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Abstract

Multiple and multimodal signals can evolve because they convey different information to different receivers or in different
contexts. From the perspective of display receivers, however, multimodal signals may pose a challenge since evolutionary
changes in any one aspect of the signal may require shifts in other aspects of receiver physiology and behavior. Here, we use
field experiments with four species of Sceloporus lizards to test whether evolutionary loss of one element of a complex signal (a
colorful belly patch) has led to a change in the behavioral response to a live conspecific. Instead, we found that males of three
species (S. merriami, cozumelae, and siniferus) responded to the live conspecific with increased visual and decreased chemical
behavior, supporting a Sensory Isolation hypothesis in which animals minimize interference by isolating a single sensory
modality, for example, closing eyes to pay closer attention to a sound or smell. In an exception that offers additional support,
males of the fourth species, S. parvus, also showed a trade-off in their response, but responded to the live stimulus with more
chemical and less visual behavior. We found little evidence that lizards that have lost production of one signal element (belly
color) have also altered their response behavior as a consequence. These results emphasize the potentially important role of
receiver response in maintaining complex and multimodal signals.

Significance statement

Animals use all of their sensory systems to communicate with each other, but using more than one sense at a time can be a
challenge. Here, we presented male lizards in the field to a tethered intruder to ask whether lizards that have lost one element of
the signal (a color patch) over evolutionary time have also evolved their response to communicative signals. Instead, we found
that males of three species responded primarily with visual behavior and decreased their use of chemical behavior, as if focusing
their attention entirely on the visual sensory modality. Males of the fourth species responded primarily with chemical behavior,
and decreased their use of visual behavior. These results suggest that there may be mechanical constraints limiting communica-
tion signals that make use of more than one sensory system.
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Introduction

Multimodal or multicomponent signals are common, and like-
ly evolved because different signal components convey infor-
mation to different receivers or in different contexts (see
reviews by Partan and Marler 1999; Hebets and Papaj 2005;
Higham and Hebets 2013; Halfwerk and Slabbekoorn 2015;
Hebets et al. 2016). Although studied primarily from the per-
spective of display producers, complex and multimodal com-
munication may also benefit signal receivers, for example, if
redundant signals and signal components help receivers to
perceive an important message. On the other hand, perceiving
complex and multimodal signals may be costly to signal re-
ceivers, for example, if perception of one signal or signal
component interferes with response to another or if simulta-
neous perception requires special tuning or maintenance of
sensory systems. In this case, evolutionary loss of one signal
or signal component may lead to changes in other aspects.
Here, we make use of natural differences among lizard species
to ask whether evolutionary loss of a colorful signal patch is
associated with a change also in signal receivers and the ways
in which they respond to conspecifics.

From the perspective of senders, many communicative sig-
nals have multiple parts because those parts serve different
functions. Some elements, for example, may grab the receiver’s
attention whereas others convey detailed information (e.g.,
Preininger et al. 2013; Endler et al. 2014). In other cases, signal
components may work most effectively in different contexts,
increasing the space and distance across which signals can carry
information (e.g., Stafstrom and Hebets 2013; Uetz et al. 2013,
Uy and Safran 2013). There are also signal components that
carry different aspects of information (e.g., Ruppli et al. 2013)
or are directed towards different receivers (e.g., Zanollo et al.
2013). When signal components make use of multiple sensory
modalities, they are generally more effective in terms of ensur-
ing that messages are received (Partan 2013). Although produc-
ing more than one signal or signal component can be costly
(e.g., Wilson et al. 2013), sexual selection may also act directly
on complexity, favoring individuals that show potential mates
or competitors that they are able to overcome those limitations
(e.g., Ord et al. 2001; Ord and Martins 2006; Ward et al. 2013).

From the perspective of signal receivers, perception and
response to complex or multimodal signals may be costly
and can depend on individual variation in sensory ability
(Ronald et al. 2012, 2018) or on the context in which the
signals are perceived (e.g., Halfwerk and Slabbekoorn
2015). Sometimes, complex signals enhance or expand the
information that receivers gather, whether those be intended
conspecific receivers, eavesdroppers, or predators exploiting
signals to locate their prey. For example, female wolf spiders
detect multimodal cues more quickly than they do visual or
vibratory cues alone (Uetz et al. 2009). Male Tungara frogs
integrate information from multiple cues to estimate the
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distance from the sender (Halfwerk et al. 2014), and aphids
combine input from different sensory systems to obtain more
accurate and reliable cues about predator presence (Ben-Ari
and Inbar 2014). Integrated perception of multimodal stimuli
can also influence subsequent behavior, as in humans where a
combination of visual and somatosensory stimuli may en-
hance motor learning (Wenderoth 2015), or in zebrafish in
which experience in a visually-deprived context affects
subsequent chemical behavior (Suriyampola et al. 2018).
However, if signals or signal components are integrated, evo-
lutionary loss of a signal component may lead to extended
consequences for signal receivers. Receivers may need to
compensate for loss of information by sharpening their senso-
ry systems or by engaging in behavior that enhances their
perception of the signal components that remain.

There is considerable indirect evidence of an interaction be-
tween visual and chemical senses in lizard signal receivers.
Lizards in the Iguania use both chemical deposits and motion
displays at territorial boundaries to attract potential mates or to
deter potential intruders (Carpenter and Ferguson 1977). In ad-
dition, lizards sometimes respond to chemical cues with visual
displays (Duvall 1979), and their chemical deposits exhibit ul-
traviolet colors that the lizards may use to identify territorial
markers visually (Alberts 1989). Playback experiments de-
signed for other purposes have also found connections between
visual and chemical behavior. For example, Hews and Benard
(2001) found that male Sceloporus virgatus, a species that has
evolutionarily lost a colorful belly patch that is used by other
Sceloporus species as a signal in male—male interactions, also
used more chemosensory behavior in response to a live conspe-
cific than did male Urosaurus ornatus, a closely related species
that retains the color patch. Thompson et al. (2008) found that
S. graciosus lizards presented with a combined visual and
chemical stimulus responded with less chemosensory
behavior than they did to a chemical stimulus alone. Further,
Pruett et al. (2016) found that Sceloporus lizard species which
increased chemosensory behavior in response to a chemical
stimulus also produced fewer visual displays in response to that
stimulus. Others have found a negative association between
evolutionary changes in visual and chemical signals when
looking across species and over longer periods of time
(Martins et al. 2004; Ossip-Klein et al. 2013).

Here, we ask about the behavioral mechanisms involved in
the behavioral response to multimodal signals, and test wheth-
er evolutionary losses of one element of Sceloporus lizard
signals (a colorful belly patch) are consistently associated with
shifts in response behavior. Most male Sceloporus lizards
have blue belly patches that they display most prominently
during aggressive male—male interactions (Carpenter and
Ferguson 1977). However, males of a few of the 80—100 spe-
cies in this genus have lost the conspicuous belly patch, such
that ancestral reconstructions along a phylogeny find seven
independent evolutionary losses (Ossip-Drahos et al. 2016).
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In an earlier study (Martins et al. 2015), we found that males
of two species with plain white bellies use more aggressive
headbob displays than do males of sister taxa that retain the
belly patch, suggesting that evolutionary compensation has
twice shifted the aggressive content of a static color patch to
the more dynamic motion of the headbob display. Here, we
use the same comparison of four species, but focus on re-
sponse behavior, asking whether evolutionary loss of the color
patch has influenced also the ways in which male lizards re-
spond to a live conspecific.

Since white-bellied male Sceloporus use more aggressive
headbob displays (Martins et al. 2015), we might expect them
also to rely more heavily on motion displays in their behav-
ioral response to conspecifics. For example, they may use
more motion displays themselves, engaging conspecific in-
truders in an exchange of visual cues. Given the links between
visual and chemical signals, we might also expect that males
of species that have lost the colorful visual signal will be more
attentive to chemical cues and to use more chemical investi-
gation behavior in response to a potential intruder. Males of
white-bellied species may also respond to intruders by engag-
ing in more general behavior that maximizes multimodal sen-
sory access. For example, animals may freeze to pay closer
attention or move their heads towards the intruder, simulta-
neously moving the eyes, ears, and nose in ways that facilitate
perception in more than one sensory modality at a time.
Finally, the evolutionary loss of the blue belly patch may not
have had any direct impact on response behavior. Here, we
conduct field experiments to test among these possibilities, using
males of four species of Sceloporus lizards that represent two
independent evolutionary losses of the colorful blue belly patch.

Methods
Subject species

We conducted field experiments with four Sceloporus lizard
species, chosen as part of a larger comparative study (Hews
and Martins 2013) to represent two evolutionary losses of the
colorful belly patches typical of this genus. The first evolu-
tionary loss is represented by two species in clade A:
S. cozumelae and S. parvus. We collected data during the peak
mating period for each species, when males were actively
defending territories and courting females. Specifically, we
collected data from male S. cozumelae on sandy beaches near
Canctin, México, in May 2013, and from male S. parvus in
June 2013 in a desert scrub habitat near Querétaro, México.
Male S. parvus have blue belly patches, whereas female
S. parvus and both male and female S. cozumelae do not.
Although male S. parvus exhibit two throat color morphs
(blue-yellow and blue-white), we did not distinguish between
these in our analyses since they do not differ substantively in

their behavior (Hews et al. 2015). The second evolutionary
loss is represented by two species in clade B (phylogenetic
relationships described by Leaché (2010)) and Wiens et al.
(2010)). For the second clade, we recorded the behavior of
male S. merriami on the reddish-gray walls of a slot canyon in
the Chihuahua desert Big Bend TX in May 2011 and 2012,
and we studied male S. siniferus in the thick vegetation of a
semi-deciduous tropical rainforest at the Huatulco National
Park, MX, in June and July 2012. Male S. merriami have
colorful belly patches with blue and green components,
whereas female S. merriami and both male and female
S. siniferus bellies are white to the human eye. These are the
same four species that were studied in Martins et al. (2015).

Procedure

To measure the behavioral response of males to live conspe-
cifics, we conducted field experiments, recording lizards in
the field during undisturbed behavior (“Baseline” trials) and
when presented with a live conspecific (“STI” trials). For each
species, we first recorded the undisturbed behavior of each
male in baseline trials, finding an individual male and
videorecording for up to 10 min with a Canon Elura 100
camcorder from a distance of 2—10 m. The results of these
baseline trials are reported also in Martins et al. (2015). For
the current study, we also conducted staged territorial intru-
sions (STIs), following Ruby (1978) and Moore (1987) by
tying a stimulus lizard to a fishing pole with a 10-cm string
and placing that tethered animal on the substrate at a distance
of 2 m from the focal subject. Stimulus lizards were always
males captured in advance from another location to minimize
familiarity, but were not size-matched or otherwise controlled.
We used most stimulus lizards repeatedly in two to three STI
trials, but used a few animals in four or five trials. If the focal
subject did not appear to have seen the tethered stimulus after
5 min, we moved the tethered animal closer, to within 1 m of
the focal subject. In all four species, the tethered stimulus
animals did very little during these trials, usually freezing or
attempting to flee. Trials were up to 30 min long, but durations
were highly variable because the subject often ended the trial
by moving out of sight. For this reason also, most baseline and
STI trials involve different focal animals. We prematurely
stopped any trial in which the subject physically attacked the
stimulus lizard, and attempted to catch the subject lizard im-
mediately after each trial to weigh and measure them.

In total, we conducted 18 baseline trials and 25 STIs with
male S. parvus (samples ranged from 3 to 20 min in duration;
median = 12 min). We conducted 23 baseline and 14 STIs
with male S. cozumelae (samples ranged from 1 to 24 min in
duration; median = 10 min). We conducted 51 baseline and 34
STIs with male S. merriami (samples ranged from 1 to 30 min
in duration; median = 10 min). We conducted 34 baseline and
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41 STIs with male S. siniferus (samples ranged from 1 to
16 min in duration; median = 11 min).

Scoring

As in Martins et al. (2015), we scored the frequencies of all
behavior from the videotapes, but focused our attention on
visual (e.g., shudderbobs, headbob displays, display-specific
postures) and chemical (e.g., tongue flicks, gapes, jaw rubs)
behavior. Although these behavior patterns are a mix of signal
production and perception and may also serve other behavior-
al functions, they highlight a single sensory modality and were
produced in response to visual and chemical cues
(respectively) in other playback studies (e.g., Thompson
et al. 2008; Pruett et al. 2016). To get a measure of total
activity, we summed all behavioral acts including head move-
ments, locomotion, attacks, tail wags, chemical behavior, and
visual displays. Although these types of behavior can vary
considerably in intensity, high-intensity behavior (e.g., at-
tacks) is rare. Also, Sceloporus lizards typically do not com-
bine behavior patterns into longer sequences, so our measure
of total activity roughly reflects the number of times the ani-
mals engaged in any behavior at all. We then divided each
total behavioral count by the total duration of the trial. For
each headbob “display” (a stereotyped series of up-and-
down motions), we also recorded the number of individual
up-and-down motions (i.e., headbobs), and whether the dis-
play was accompanied by “full-show” postural elements (e.g.,
arched back, lateral flattening, gular extension). More
headbobs in a display and the use of full shows have both
been associated with aggression in Sceloporus lizards
(Carpenter and Ferguson 1977; Martins 1993). To minimize
unintentional biases, blinded methods were used in that those
who scored the recordings had not observed the lizards in the
wild and were not aware of our specific hypotheses and ex-
perimental predictions.

Statistical analyses

We used three-way ANOVAS to compare differences between
behavioral responses during baseline and STI trials (factor 1:
trial type). To test our primary hypotheses, we included a
factor (factor 2: color) to test for the difference between spe-
cies with colorful belly patches (S. parvus and S. merriami)
and those with white bellies (S. cozumelae and S. siniferus), a
third factor (factor 3: clade) comparing lizards in one clade
(S. parvus and S. cozumelae) with those in the second clade
(S. merriami and S. siniferus), and interaction terms. For each
model, we examined the residuals to confirm that the data
conformed to the usual assumptions (homoscedasticity and
normality) of ANOVA. When assumptions were violated,
we confirmed results using non-parametric Wilcoxon tests
testing a single factor at a time. All models were fit using
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the aov and wilcox commands of the base package of R (R
Development Core Team 2013).

Data availability

All data generated or analyzed during this study are included
in this published article (and its supplementary information
files).

Results
Visual-chemical trade-offs

When presented with a live male stimulus, males of all four
species showed opposing shifts in visual and chemical behav-
ior. Although males of both species that have lost the colorful
belly patches produced more headbob displays in the presence
of'a live conspecific than during baseline trials (right panels of
Fig. 1), males of the two species that retain colorful belly
patches responded differently in these two contexts (left
panels of Fig. 1) leading to a significant three-way interaction
between trial type, belly color, and clade (ANOVA: F| 53, =
5.0, p=0.03). Males of three of the four species (all except
S. parvus) produced more headbob displays in the presence of
a live conspecific than they did during baseline trials (Fig. 1),
leading to a significant effect of trial type on the number of
headbob displays in the same model (ANOVA: F} 3, =5.4,
p=0.02). Males of the two species with colorful belly patches
(left side of Fig. 1) produced fewer total headbob displays in
our trials (both baseline and STI) than did males of the two
plain-bellied species (right side of Fig. 1), such that there was
a significant main effect of belly color (ANOVA: F 53, =4.3,
p=0.04). Also, male S. parvus and S. cozumelae produced
slightly more headbob displays in both types of trials than
did male S. merriami and S. siniferus leading to a marginally
significant effect of phylogenetic clade (F,3,=3.7, p=
0.05). Interactions between trial type and belly color
(F1232=0.1, p=0.71), trial type, and phylogenetic clade
(F1232=0.7, p=0.41) as well as between clade and color
(F1232=0.5, p=0.48) were not statistically significant.
Using two-way ANOVAs to confirm results for each clade
separately, we found that male lizards in clade B (S. merriami
and S. siniferus) produced more headbob displays in STI than
baseline trials (£ 156 =06.6, p=0.01), and that males of the
species that has lost the colorful belly patch (S. siniferus) pro-
duced more headbob displays overall than did males of the
species that retained the belly patch (S. merriami; Fy 156 = 6.6,
p=0.01). There was no evidence for a significant interaction
effect between belly color and trial type (F56=1.2, p=
0.27). For males of clade A (S. parvus and S. cozumelae),
we found only a marginally significant interaction between
belly color and trial type (F; 156=2.9, p=0.09), with no
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Fig. 1 Male lizards of three of ®
four species produced more o _|
headbob displays when @
confronted with a live conspecific i
(STIL: Staged Territorial
Intrusions) than in baseline trials. &
In contrast, male S. parvus ©
produced fewer headbob displays -
in STIs than in baseline trials. o
Male lizards of the two species on <
the left (S. parvus and merriami) c\n o0 —
have colorful belly patches, > o
whereas males of the two species %_
on the right (S. cozumelae and )
S. siniferus) look white to the ()]
human eye. Error bars are + one ko)
standard error, and the number of 5
trials is in parentheses o 5
E @ 7
=]
Z 8
o |
Q
o
«
o _]
o _
0 -
o -

Baseline (51)

significant effects of trial type (£ 156 =0.2, p =0.62) or belly
color (F,156=0.1, p=0.78).

Males of the same three species that increased headbob
display behavior in response to STIs also produced fewer
chemical acts (summing tongue flicks, gapes, and jaw rubs)
when presented with a live stimulus (Fig. 2), yielding a sig-
nificant effect of trial type on chemical behavior (Wilcoxon
test: W=4677, p«0.01). Male S. merriami engaged in an
especially high frequency of chemical behavior during base-
line trials, but stopped almost entirely when confronted with a
live stimulus (Fig. 2). Again, males of the fourth species
(S. parvus) were different, tongue-flicking more rather than
less when presented with a live conspecific.

White-bellied lizards increased activity in staged
encounters

As shown also in Martins et al. (2015), male lizards with white
bellies (S. cozumelae and S. siniferus) were less active than those
with colorful belly patches (S. parvus and S. merriami) during
baseline trials. However, they increased activity when presented
with a conspecific stimulus (Fig. 3). The two species with color-
ful belly patches either decreased activity in the presence of a
conspecific stimulus (S. merriami) or did not change activity
substantively (S. parvus; Fig. 3). This led to a significant

Baseline (18)

Baseline (23)

S. parvus S. cozumelae

Baseline (34)

S. merriami S. siniferus

interaction between color and trial type in an ANOVA
(F1232=5.2, p=0.02). None of the other interaction (clade x
color: Fj23,=2.5, p=0.12; clade x trial type: Fj23,=2.4, p=
0.12) or main effects of clade (F,3,=0.1, p=0.92), color
(F1,232 = 07, p= 040), or trial type (F]’232 = 01, pP= 091) were
statistically significant predictors of activity level.

Response to tethered conspecifics was aggressive

Males of all four species produced more aggressive headbob
displays during STIs than they did during baseline trials.
Headbob displays during STIs included more full shows (pos-
tural displays with lateral flattening and gular extension;
Fig. 4a). This effect of trial type was statistically significant
whether tested in a non-parametric test (Wilcoxon test: W=
4677, p<0.01) or in an ANOVA including also clade and
belly color as factors (F 3, =33.1, p«0.01). Because
S. parvus produced very few headbob displays with full shows
in either type of trial (Fig. 4a), ANOVA also detected a sig-
nificant clade X color x trial type interaction effect (/) 232 =
6.1, p=0.01), as well as significant clade (/; 53, =15.1, p«
0.01) and belly color (£} ,3,=10.0, p<0.01) effects.
Interactions between clade and color (F 53, =2.5, p=0.12),
clade and trial type (¥ 23, =2.0, p=0.16), and color and trial
type (F1.232=0.01, p =0.94) were not statistically significant.
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Fig. 2 Male lizards of three of °
four species engaged in less

chemical behavior when ® 7]
confronted with a live conspecific o -

(STI) than in baseline trials. In
contrast, male S. parvus tongue- <
flicked more frequently in the

presence of a tethered intruder. S oo
Male lizards of the species on the %
left (S. parvus and merriami) have <_( o -
colorful belly patches, whereas 8 Baseline (18) STI (25) Baseline (23) STI (14)
males of the species on thg right g S. parvus S. cozumelae
(8. cozumelae and S. siniferus) c
look white to the human eye. 8 °
Error bars are + one standard °© =7
error, and the number of trials is in 2 o
parentheses g
z o
< -
~ - —
o - —
Baseline (51)  STI'(34) Baseline (34)  STI (41)
S. merriami S. siniferus

Headbob displays produced during STIs also included more
total headbobs/display than did headbob displays produced dur-
ing undisturbed baseline trials, especially in the species that have
lost the colorful belly patch (S. cozumelae and S. siniferus: Fig.
4b). This resulted in a significant clade by color interaction effect
(F1232=11.6, p <0.01) in our three-way ANOVA, as well as a
significant effect of trial type (F 23, = 8.6, p < 0.01). Because the
two species in one clade (S. merriami and S. siniferus) used many
more up-and-down motions in each headbob display than did the
two species in the other clade (S. parvus and S. cozumelae), we
also found in the same ANOVA model a significant main effect
of clade (F,3,=273.6, p<0.01). Also, males of species that
retained the color patch also used fewer headbobs in their dis-
plays than did males from species that have lost the color patch,
leading to a significant main effect of color (F 3, =159.4,
p<0.01). We found no evidence for a significant three-way
interaction between clade, color, and trial type (F,3,=0.1,
p=0.80), or interactions between trial type and color
(F] 232= 13, pP= 025), or clade (F] 232 = 14, p= 024)

Discussion

In this study, we found that evolutionary loss of a colorful
belly patch was associated with little, if any, change in behav-
ioral response to a live conspecific. Instead, we found an in-
triguing pattern of sensory trade-offs with male lizards of all
four species responding to a live conspecific by increasing
behavior involving one sensory modality and decreasing be-
havior that highlights other senses. Males of three species of
Sceloporus lizards (S. merriami, S. cozumelae, and
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S. siniferus) responded to a live conspecific by increasing
visual and decreasing chemical behavior, whereas males of
the fourth species (S. parvus) responded with chemical behav-
ior, while decreasing visual behavior. We also found no evi-
dence that animals maximize use of more than one sensory
modality at the same time, such as simultaneous increases in
both visual and chemical behavior, in any of the four species.

Our finding that male Sceloporus lizards responded equally
vigorously to simulated territorial intruders whether they were
from species that have retained colorful belly patches or not
suggests that there may be no evolutionary link between sig-
nal production and response behavior. The result is surprising
because male Sceloporus lizards appear to compensate for the
evolutionary loss of the color patch by producing more ag-
gressive headbob displays when undisturbed (Martins et al.
2015). Also, plasma testosterone levels and numbers of andro-
gen receptor-positive cells in key hypothalamic areas in males
during peak breeding periods were lower in a white-bellied
species than in a blue-bellied species (Hews et al. 2012), and
white-bellied males were less active during baseline trials
(Martins et al. 2015). Thus, our result that males of all four
species behaved similarly indicates that white-bellied males
also had a larger increase in activity levels between undis-
turbed baseline and simulated intruder trials, and is consistent
with the earlier finding that white-bellied males responded
more vigorously to field presentations of conspecific chemical
secretions than to a blank control swab (Pruett et al. 2016).
This greater increase in activity in the white-bellied species is
in spite of having lower levels of circulating testosterone
(Hews et al. 2016), and the strong relationships between hor-
mones and motivated behavior in lizards (Wade 2011).
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Fig.3 Male lizards of species that &
have lost the colorful belly o
patches (S. cozumelae and a7
siniferus) increase activity (i.e., o _
summing bouts of locomotion, T
visual displays, etc.) when o |
presented with a live stimulus
(STI) as compared to that during £ 1
baseline trials. Males of species E
with color patches on their bellies a ° ~
either decreased (S. merriami) or 3 Baseline (18) STI (25) Baseline (23) STI (14)
did not. change (S. parvus) activity I S. parvus S. cozumelae
levels in STIs as compared to ke]
baseline trials. Error bars are + E ©
one standard error, and the 3 &
number of trials is in parentheses 5 o |
S
E
o _|
£
Pz o |
o -
o

Baseline (51)

Mechanistically, these results all suggest that androgens may
not play a major role mediating these behavioral responses to
chemical or visual presentations of intruders. Functionally, we
need additional studies to determine whether the absolute
amount of defensive behavior or the difference between base-
line and intruder response behavior is more salient to territorial
interactions and subsequent space-use decisions.

Our results also provide some support for a “Sensory
Isolation” hypothesis, in which animals presented with a mul-
timodal stimulus strive to isolate a single sensory modality.
Ours are consistent with the results of other studies that found
negative interactions between visual and chemical signals in
lizards (e.g., Thompson et al. 2008; Ossip-Klein et al. 2013),
and with the possibility of interference between sensory sys-
tems in signal receivers. Although lizards in our study did not
close their eyes while tongue-flicking or close their nares
while producing headbob displays, there may be mechanical
constraints that limit visual attention during chemical behavior
or chemo-perception during intent visual response behavior.
During tongue flicks, for example, lizards usually directed
their heads towards the substrate, perhaps limiting their visual
fields and ability to see conspecific motion displays from a
distance. Similarly, producing a visual headbob display in-
volves lateral compression which can interfere with respira-
tion (Brandt 2003) and may constrain the extent to which
lizards can perceive chemically. The morphologies of brain
regions associated with vision and chemical behavior differ
between lizard species that communicate primarily using vi-
sual and chemical signals (Robinson et al. 2015). Also, the
headbob displays observed in our study were highly stereo-
typed motions that fit the historical definition of a “fixed-

STI (34)

S. merriami

Baseline (34)

S. siniferus

STI (41)

action-pattern” in the sense that they were never interrupted
(but see Stamps and Barlow 1973, for detailed discussion). To
our knowledge, there are no reports of lizards tongue-flicking
or turning their heads while producing headbob displays, and
we have observed this only once ourselves in thousands of
hours of behavioral observation (DKH and EPM, pers. obs.).
Thus, producing a visual headbob display may constrain the
extent to which lizards can perceive chemically.

Our results also emphasize that although species often show
preferential use of one sensory modality over the others, these
biases may not be consistent across behavioral contexts. For
example, actively foraging lizard species (i.e., those that wander
through the habitat searching for food) use chemical behavior
(e.g., tongue-flicking) frequently and also use chemical cues to
identify appropriate prey (e.g., Cooper 1995). We might thus
expect actively foraging species also to rely heavily on chemi-
cal signals in communication. In the current study, however, we
found that baseline frequencies of chemical behavior did not
predict the use of chemical behavior during social interactions.
In particular, of the four species in our study, male Sceloporus
parvus produced the least chemosensory behavior during base-
line trials (Martins et al. 2015), but responded chemically rather
than visually to a live conspecific in the current experiments. In
contrast, male S. merriami engaged in frequent chemosensory
behavior during the baseline trials, yet responded primarily with
visual behavior to a live conspecific. This result is similar to that
found in a separate series of chemical playback trials conducted
on the same four species (Pruett et al. 2016), in which S. parvus
males also responded to experimental stimuli (whether a blank
control or a conspecific chemical) with higher levels of
chemosensory behavior than did S. merriami. This distinction
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between contexts may allow for separate phenotypic shaping
by natural versus sexual selection. For example, animals that
emphasize chemosensory mechanisms for foraging and explor-
atory behavior may have fewer evolutionary constraints on their
vision and thus be better able to optimize visual displays for use
in courtship or male—male aggressive encounters than would
animals that use the same sensory modalities in both foraging
and conspecific interactions.

@ Springer

Although most lizards in our study responded primarily to
the visual aspects of the live conspecific, male Sceloporus
parvus lizards responded chemically instead. Chemical cues
may be especially important for S. parvus at this site where
they are sympatric with an unusually large number of other
Sceloporus species (three: S. grammicus, S. minor, and
S. spinosus). In addition to the need to avoid the cost of un-
necessary battles, two of the congeneric species at this site
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(S. minor and S. spinosus) are considerably larger than
S. parvus and may be its occasional predators. Chemical sig-
nals may be less dangerous because they can be sampled at
some temporal and spatial distance from the producer. At our
study sites, the three other species in our current study were
sympatric with only one other Sceloporus species
(S. merriami with S. poinsettii, S. siniferus with
S. melanorhinus, S. cozumelae with S. chrysostictus). Each
of these three species also has a more complex headbob dis-
play pattern than does S. parvus (Carpenter 1978; Martins
et al. 2015). S. parvus is also unique among the four species
in that males exhibit two throat color morphs that do not differ
detectably in behavior (Hews et al. 2015), although there may
be differences in plasma testosterone levels and in the chem-
ical composition of their femoral gland secretions (Pruett
2017). Additional studies of the importance of sympatric con-
geners as a selective pressure may be warranted given also the
prominent examples of character displacement and adaptive
radiation in lizards (e.g., in anoles: Losos 2011).
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