the substrate while the lizard is immobile. During burrowing periods,
it was common to observe lizards hidden inside their burrows or under the water plate
(burrow) or hidden under the substrate (bury; Table 1).
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Exploratory behavior and basking outside burrow sites occurred towards noon, while
burrowing commonly occurred during early hours or towards the end of the day (Figure 1A).
Exploratory behaviors represented approximately 10% of daily activities in both, male
and females (Figure 1B). The active periods were interspaced with inactive basking and
burrowing behaviors (Figure 1A). We found no differences on the percentage of active
time between males and females (Figure 1B; Table 2; Wilcoxon rank-sum Test W = 25.5,
p = 0.2607). Basking was the most common single behavior recorded in inactive individuals
outside its burrow, particularly in females; however, no significant difference was found
on the percentage of basking time (t(6) = 2.1156, p = 0.088). We also found a slightly increased
tendency of females to remain outside their burrow in comparison to males (TTO, Table 2, W = 30,
p = 0.0259). However, there were no differences (W = 13, p = 0.4704) in the percentage of
time in movement (PTM) between male (PTMJ" = 46.88 + 6.48 S.E., Standard Error of the
mean) and females (PTM¢ = 38.1 £ 5.86 S.E., Table 2).

Table 2. Percentage of time used by males (M) or Females (F) during focal solitary observations. The
total observation time is 9 h for each individual. The Exploratory and Inactive categories involve
multiple behaviors enlisted in Table 1. S.E. is the Standard Error of the Mean. PTM. Percentage of
time in movement. TTO. Total time outside.

Individual Exploratory Basking /Bll;lrlrctl)llelfigng PTM (THI;S)
M1 2.81 4.08 93.11 40.76 37.21
M2 4.14 3.99 91.91 50.94 43.65
M3 12.73 24.97 62.36 33.77 203.6
M4 7.06 15.72 77.23 30.98 123.01
M5 19.5 1.58 78.94 92.5 113.81
M6 13.91 29.13 57 32.32 232.43
Xm 10.02 13.25 76.76 46.88 125.62
S.E. 1.77 3.26 4.08 6.48 22.08
F1 16.57 9.36 74.09 63.91 139.99
F2 27.49 45.87 26.69 37.47 396.11
F3 16.87 9.36 73.86 64.33 141.64
F4 12.19 51.34 38.2 19.18 343.04
F5 14.14 40.81 47.68 25.73 296.7
F6 9.13 41.65 49.24 17.98 274.18
Xg 16.06 33.06 51.63 38.1 265.28
S.E. 1.73 5.16 5.25 5.86 28.92
X 13.04 23.15 64.19 42.49 195.45
S.E. 1.98 5.25 6.04 6.32 33.25

3.3. Conspecific Interactions

As we did not find stress-related behavior or abnormal interactions with the terrarium
in isolated lizards, we designed two types of experiments to detect abnormal aggression
patterns (territoriality) prompted by the owner of the area (2016 experiments) and to
assess conspecific interactions without the influence of territoriality (2017 experiments; see
methods) taking into account the sex of the focal lizard. In addition, we designed a mirror
experiment to assess the response to a similar conspecific and guarantee the exclusive
response to visual cues. In all these experiments, we identified 13 behavioral positions and
movements, and five patterns of locomotion associated to the presence of a conspecific,
or its reflection, in a controlled experiment (Table 1). To discover patterns of similarity
among experiments and among responses of the focal lizard, we generated a heatmap from
a matrix of the observed behaviors and its frequencies (Figure 2; Table S1). According to a
clustering method based on Jaccard distances of a presence—absence matrix (Table S2), there
are two distinctive groups: (1) the focal stimulus experiments with opposite-sex interaction
are similar to mirror experiments, and (2) the focal stimulus experiments with same-sex
interaction are similar between them regardless the experimental setup (2016 experiments
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vs. 2017 experiments), and of the sex of the focal lizard (female—female and male-male)
(Figure 2). The duration of each interaction varied depending on the response of the
contenders but was not significantly different between experiments (H = 3.83, p = 0.28).
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Figure 2. Mirror experiment responses are similar to opposite sex stimulus experiments. Heatmap from a presence-absence

matrix of behaviors recorded in 10 conspecific stimulus experiments. Social locomotor patterns, positions, and movements

are in the left. The dendrogram clustering is based on Jaccard distances from the similarity indexes on Supplementary

Information 2. The numbers in white are the observed frequencies of each behavior and trial from Supplementary

Information 1.

Most conspecific elicited locomotor patterns and the movements, like Tongue-flick,
Lateral orientation, Leg-waving, and Lunge, were observed in both stimulus treatments.
Lateral orientation, tongue-flick, and Leg-waving are the most common movements, and
tongue-flick is persistent during most interactions (Figure 3). These movements together
with Neck-arch were the first to occur chronologically in a treatment in response to the
presence of a conspecific (Figure 3).

Among conspecific elicited positions and movements, nine behaviors were observed
almost exclusively in same sex interactions: Tail-bite, Hindlimb-kick, Neck-arch, Sagittal
expansion, Tail-undulate, Bite, Mount, Neck-Bite, and Strobe-motion.

Outstandingly, we observed two movements, leg-waving and neck-arch (Figures 3 and 4),
which were expressed at a distance from the receiver; they occur pre-contact and did not
necessarily require physical contact to be elicited. From these two, only leg-waving was
observed in mirror treatments.

Leg-waving in P. montium consists of the complete elevation of one of the forelegs,
followed by swinging of the humerus locked with the radius-ulna in the dorso-ventral
plane (Figure 4A—-C; Videos S1-54). In some cases, the hand also produced an indepen-
dent swinging in the same plane, concomitant to the limb movement (Videos S3 and S4).
This complex movement is often integrated to the locomotion of the lizard: when the
waving limb is lifted, the propulsive strokes of the other limbs start, then the whole body
is pushed forward and maintained in elevation while the forelimb waves. Finally, the
waving limb will fall in a more anterior position to where it was lifted, completing a single
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vs &

Lateral orientation

vs -

Lateral orientation

Sagittal expansion

Lateral orientation |l

step (Videos S1-53). We also observed leg waving in static lizards (Video S4). Leg-waving
was usually accompanied or even elicited by head movements and tongue flicking and
occurred only when the lizard showed lateral orientation to the stimulus. The speed and
number of limb movements, and forelimb used (left vs. right), varied between individuals
(Figure 3); however, the leg used for this movement was always the one directed towards
the contender. From our observations, the number of males and females performing this
behavior was very similar, and there was no remarkable difference in use of this movement
in other conspecific interactions (Figure 2).

Leg-waving M-t TH-H-HH Hil
Lunge |

Move-away u

Move-over |

Tongue flick ] FH-HH H

Leg-waving [t
Move-away
Tail-undulate | |
Tongue flick H H-H—
-

Leg-waving i
Lunge
Neck-arch

Tongue flick F—f—H i I

Leg-waving I I
Lunge | |

Move-away

Neck-arch

Sagittal expansion
Tongue flick

f f i+

Lateral orientation F

5 10 15 20 25 30 35 40 45 50
Time (sec)

Figure 3. Time budget graphic in four experiments, one per stimulus context. We selected interactions which presented the

largest number of performed behaviors.

Neck-arch consists of the rising of the lizard’s body and the stretching of its front legs while
the snout is pointed towards the ground. The movement is always accompanied by sagittal
expansion, which is the lateral compression of the body producing an enlargement along the
sagittal plane (Figure 4D,E; Videos S5 and S6). This was observed in a few occasions, only
in same sex treatments (Figure 2). This behavior does not imply the lack of body motion as
we registered two males walking while maintaining this posture (Figure 4E, Videos S5 and
56). In some treatments, neck-arch was performed while the two contenders stood parallel to
each other facing opposite directions, in mutual lateral orientation (Figure 4E). We observed a
peculiar position in two males, one front leg raised off the ground and held against the side
of the body while neck-arching. Interestingly, in three out of five experiments, neck-arch
was followed by leg-waving and antagonistic tail biting (Figure 4; Video S6).
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Leg-Waving
~Video 4

Leg-Waving
Video 1

Figure 4. Leg-waving and neck-arch behaviors in P. montium. Still images and series from the Supplementary Videos.
The time in the lower corner is in seconds and fractions of seconds (0.00 s). (A) Leg-waving in a mirror experiment performed
by a Female (Video S4). (B,C) Mutual leg-waving performed by two males. (D,E) Neck-arch behavior performed by two
males. Video S6 is a continuation from Video S2.

4. Discussion
4.1. Visual Signaling in Gymnophtalmidae

Despite being one of the most diverse families in the Neotropical region, with more
than 250 species [37,38], we know very little regarding behavior and communication in
gymnophthalmid lizards, and in most fossorial or semi-fossorial squamates [11]. This is
probably because of its reduced size and cryptic lifestyle. Through ex situ observation, we
produced the first detailed ethogram of a gymnophthalmid lizard including information
regarding activity patterns, and the first evidence in this family of visual signaling used
under conspecific-interaction experiments.

Our behavioral analyses of the gymnophthalmid lizard P. montium, although prelimi-
nary due to the limited number of lizards, show a complex repertoire of movement-based
behaviors. During these observations, tongue flicking was the most common movement
performed in every experiment (Figure 3), indicating a possibly strong tendency to vomerol-
faction [39] that still needs to be studied.

In addition, we were able to observe stimuli-elicited movements like leg waving, neck
arching, and tail undulation that were not produced in solitary observations and may have
potential roles as visual signals during social interactions. So far, the only gymnophthalmid
on which a stimulus elicited movement has been previously recorded is Calyptommatus
leiolepis, a fossorial legless lizard that produces intense tail movements during mating [40].
It is not easy to classify tail movements as visual signaling, as it could be considered
an involuntary movement provoked by mating or predatory stress. For instance, it is
hypothesized that tail undulation could be associated to tail autotomy, as waving the tail
may direct the predator’s attention towards its more “expendable” appendage [41,42].
Other movements related to tail undulate, like tail lashing, tail coiling, and tail waving are
often recorded as intraspecific territorial, aggressive, or deterrent behaviors in Agamids,
Iguanids, and Lacertids [43—46]. Tail undulation in P. montium was also recorded in our
experiments, but only in same-sex interactions and in such a low frequency that does not
allow analyzing its potential as a visual signal.
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From the conspecific elicited movements recorded in P. montium, we highlight leg-
waving and neck-arching as the most relevant visual signals since they were elicited at a
distance from the stimulus individual. A stronger case can be made for leg-waving, as
it was observed in every conspecific stimulus experiment and in the mirror experiments.
Signals that involve limb movement like raising, waving, or circumduction, have never
been reported in Gymnophthalmidae. However, these signals are common among iguanian
lizards, particularly in the Agamidae family [3,4,11]. Leg waving has also been described
in Lacertidae, Scincidae, and Teiidae [47-49]. In the Bonaire whiptail lizard Cnemidophorus
murinus (Teiidae), leg movements described as circumduction or waving have been shown
to be elicited on the presence of attackers or predators, and may have a deterrence func-
tion [47]. In Podarcis muralis, leg waving seems to be only used at a distance and to deter
predators from chasing them [50]. During observations of isolated individuals, we never
observed leg-waving elicited by the presence of any human observer, nor did we observe
it when collecting lizards in the field. Considering that, in our experiments, P. montium
individuals only performed this behavior in the presence of a conspecific, and contenders
frequently responded by performing the same signal, it is possible that leg-waving plays a
specific role in deterring against conspecific aggression or in conspecific recognition.

In the field, P. montium females and males spend most of their time hidden in burrows
or basking nearby. As diurnal lizards with an apparent lack of territoriality, their foraging
behavior might force them to become exposed to other conspecifics while searching for
food or a nesting place [25]. We hypothesize P. montium could have evolved visual com-
munication as a deterrence signal against conspecific aggression when competing for a
burrow, resources, or mating. Nevertheless, conspecific aggression was not deterred in
interactions that included leg-waving; therefore, leg-waving might have a distinct within a
multimodal context (discussed below). Still, further experimentation such as analyzing
the presence of a predator or an attacker’s simulation might help to confirm the role of
leg-waving or neck-arching as a deterrence signal in P. montium. Predation deterrence also
needs to be tested both in laboratory and in situ.

Regarding neck-arching, this behavior was performed during conspecific stimulus
experiments both with same-sex and opposite sex stimulus lizards; therefore, a deterrence
role can also be presumed. Neck-arching is considered a dominant behavior or a challenge
behavior by appearing larger than the contender as shown in several scincids like Lampro-
holis guichenoti [51]. This visual signal is also related to the exhibition of body color patterns
such as spots or rows, which reveal information regarding individuals fitness or fighting
abilities [52]. During P. montium interactions, neck-arching allowed the exposition of the
lateral colored bands characteristics of the species; nonetheless, nothing is known regarding
the ability of the Andean lizard to detect colored patches. There are 14 species currently
placed in this genus, some of which have bright color patterns, and similar semi-fossorial
adaptations [21,37].

4.2. Multimodal Signaling in Lizards

Some behaviors observed in P. montium are similar to lizards of the Teiidae family,
the sister clade of Gymnophthalmidae, and to some non-related lizards like iguanids
and lacertids [11,42,48,53,54]. This confirms that visual communication and multimodal
signaling, or the combinatorial usage of more than one communication modality, are
widespread across Squamata. Still, multimodal signaling has only been studied in species
with conspicuous visual signaling [1,6,11,16]. For groups like Teiidae and Scincidae, which
were commonly thought to rely heavily on chemosensation, only a few context-dependent
visual displays have been described [11].

The adaptive value or advantage of using multiple signaling modalities could be
reinforcement of a single message or the diversification of messages that an individual
could provide [5,55]. From the analysis of visual and chemical traits in geckos, it has
been hypothesized that multimodal signaling could enhance message delivery when
other constrains negatively affects the intensity of one of the signals [56]. As previously
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mentioned, P. montium lacks femoral follicular glands [21,23,25]. Therefore, we could
hypothesize that multimodality in this species is the result of signal diversification to
compensate the reduction of chemical signal sources.

Still, leg-waving did not deter intrasexual aggression in P. montium, suggesting that
leg-waving might not be used for attack deterrence but for delivering a different message.
When analyzed separately, it is generally thought that chemical signaling is dominant in
sexual interactions [16,17], while visual signals provide a deterrent or conspecific recog-
nition message, as discussed above. Intrasexual aggression, particularly, has been shown
to be guided mostly by pheromonal signals in Anolis and Podarcis lizards, which also use
visual signals to communicate [57,58]. In our results, the lack of aggressive behavior and
use of leg-waving in mirror assays (Figure 2) supports the idea of message diversification
in P. montium. However, the limited number of sampled individuals, the limitations in
the experimental design and confounding effects in the assays, only allow us to speculate
regarding the biological relevance of these observations. Further experimentation is re-
quired to determine other potential roles of leg waving and the advantages of multimodal
communication in P. montium.

4.3. Ex Situ Behavioral Studies in Pholidobolus Montium

As we have shown, the observation of lizards in a laboratory setting is one possible
approach to study the modalities of communication in gymnopthalmid lizards, and other
fossorial or semi-fossorial lizards. Through this approach, we were able to witness conspe-
cific elicited behaviors that would not have been possible to record in situ. On the other
hand, the observed behaviors could be associated to captivity-induced stress. An excess of
repetitive behaviors, the excessive interaction with the walls of the enclosure, or the depres-
sion in the daily pattern of exploratory movements of a diurnal lizard have been described
as a consequence of acute stressors [59]. To address potential maladaptive behavior, we
recorded behavior of isolated lizards for more than 9 hrs. and concluded that P. montium
individuals (1) retain their diurnal behavior in captivity (Figure 1A), (2) do not show stress-
associated movements, and (3) maintain an “average” foraging behavior. Foraging in P. montium
was assessed using the observed percentage of time in movement (PTM; Figure 1B, Table 1) [60].
The PTM exhibited by P. montium isolated individuals (Table 2. PTM = 42.49 +6.32 S.E) falls
within the range of an active foraging strategy and could be comparable to the PTM that
some scincid or lacertid species show in the wild [60,61]. In addition, we did not register
reactive hiding in the presence of an observer, excessive interaction with the terrarium
glass or other behavioral pattern associated with stress in reptiles [62,63]. Furthermore, we
did not record color changes in adults during their time in captivity or drastic weight loss
(results not shown). These evidences may indicate that the artificial enclosure or laboratory
settings were potentially appropriate for individual dwelling and mating purposes.

Maladaptive behaviors could also develop due to undetected stress on individuals in
captivity. In our experiments, we noted that P. montium same-sex interactions presented a
wider variety of behavioral responses compared to opposite-sex interactions. Most of the
same-sex “exclusive” behaviors seem to be antagonistic (Figure 2; Neck-arch, tail-bite, neck-
bite, hidlimb-kick). Neck-arching and sagittal-expansion have been previously described as
threatening reactions in male-male interactions in Varanus gouldii [64], Anolis proboscis [65],
and Uta stansburiana [66]. In P. montium, we observed neck-arching displays during an-
tagonistic interactions male-male and female—female, followed by aggressive behaviors
like tail-bite and hindlimb-kick, which suggest a threatening function. The aggressive
behavior observed in our conspecific stimulus experiments could be an artifact related
to the unnatural environment of the empty tank used for these experiments that might
have caused the sensation of depleted resources. Indeed, female—female aggression in
lizards has been recently linked to resource competition in the agamid lizard Phrynocephalus
vlangalii [67]. Still, the differences in aggressiveness observed in same-sex compared to
opposite-sex laboratory treatments might have complex multimodal basis that should be
further studied. Even though behavioral analysis like this can be used to assess lizard



Animals 2021, 11, 3022

13 of 16

References

welfare and stress in captivity, further analyses of stress relevant hormones in circulating
blood should also be made.

Unfortunately, P. montium adaptation to urban areas, where these lizards were com-
monly observed until the end of last century [26], is also the main reason why P. montium is
currently a near threatened species. This is particularly true in urban areas where popu-
lations have been decimated possibly due to predation by invasive species and pets [29].
Therefore, further studies regarding P. montium natural history are sorely needed in order
to increase the awareness regarding the current threats against this species and to propose
potential ex situ management projects.

5. Conclusions

Our observations contribute to understand the communication modalities used in
semi-fossorial lizards. We demonstrate that Pholidobolus montium can use visual signals
to communicate. This could be an evidence of multimodality as this species also present
tongue flicking movements with a potential chemical sampling role. Leg-waving and
neck-arching might be used by P. montium as a deterrence signal; however, further studies
are still needed.
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M09 vs. M03.
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