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In reptiles, arginine vasotocin (AVT) impacts the performance of and response to visual social signals, but
whether AVT also operates within the chemosensory system as arginine vasopressin (AVP) does in mammals is
unknown, despite social odors being potent modifiers of competitive and appetitive behavior in reptiles. Here,
we ask whether elevated levels of exogenous AVT impact rates of chemical display behavior (e.g. tongue flicks)
in adult males, and whether conspecific males or females can chemically discriminate between competitor males
based on differing levels of exogenous AVT in green anoles (Anolis carolinensis). We injected wild-caught green
anole males with either AVT (AVT-Males) or a vehicle control (CON-Males) solution, then presented treated
males with a conspecific stimulus (Intruder-Male or Intruder-Female) and filmed 30-minute interactions. We
found that AVT-Males were faster than CON-Males to perform a tongue flick to conspecifics, and faster to
chemically display toward Intruder-Females, suggesting AVT increased male interest in available chemical information during social encounters. Intruders performed more lip smack behavior when interacting with AVTMales than with CON-Males, and Intruder-Males performed more tongue flick behavior when interacting with
AVT-Males than with CON-Males, suggesting anoles can discriminate between conspecifics based on exogenous
AVT levels. We also found a reduction in Intruder movement behavior when Intruders were paired with AVTMales. This study provides empirical support for AVT-mediated chemosensory behavior in reptilian social interactions, in a microsmatic lizard species, suggesting the mechanism by which mammalian AVP and nonmammalian AVT mediate chemosensory behavior during social interactions may be evolutionarily conserved.

1. Introduction
The peptide hormone arginine vasopressin (AVP) operates within
the chemosensory system of mammals to modulate reproductive and
competitive interactions (Moore, 1992), but whether the non-mammalian homologue of AVP, arginine vasotocin (AVT), operates similarly
within the chemosensory system of reptiles remains unestablished
(Wilczynski et al., 2017). The peripheral endocrinological and physiological mechanisms used by AVT to modulate social behavior (Moore,
1992; Wilczynski et al., 2017) directly inform our understanding of
mechanisms used by AVP to operate in newer lineages (Rose and
Moore, 2002). In addition, chemical signaling is the earliest form of
communication in living organisms, and its ubiquitous use across extant
animal taxa make chemical signals an ideal communication modality
for understanding endocrine-mediated competitive and reproductive
social interactions. In this study, we test the impacts of exogenous AVT

⁎

on chemosensory behavior during competitive and reproductive interactions of lizards.
At the behavioral level, peripheral AVT/AVP impacts scent marking
behavior in amphibians and mammals that directly influence reproductive and competitive interactions. For example, Toyoda et al.
(2003) demonstrated in male newts (Cynops pyrrhogaster) that AVT
induced the release of a female-attracting pheromone and the deposit of
male spermatophores. Also, administration of exogenous AVT elicited
courtship behavior (i.e. body undulations) in male salamanders (Hynobius leechii), and exposure to female odors further increased the frequency of male courtship behavior (Kim et al., 2013). Furthermore, sex
differences in AVT/AVP systems may be maintained by evolutionary
need to secure reproductive opportunities, either directly or indirectly
by modulating reproductive or competitive interactions, respectively.
For example, in rough-skinned newts (Taricha granulosa), AVT differentially interacts with sex hormones to elicit egg-laying and
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ovipositioning behavior in gravid females (Moore et al., 1992) and
amplectic clasping behavior in males (Moore, 1983, 1987). Exogenous
AVT/AVP can also have sex-dependent effects on locomotor behavior
that is directly related to reproduction, as demonstrated in bullfrogs
(Boyd, 1991, 1994; Goodson and Bass, 2001). Administration of exogenous AVT (relative to saline control) in females decreased the latency
to advance toward and reach a male call source, but did not impact
male locomotor behavior in bullfrogs (Boyd, 1991). A larger body of
literature demonstrates that AVT stimulates vocal signaling in frogs
(Boyd, 1994; Burmeister et al., 2001; Kime et al., 2007; Marler et al.,
1995; Miranda et al., 2015; Semsar et al., 1998; Ten Eyck, 2005;
Trainor et al., 2003), suggesting AVT also impacts acoustically-mediated interactions in sex-specific ways.
AVT is a potent modulator of visually guided social behavior in nonmammalian vertebrates (Baran, 2017; Rose and Moore, 2002;
Thompson and Walton, 2004; Wade, 2011), and despite the significant
role of chemosensory behavior in mediating reptilian social interactions
(Cooper, 1994; Madison, 1977; Martín and López, 2015; Mason and
Parker, 2010), the endocrine mechanisms that modulate chemosensory
behavior in reptiles are largely understudied. Lizards secrete chemical
signals through precloacal or femoral glands, or as skin lipids (Mayerl
et al., 2015), that elicit reproductive (Cooper Jr. and Vitt, 1984; Martín
and López, 2006) and aggressive behavior (Hews et al., 2011; Pruett
et al., 2016), and alter territorial space use (Campos et al., 2017), as in
insects and mammals (Leonhardt et al., 2016; Vandenbergh, 2012;
Wyatt, 2003). All squamate reptiles use tongue flick behavior to sample
their chemical environments (Schwenk, 1993), detecting available
chemical information through olfactory and vomerolfactory sensory
processes (Duvall, 1981; Mason and Parker, 2010) for which the neural
substrates involved have been extensively described in snakes
(Martínez-Marcos et al., 2001). One study by Meylan et al. (2017) demonstrated that three days following the administration of exogenous
AVT to male common lizards (Zootoca vivipara), small-bodied males,
but not large-bodied males, treated with AVT avoided conspecific
odors, and all AVT-treated males increased the proportion of time they
spent running (relative to control males), suggesting that AVT may
directly impact reproductive and competitive interactions through
chemosensory and locomotory behavior in lizards.
Green anoles (Anolis carolinensis) are a historically important animal
model in behavioral, endocrinological, and evolutionary research
(Crews and Moore, 2005; Martín and López, 2011; Wilczynski et al.,
2017) due to the hormonal control of highly stereotyped visual displays
used in courtship and aggressive encounters (Crews, 1975; Crews et al.,
1978; Decourcy and Jenssen, 1994; Greenberg and Crews, 1990; Korzan
et al., 2000; Yang et al., 2001). Yet, a broader understanding of these
processes has been limited by a lack of data on an entire sensory
channel, the chemosensory system (but see Greenberg, 1993). Although
anoles have reduced neural structures in the chemosensory system [i.e.
main olfactory bulb, accessory olfactory bulb, lateral cortex, and nucleus sphericus of the posterior dorsal ventricular ridge (Greenberg,
1982)], AVT-ir fibers have been found surrounding the olfactory ventricle in Anolis carolinensis (Propper et al., 1992). In addition, one study
in brown anoles (Anolis sagrei) demonstrated that males alter their behavior in the presence of female scent alone, with males performing
more tongue flicks, visual displays, and locomotor behavior when
placed in female-scented cages relative to clean cages (Baeckens et al.,
2016). In green anoles, Dunham and Wilczynski (2014) demonstrated
that untreated females performed more visual displays to males that
received an exogenous AVT injection than to control males, suggesting
untreated females could differentiate between males based on exogenous AVT levels. Interestingly, the number of visual displays performed by males did not differ between treatments, suggesting females
were not cueing in on visual differences between treatment males.
Collectively, these results warrant further research into possible involvement of AVT in chemically-mediated social behavior. In particular, we were interested in further exploring the hypothesis that

untreated conspecifics behave differently toward males with experimentally elevated levels of exogenous AVT, such that AVT in one animal alters the behavior of another untreated animal.
In this study, we used green anoles to test whether AVT impacts
chemically-mediated competitive and reproductive interactions of lizards. Specifically, we injected adult Resident males with either an AVT
or saline control solution, then presented Resident males with an untreated conspecific Intruder of either sex in a 30 min social interaction.
To assess lizard interest in available chemical information during social
encounters, we recorded chemosensory behavior for both AVT-Males
and CON-Males, and for untreated Intruder-Males and IntruderFemales. We focused on chemosensory behaviors involved in sampling
airborne or substrate-bound compounds, including tongue flicks, licks
(also referred to as tongue touches), lip smacks, and chin wipes (also
referred to as jaw rubs) (Cooper, 1994; Halpern, 1992; Schwenk, 1993).
Chin wipes may also function as scent marking behavior (Mason, 1992;
Ogilvie, 1966), although this hypothesis has not been explicitly tested
in green anoles. We also measured locomotory behavior, since chemosensory performance rates in lizards are often positively correlated
with locomotion (Burghardt, 1970; Cooper et al., 1994; Mason, 1992).
If lizards can distinguish between Residents with experimentally elevated versus baseline levels of exogenous AVT, we would expect to find
significant differences in chemosensory behavior of Intruders between
treatments. If AVT stimulates chemosensory communication during
social interactions, we would expect to find differences between AVT
and CON treatments in chemosensory behavior of Residents.
2. Methods
Of the approximately 400 species in the Anolis lizard genus, Anolis
carolinensis is the species endemic to North America. We purchased
adult wild-caught Anolis carolinensis lizards from LLL Reptile and
Supply Co., Inc. Lizards acclimated to home tanks for 2 weeks before
use in any behavioral experiments. In the wild, A. carolinensis eggs are
oviposited and hatchlings emerge from eggs in the same summer and
hatchlings become reproductively active in subsequent breeding seasons, living through one or two breeding seasons beyond their summer
of hatch (Lovern et al., 2004). Thus, body size is often used as a proxy
reproductive maturity (juvenile hatchling versus reproductive adult).
Here, we recorded lizard body measures including body mass (in g) and
snout-vent-length (SVL; in mm), a standard measure of length in lizards
beginning at the tip of the snout and ending at the cloacal vent. Typically, adult males average 55 to 65 mm in SVL and adult females
measure 45 to 55 mm SVL (Lovern et al., 2004). In this study, males
averaged 62 ± 0.5 mm in SVL, ranging from 57 to 67 mm and with a
median SVL of 61 mm. Females measured 49 ± 1.2 mm on average,
ranging from 42 to 59 mm, and had a median SVL of 49 mm. In addition, males in this study weighed 4.5 ± 0.11 g on average, ranging
from 3.5 to 5.5 g, and had a median mass of 4.5 g. Females weighed
2.4 ± 0.13 g on average, anging from 1.6 to 3.3 g and had a median
mass of 2.4 g.
2.1. Animal care
All animal care and use protocols used in this study were approved
by Georgia State University's IACUC #A18059. We monitored animal
health daily, as well as the temperature and humidity of animal holding
rooms. We housed lizards individually in one-half of a 10 gal glass
terrarium (20 × 10 × 12 in), which we divided in half using white
sheets of corrugated plastic and secured in place with metal brackets.
We covered terraria with metal mesh screen covers secured on top of
tanks with bricks. In each tank half, we provided lizards with a clean
square of green turf substrate that lined the bottom of the tank, a plastic
water dish, green plastic vegetation for enrichment and shade, and a
plastic basking perch positioned diagonally across the tank. To provide
a thermal gradient for behavioral thermoregulation, we placed a UV/
2
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heat basking lamp directly on the lid of each tank, positioning the lamp
toward the back midline of the tank to split heat and light equally
between each half of the tank.
Using fresh deionized water, we filled water dishes and misted tanks
daily, which helps boost humidity. Lizards were kept on a 12 L:12D
cycle, and given 4–6 h of additional heat provided by basking lamps
during the light period. Animal rooms were held at temperatures that
cycled between 65 and 85 °F and 14–40% humidity levels. Lizards were
fed small crickets ad libitum 3–4 days/wk. We gut loaded feeder
crickets with Fluker's® Calcium Fortified Cricket diet and water-gel,
housing crickets in a 45 gal plastic container with a metal-mesh window
in the plastic lid to facilitate air flow.

Residents received AVT or CON treatment injections, were randomized
using a free random list generator tool available through RANDOM.org/
lists/ (Haahr, 2020). See Fig. 1 for an illustration of this experimental
procedure.
To minimize the number of lizards that received injections, some
Residents were used in two consecutive behavioral trials following a
single injection and with a 10 min rest period between trials, receiving
between one and three total injections throughout the duration of this
experiment and with at least 5 days between each injection. A total of
13 Residents received a total of 22 IP injections, such that 6 Residents
received both an AVT and a CON injection (13 total injections = 18
total trials), 4 received only AVT injections (5 total injections = 7 total
trials), and 3 received only CON injections (4 total injections = 7 total
trials) during this experiment. We administered a single injection to 5
Residents, two injections to 7 Residents, and three injections to 1
Resident. For Residents involved in successive trials, seven Residents
interacted with an Intruder-Male followed by an Intruder-Female,
whereas three interacted with an Intruder-Female followed by an
Intruder-Male. For male-male interactions, Residents and IntruderMales were size-matched in SVL to within 2 mm of one another. This
study design prioritized the behavior of untreated Intruders, enabling
us to measure behavior of each Intruder only once, but also limits our
interpretation of the direct impacts of AVT on treated Residents since
Residents were used in multiple interactions and some received multiple injections.

2.2. Behavioral experiment
Behavioral trials were conducted between the hours of 10:30–16:00
from Oct. 17, 2018 to May 1, 2019. We conducted a total of 32 behavioral trials, 16 each of male-male and male-female interactions. We
excluded 1 AVT trial from analysis because the Resident Male hid out of
view for the duration of the trial, resulting in no interaction between
the Resident and Intruder. To compensate for this excluded trial, we
conducted one additional AVT trial with an available female that was
previously used as an Intruder, and included only the behavior of the
Resident in our analysis. We report data on 32 total trials with behavior
from 8 different Intruder-Males in both AVT trials and CON trials, as
well as from 7 different Intruder-Females in AVT trials and 8 different
Intruder-Females in CON trials.
To assess the effects of exogenous AVT in males on chemical behavior in male-male and male-female interactions, we compared the
chemical behavior of untreated Intruders interacting with treated
Residents. We gave adult male Residents an IP injection of either AVT
treatment (AVT-Males; 15 μg AVT in 100 uL Reptile Ringer's vehicle
solution) or Control treatment (CON-Males; 100 uL of vehicle solution), then returned Residents to their home tanks for a 10 min rest
period. Next, Residents were presented with an untreated social stimulus (Intruder-Male or Intruder-Female) in a filmed 30 min interaction. The order in which Residents were presented with an
Intruder-Male or Intruder-Female, as well as the order in which

2.3. Behavior
We uploaded filmed behavioral trials into BORIS (v. 7.5.1) software
(Friard and Gamba, 2016) to score behavior. While this experiment is
designed specifically to assess the effects of exogenous AVT in adult
males on the chemical behavior of untreated Intruder conspecifics, we
also scored the behavior of treated Residents since little is known about
how exogenous AVT directly impacts lizard chemical behavior. We
counted the number chemical displays (tongue flicks, lip smacks, licks,
and chin wipes) performed by untreated Intruders (Intruder-Males and
Intruder-Females) and Residents (AVT-Males and CON-Males). A tongue
flick is an extension of the tongue into surrounding air (view Video 1). A

Fig. 1. Procedure for behavioral experiment. We used adult male green anoles as Residents, which we marked with a white dot at the base of the tail for identification
purposes. (1) Resident is injected with 100 uL of either arginine vasoctocin (AVT-Males) or a vehicle saline control (CON-Males) at random, then (2) placed back into
its home tank for 10 min of isolation. (3) Either a male or female Intruder is introduced at random into the Resident's home tank for a 30 min interaction. (4) Intruder
is removed from Resident's tank, and Resident is isolated for 10 min. (5) A second, different Intruder, opposite in sex from the first Intruder, is introduced into the
Resident's tank for a 30 min interaction. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
3
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lip smack is an open and close motion of the mouth, differing from a
tongue flick in that the tongue is held inside of the mouth in a lip smack
(view Video 2). A lick involves physical contact between the tongue and
some substrate (view Video 3), and a chin wipe involves rubbing the
lateral surface of the snout and head onto some substrate (view Video
4). We also scored locomotor behavior, defined here as a change in
position measuring ≥3 cm in distance, beginning and ending with a
pause in locomotion.
We calculated rates of behavior as number performed per hour,
recording also the latency to perform any chemical behavior in seconds.
We separately analyzed tongue flick behavior as this is the most commonly performed and measured behavior, allowing for comparisons to
other studies, as well as lip smack behavior. To analyze latency behavior (i.e., latency to perform a chemical display and latency to tongue
flick), only animals that performed at least one of the relevant chemical
behaviors were included in the respective analysis.

2.5. Supplementary analysis
The present study focuses on chemosensory behavior and locomotion, but we also conducted supplementary analyses on visual behavior
since the visual behavior of Residents may have influenced the chemosensory or locomotor behavior of Intruders, and vice versa.
Specifically, we conducted 2-way ANOVAs on rates of visual display
behavior in Residents and separately in Intruders, with Treatment and
Intruder-Sex as main effects. Additionally, the use of Residents in successive behavioral trials and, in some cases, the administration of
multiple injections over time may have impacted Resident behavior
and, thus, Intruder responses. To understand how Intruder behavior
was associated with Resident behavior, we conducted linear regressions
on Intruder rates of (1) chemical displays and (2) locomotion with
Resident rates of (1) visual behavior and (2) chemical behavior. We also
conducted linear regressions on Resident latencies to perform a (1)
chemical display or (2) tongue flick with Intruder latency to perform a
(1) visual or (2) chemical display. Results are reported in
Supplementary Materials.

2.4. Statistics
We conducted 2-way ANOVAs to determine whether rates of chemosensory behavior or locomotion, or latencies to perform a chemosensory behavior, are impacted by Treatment or Intruder-Sex, and to
assess any interaction effects between Treatment and Intruder-Sex.
Specifically, we conducted 2-way ANOVAs with Treatment and
Intruder-Sex as main effects to analyze the following behavior in
Intruders: rates of tongue flick behavior, lip smack behavior, and locomotion, as well as the latency to perform a chemical display. We
removed four data points from the analysis of Intruder latency to perform a chemical display because the animals did not perform any
chemical displays (N = 28). We also analyzed Resident rates of locomotion and latencies to perform a chemical dislay and tongue flick. We
removed six measures from the analysis of Resident latency to perform
a chemical dislay because no chemical display was performed (N = 26),
and removed twelve measures from the analysis of Resident latency to
perform a tongue flick because no tongue flick was performed
(N = 20).
Other studies have demonstrated that male and female green anoles
show consistent differences in rates of behavior (Greenberg and Noble,
1944; Lovern et al., 2004; O'Bryant and Wade, 2002; Winkler and
Wade, 1998) and in sensitivity to AVT (Dunham and Wilczynski, 2014;
see also for brown anoles, Kabelik et al., 2013; Propper et al., 1992),
such that there may also be sex differences in Intruder responses between Treatments. Thus, we followed the 2-way ANOVAs with planned
contrasts to assess the effects of Treatment on behavior within IntruderMales and, separately, within Intruder-Females. To carry out these
planned comparisons we conducted separate t-tests on the behavior of
(1) Intruder-Females, (2) Intruder-Males, (3) Residents interacting with
Intruder-Females, and (4) Residents interacting with Intruder-Males
using the same behaviors listed above for the 2-way ANOVA analyses.
All behavioral rates and statistical analyses were conducted in R
Version 3.5.1 (R-Core-Team, 2018), and an RStudio interface (RStudioTeam, 2016). To determine the impacts of Intruder-Sex, Treatment, and
the interaction between Intruder-Sex and Treatment on behavior, we
first ran linear models using the lm function, followed by a 2-way
ANOVA (type I sum of squares) using the anova function in the car
package (Fox and Weisberg, 2019). We tested the normality and
homogeneity of residual variances for 2-way ANOVA models, plotting
fitted model values against residual values and using the shapiro.test and
leveneTest functions, respectively, in the car package. To generate effect
sizes based on partial eta-squared (ηp2), we used the anova_stats function. For all pairwise comparisons, we conducted t-tests using the t.test
function and generated effect sizes using the cohen.d function in the
effsize package (Torchiano, 2020), applying the hedges.correction to
generate Hedge's g when sample sizes were low (< 20). We assessed
normality and homogeneity of variances for each group using shapiro.test and leveneTest functions, respectively.

3. Results
3.1. Does exogenous AVT in Residents impact the chemical display behavior
of Intruders?
3.1.1. Intruder-Males, not Intruder-Females, tongue flick more toward AVTMales than CON-Males
We found a crossover interaction effect on Intruder tongue flick
rates that approached significance based on a 2-way ANOVA (F
(1,27) = 3.86, p = .06, ηp2 = 0.13). We found no significant main
effects of Treatment or Intruder-Sex on Intruder rates of tongue flick
behavior (Treatment: F(1,27) = 2.48, p = .13, ηp2 = 0.08; Intruder-Sex:
F(1,27) = 1.89, p = .18, ηp2 = 0.07).
Following the ANOVA with planned comparisons to assess
Treatment effects on Intruder-Males and Intruder-Females separately,
we found a significant difference between Treatments in the tongue
flick rates of Intruder-Males based on a t-test (Fig. 2A; t = 2.35,
p = .03, df = 14, p = .03, g = 1.11). We found no significant effect of
Treatment on the tongue flick rates of Intruder-Females (Fig. 2B;
t = 0.37, df = 13, p = .72, g = 0.18).
3.1.2. Treatment and Intruder-Sex impact Intruder rates of lip smack
behavior
Based on a 2-way ANOVA (on square-root transformed data) we
found significant main effects of both Treatment (F(1,27) = 4.23,
p = .05, ηp2 = 0.14) and Intruder-Sex (F(1,27) = 6.56, p = .02,
ηp2 = 0.20) on Intruder rates of lip smack behavior, as well as a trend of
an interaction effect (Treatment:Intruder-Sex, F(1,27) = 3.44, p = .07,
ηp2 = 0.11). Intruders interacting with AVT-Males performed
(mean ± 1 S.E.) 22 ± 7.7 lip smacks per hour on average, while
Intruders interacting with CON-Males performed 7 ± 2.2 on average.
Intruder-Males performed 23 ± 7.2 lip smacks per hour on average
and Intruder-Females performed 5 ± 1.4 on average.
Our planned comparisons revealed a significant effect of Treatment
on Intruder-Male rates of lip smack behavior (Fig. 3A; t = 2.2, df = 14,
p = .04, g = 0.99). Intruder-Male data was square-root transformed.
We found no significant effect of Treatment on Intruder-Female rates of
lip smack behavior (Fig. 3B; t = 0.37, df = 9, p = .7, g = 0.19).
3.1.3. No effect of treatment on Intruder latency to chemically display
we found no significant effect of treatment (F(1,24) = 0.82, p = .4,
ηp2 = 0.03), Intruder-Sex (F(1,24) = 0.43, p = .5, ηp2 = 0.02), or an
interaction (F(1,24) = 0.19, p = .7, ηp2 = 0.01) on the latency to
perform a chemical display in Intruders.
Based on t-tests, we found no significant differences between
Treatments on the latency to perform a chemical display in Intruder4
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Fig. 2. (A) Intruder-Males performed higher rates of tongue
flick behavior toward AVT-Males than toward CON-Males
(mean ± 1 standard error: AVT = 17 ± 3.9;
CON = 6 ± 2.2), while (B) Intruder-Females performed similar rates of tongue flick behavior toward AVT-Males as
toward CON-Males based on a t-test (AVT = 6 ± 2.8;
CON = 8 ± 3.1).

Males (t = 0.85, df = 13, p = .4, g = 0.42) or Intruder-Females
(t = 0.43, df = 11, p = .7, g = 0.22).

(t = 2.6, df = 12, p = .02, g = 1.30), but not toward Intruder-Males
(t = 0.04, df = 10, p = 1.0, g = 0.02).

3.2. Does exogenous AVT in Residents impact the locomotory behavior of
Intruders?

3.3.2. AVT-Males are quicker to tongue-flick than CON-Males
We found a significant effect of Treatment, but not Intruder-Sex, on
Resident latency to perform a tongue flick (Fig. 5B) based on a 2-way
ANOVA (Treatment, F(1,16) = 7.3, p = .02, ηp2 = 0.31; Intruder-Sex, F
(1,16) = 0.3, p = .6, ηp2 = 0.02; Treatment:Intruder-Sex, F
(1,16) = 0.02, p = .9, ηp2 = 0.00).
In our planned comparisons within Intruder-Sexes, we found a significant effect of Treatment on Resident latency to tongue flick at
Intruder-Females (t = 2.7, df = 8, p = .03, g = 1.53), and a trend of an
effect with Intruder-Males (t = 1.6, df = 8, p = .1, g = 0.92).

3.2.1. Intruders move less when interacting with AVT-Males compared to
CON-Males
We found significant main effects of both Treatment and IntruderSex on locomotion rates of Intruders (number of movements per hour),
and the direction of this result was consistent for Intruders of both sexes
(no interaction effect). Intruders paired with AVT-Males moved around
less than Intruders paired with CON-Males based on a 2-way ANOVA
(Fig. 4; Treatment: F(1,27) = 4.0, p = .04, ηp2 = 0.15), and IntruderMales moved more than Intruder-Females (Intruder-Sex: F(1,27) = 4.0,
p = .05, ηp2 = 0.14).
In our planned comparisons within Intruder-Sexes, we found a weak
but non-significant effect of Treatment on rates of locomotion within
Intruder-Males (t = 1.63, df = 14, p = .1, g = 0.77), and no effect
within Intruder-Females (t = 1.51, df = 13, p = .2, g = 0.73).

3.4. Does exogenous AVT impact the locomotor rates of Resident Males?
We found a significant effect of Intruder-Sex on the locomotor rates
of Residents (F(1,28) = 7.94, p = .01, ηp2 = 0.22), but no effect of
Treatment (F(1,28) = 0.88, p = .4, ηp2 = 0.03), such that Residents
moved more when interacting with Intruder-Males relative to IntruderFemales. We also found a trend of an interaction effect (F(1,28) = 3.99,
p = .6, ηp2 = 0.13).
We found no significant effect of Treatment on Resident rates of
locomotion when interacting with either Intruder-Males (t = 1.74,
df = 14, p = .1, g = 0.82) or Intruder-Females (t = 0.99, df = 14,
p = .3, g = 0.47).

3.3. Does exogenous AVT impact the chemical display behavior of Resident
Males?
3.3.1. AVT-Males chemically display to Intruder-Females quicker than do
CON-Males
Based on a 2-way ANOVA, we found a main effect of Treatment
(Fig. 5A; F(1,22) = 4.37, p = .05, ηp2 = 0.17), but not Intruder-Sex (F
(1,22) = 2.70, p = .11, ηp2 = 0.11), on Resident latency to perform a
chemical display, and a trend of an interaction (Treatment:Intruder-Sex:
F(1,22) = 3.56, p = .07, ηp2 = 0.14).
We found a significant difference between Treatments in Resident
latencies to perform a chemical display toward Intruder-Females

4. Discussion
Here, we provide the first empirical evidence, to our knowledge, to
support the hypothesis that AVT is involved in the chemically-mediated
social interactions of reptiles, demonstrating in Anolis carolinensis that
chemical behavior plays some role in the reproductive and competitive
Fig. 3. We found a significant difference between Treatments
in Intruder lip smack rates within Intruder-Males
(mean ± 1 S.E., AVT = 36 ± 12.4; CON = 9 ± 4.2), such
that Intruder-Males perform significantly more lip smacks
when interacting with AVT-Males than with CON-Males. (D)
We found no significant difference within Intruder-Females
(AVT = 5 ± 2.6; CON = 4 ± 1.4).
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Fig. 4. (A) Intruders interacting with AVT-Males were less
active than Intruders interacting with CON-Males based on
rates of locomotion (mean ± 1 S.E: AVT = 49 ± 8.8;
CON = 84 ± 14.1), and (B) Intruder-Males were more active
than Intruder-Females overall (Intruder-Females = 50
± 12.0; Intruder-Males = 82 ± 12.1). Data are collapsed
across (A) Intruder-Sexes or (B) Treatments.

stable and smaller territories than males, and exhibit low female-female
aggression (Jenssen et al., 2000) and little mate choice (Lailvaux and
Irschick, 2006). Therefore, reproductive opportunities depend heavily
on males (Lovern et al., 2004), such that female assessment of chemical
information from males may not be particularly important for reproduction in green anoles. Sexually dimorphic scent glands (Epple
et al., 1986; James, 1977; Murayama and Willemart, 2015; Thomas
et al., 1993) and scent marking behavior are widespread across animal
taxa (Adams et al., 2018; Blaustein, 1981; Drea, 2015; Rosell and
Thomsen, 2006), including lizards (Cole, 1966; Houck, 2009;
Kratochvil and Frynta, 2008), and may stem from sexually dimorphic
reproductive roles.
From a sensory and mechanistic perspective, AVT might boost the
production of some social odor cue that is only detected by males, or is
processed differently by males than by females. Sex differences can be
hardwired in receiver neuroanatomy (Cherry and Baum, 2019;
Woodley, 2007), such that only male green anoles may have the necessary receptors to detect AVT-associated odor cues, or males process
these odor cues differently downstream relative to females. However,
we also showed that the latency to produce a chemical behavior in
conspecific Intruders did not differ by Treatment or Intruder-Sex. This
suggests that untreated-lizards were at least initially as interested in
collecting chemical information from both AVT-Males and CON-Males,
and that differences in other chemosensory responses between sexes
may not be due to a complete lack of the necessary odor receptors.
Since a live stimulus was used in this study and not isolated odor cues,
our data do not allow us to determine whether the changes in chemosensory behavior were due to differences in the scent of AVT-Males
versus CON-Males or due to differences in some other visual or motion
cue that we did not measure. Based on additional analysis of the visual
behavior of Intruders and Residents, which can be found in Supplementary Materials, we found no significant differences between

interactions of this visually-oriented, microsmatic lizard genus
(Armstrong et al., 1953; Greenberg, 1993). Our results suggest that
untreated males tend to use more tongue flick and lip smack behavior
when interacting with conspecifics that have experimentally elevated
levels of exogenous AVT. Chemical communication has a long history of
being downplayed or overshadowed by visual communication in highly
visual species (Drea, 2015). The limited data on chemosensory behavior
in Anolis carolinensis likely stems from the conspicuous nature of their
color and motion (i.e. visual) displays in contrast to the relatively low
frequency of chemosensory displays, and the difficulty of identifying
tongue movements from a distance (i.e. in field studies) or without first
slowing down film playback speeds when scoring behavior. Prior studies extensively characterize the AVT-modulated visual display behavior of green anoles (e.g., Dunham and Wilczynski, 2014; Hattori and
Wilczynski, 2009; Kabelik et al., 2008), and the results reported in this
study warrant further research into characterizing the role of AVT in
stimulating chemosensory behavior in lizards.
4.1. Conspecific responses to AVT-treated males
4.1.1. Sex differences in AVT-stimulated chemosensory processes
We showed that A. carolinensis Intruder-Males, but not IntruderFemales, perform more chemical displays toward AVT-Males than toward CON-Males based on rates of tongue flick behavior (Figs. 2, 3C-D).
This sex difference in chemosensory responses to AVT-Males may be
due to sex differences in reproductive roles or the reliance on chemical
information during social interactions. Previous studies suggest that
most A. carolinensis females do not form mate preferences (Andrews,
1985), and that males only copulate when they are the initiators of the
sexual interaction (Jenssen and Nunez, 1998). While female green anoles spend a majority of their daily activity period stationary, similar to
males (Jenssen et al., 1996; Nunez et al., 1997), they also maintain

Fig. 5. (left) AVT-Males are quicker than CON-Males to perform a chemical display in response to an Intruder
(mean ± 1 S.E.: AVT = 311 ± 80.0; CON = 583
± 116.1), and (right) to perform a tongue flick in response to
an Intruder (AVT = 247 ± 81.3; CON = 771 ± 166.1).
Only Residents that performed a chemical display or tongue
flick are included in the respective analysis.
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treatments in rates of visual display behavior in Intruders (Fig. 2) or
Residents (Fig. S2B). We also found that Intruder rates of chemical
behavior were not associated with Resident rates of visual displays or
chemical displays, and that Resident latencies to perform a chemical
display were not associated with Intruder latencies to perform a visual
or chemical display. Either conspecifics are using a chemical cue to
differentiate between AVT-Males and CON-Males, or the cue is more
subtle than the visual display behavior commonly measured in anoles.

Nonetheless, sex differences in AVT-mediated response behaviors are
likely due to underlying differences in neural AVT systems and maintained by differences in gonadal steroid hormones (Boyd, 1997), and
AVT likely impacts both signal production and perception (Rose and
Moore, 2002; Wilczynski et al., 2005).
4.2. Behavior of treatment Males
Our data suggests that peripheral AVT can boost male interest in
chemical information that is available during social encounters. AVTMales were faster than CON-Males to both perform a chemical display,
and more specifically, to tongue flick at untreated conspecifics, performing an initial tongue flick more than three times faster and a
chemical display nearly twice as fast as CON-Males. These patterns
appear to stem from an increased initial interest in chemical cues by
AVT-Males relative to CON-Males. We found no differences in the visual
display behavior of Residents (Fig. S2) between Treatments, suggesting
that rates of push up plus head bob displays are not the cue that allows
untreated conspecifics to differentiate between AVT-Males and CONMales. Similarly, we found no differences between Treatments in visual
display behavior of Intruders (Fig. S1), suggesting that differences between Treatments in Resident latencies to perform chemical displays
are not solely due to Intruder differences in these visual displays.
The impact of AVT on reproductive interactions has been more associated with changes in male behavior, whereas females are often
insensitive to AVT (Goodson and Bass, 2001). There are consistent
neural sex differences within vertebrate AVT/AVP systems, although
precisely how the sexes differ varies across taxa (De Vries and Panzica,
2006), suggesting that the maintenance of this sex difference is important for reproductive and competitive behavior. Sex differences in
the effects of AVT on behavior may be due to differences in the direct
impacts of AVT on sensory processes (Boyd, 1994). Previous work
suggests that there is a sex difference in the activation of AVT cells
following social interactions that is also dependent on the reproductive
or competitive context. For example, in brown anoles (A. sagrei), differential activation of AVT cells between the sexes was context-dependent (copulation vs. aggression) and brain region-specific (Kabelik
et al., 2013). In addition, the presence of sex pheromones can prime
AVT neurons to respond to social stimuli in ways that depend on the sex
of the social stimulus. Mangiamele et al. (2013) demonstrated in male
goldfish that exposure to a sex pheromone (produced by both sexes)
reduced the time males spent near rival males, but did not alter time
spent near females, and that this social withdrawal from males was
associated with increased expression of AVT in the preoptic area (specifically in the parvocellular population of the preoptic nucleus). In
newts, chemical cues produced by females have been shown to enhance
male responsiveness to somatosensory cues by inducing endogenous
AVT release (Thompson et al., 2008), further suggesting that olfactory
social stimuli can prime sensory systems in ways that enhance neural
and behavioral responsiveness to social stimuli across other sensory
modalities.
Our data suggest further that peripheral AVT can potentially increase a male's reliance on the chemosensory channel during social
encounters. Similar results have been described in amphibians, where
exogenous AVT administered to male roughskin newts influences olfactory processes associated with male attraction and orientation to
female sex pheromones (Thompson and Moore, 2000). Additionally,
Meylan et al. (2017) demonstrated in male common lizards (Zootoca
vivipara) that three days following an injection with exogenous AVT,
small-bodied males avoid conspecific odors, such that AVT may have
even longer lasting effects on chemically-mediated competitive interactions, albeit a status-dependent effect since large-bodied males did
not avoid the conspecific odor. Our experimental design minimizes the
number of animals that received invasive injections by using treatment
animals up to two times per injection, which we later controlled for

4.1.2. AVT and multimodal signals
Alternatively, visual sensory processes may override chemosensory
processes in females during social interactions. In animals that use
multiple sensory channels to communicate, signals presented in one
modality alone may elicit different responses when presented in combination with signals from a second modality (Hughes, 1996; Roberts
et al., 2006), or may override signals from another different modality
(Endler et al., 1993). For example, male wolf spiders primarily rely on
chemical signals of females and match the aggression in their response
to the chemical signal rather than the visual signal from the female
(Rypstra et al., 2009). In green anoles, Dunham and Wilczynski (2014)
found no difference in male visual display rates toward females between AVT-treated and control males responding to female stimuli, as
one would expect to find if females are responding solely to male visual
display behavior and not chemical displays. However, the same study
found that females preferred to spend time near AVT-Males, suggesting
that females may cue in on other subtle behaviors that we did not
measure. In the present study, we found no significant differences between Treatmenst in the rate of visual displays performed by Intruders
(Fig. S1B) or by Residents (Fig. S2B). Instead, we found that AVT in
males can indirectly impact the chemosensory behavior of untreated
conspecifics during social interactions. Future work is necessary to
determine whether the increase in chemosensory behavior of conspecifics may be due to changes in chemical production (of semiochemicals) in AVT-Males, or changes in some other subtle visual cue.
4.1.3. AVT and locomotion
One intriguing result was the finding that Intruders moved less in
response to AVT-Males than in response to CON-Males, and this result
was consistent across sexes. Since tongue flick behavior is often associated with movement (i.e. site transfers) (Cooper et al., 1994), one
might expect that males using more tongue flick behavior would also
move more, but this was not the case. Therefore, the elevated use of
tongue flick behavior in Intruder-Males in response to AVT-Males was
not simply due to an increase in locomotion in Intruder-Males. AVT
promotes phonotaxic responses in wild túngara frogs (Physalaemus
pustulosus) in a sex-dependent manner (Baugh and Ryan, 2017), and in
male bullfrogs, AVT administration increases mate calling behavior
(Boyd, 1994). We found that untreated males moved less and performed more tongue flicks in response to AVT-Males, suggesting males
treat competitor males differently based on AVT levels, although how
males can distinguish AVT levels in competitors is not clear from our
data since AVT-Males chemically displayed at similar rates to CONMales in response to Intruder-Males. However, we did find a positive
correlation between Intruder rates of locomotion and Resident rates of
visual displays (Fig. S3) when data are collapsed across Treatments and
Intruder-Sexes, suggesting more broadly that visual display bouts in one
individual can impact the locomotor rates of the second individual in a
dyad.
A reduction in locomotion in response to AVT-Males may serve
different functions in male conspecifics than in female conspecifics. In
bullfrogs, administering AVT to adult females increases their locomotion response and reduces the amount of time it takes to approach male
mating calls (Boyd, 1991, 2019). By reducing locomotion in the presence of an AVT-Male, female green anoles may signal a willingness to
entertain courtship by males, facilitating reproductive opportunities.
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statistically and found no effect of stimulus identity on the behavior of
treated or untreated lizards, suggesting the patterns we have identified
are likely not driven by specific individuals.
Our intepretations of the direct impacts of AVT on chemosensory
behavior are limited by our experimental design since we used
Residents in multiple interactions, and some were given multiple injections over time. This experiment was designed to focus on behavioral
changes that could occur in untreated conspecifics that interact with
AVT-Males. To determine whether AVT is directly influencing chemical
signal production or modulating olfactory processes within AVT-treated
anoles, and to understand the extent to which our results may have
been impacted by order effects (order of injections and order in which
Residents received male versus female social stimuli) are intriguing
questions for future research.

nucleus. If peripheral AVT enters the CNS, then one or several of these
brain regions may be involved in the chemosensory response behavior
of AVT-treated males in this study.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.yhbeh.2020.104772.
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4.3. Potential modes of action: endocrine and central nervous systems
What might be driving AVTs association with the elevated chemosensory interest in Resident males (Fig. 5), or the increased interest in
chemosensory information (Fig. 3A) and reduction in locomotion of
social partners (Fig. 4A)? In lizards, AVT is associated with rapid
changes in testosterone (Meylan et al., 2017), and elevated levels of
testosterone alter AVT neural cell areas and optical densities (Kabelik
et al., 2008). For example, testosterone increased the abundance of AVT
in the brain of wild parthenogenic whiptail lizards (Hillsman et al.,
2007). In birds, exogenous AVT increases corticosterone while also
reducing activity levels (Nephew et al., 2005). Thus, changes to chemosensory behavior of AVT-Males may be directly or indirectly due to
underlying endocrine responses (Dunham and Wilczynski, 2014), with
AVT acting independently or in combination with cooccurring changes
in testosterone, corticosteroids, or other hormones (Wilczynski et al.,
2017). Furthermore, in lizards, increases in testosterone boosts gland
production of chemical secretions (Baeckens et al., 2017), and male
castration causes secretory glands to atrophy (Fergusson et al., 1985).
Thus, peripheral AVT may alter testosterone and indirectly impact
production of chemical signals in lizards.
The precise mechanism by which peripherally-administered AVT
mediates social interactions is not clear, and the effects of AVT on
chemosensory behavior could occur downstream from other more
general effects on endocrine or neural processes that influence multiple
sensory channels. Peripherally, AVT is involved in reptilian osmoregulation and stimulating water retention and absorption (Wilczynski
et al., 2017), thermoregulation (Bradshaw et al., 2007), and stimulating
smooth muscle contractions used to oviposit (Guillette Jr and Jones,
1980; Jones et al., 2006), potentially influencing behavior through
these peripheral mechanisms. AVP receptors are found in brain areas
with a leaky blood–brain barrier or close to circumventricular organs in
mammals (Hernando et al., 2001; Ostrowski et al., 1994), suggesting
some peripheral AVP may enter the central nervous system. Further,
some evidence suggests that the distribution of V1a-type receptors for
AVT/AVP in the central nervous system may be conserved among tetrapod animals (Hasunuma et al., 2010). Thus, the mechanisms used by
peripheral AVT to influence behavior in green anoles may be similar to
mechanisms used by AVP in mammals. In addition, AVT fibers pass
through the reptilian olfactory bulb and also extend from the forebrain
to the spinal cord (Wilczynski et al., 2017). In green anoles, AVT fibers
surround the olfactory ventricle (Propper et al., 1992) and in geckos, a
network of thin AVT fibers filling the preoptic area (POA) extend rostrally to the olfactory tubercle while some extend as far as the olfactory
peduncle (Stoll and Voorn, 1985), further suggesting that AVT may be
involved in chemosensory-mediated social behavior in reptiles. All
reptiles investigated to date have AVT cells in the paraventricular nucleus (PVN) and supraoptic nucleus (SON) (reviewed in Wilczynski
et al., 2017). Furthermore, some reptiles have AVT cells in the POA and
the bed nucleus of the stria terminalis (BNST), and green anoles also
have AVT cells in the medial septum (Ms) and interpeduncularis
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