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Abstract
Animals evolve in complex selective regimes, where a suite of different factors can 
shape signal use. We might predict that more closely related species will exhibit more 
similar behavior than those more distantly related; however, sometimes signals are 
shaped more profoundly by the environment or other forces. Lizards in the genus 
Sceloporus communicate with conspecifics with multimodal signals that combine 
species-typical push-up and headbob displays and chemical signals in the form of 
femoral gland secretions. Here, we examine behavioral activity and signal use across 
three closely related populations of the Sceloporus undulatus species complex from 
diverse habitats across the United States, to test the relative roles of habitat and phy-
logeography in shaping communicative behavior. We filmed undisturbed levels of ac-
tivity for free-ranging males of S. consobrinus, syn. S. u. erythrocheilus, in Colorado, S. 
undulatus hyacinthinus in Indiana and S. u. undulatus in Georgia, and scored frequency 
and rates of behavior important for communication. We found that populations dif-
fered in their use of communicative signals in a way that deviates from expectations 
based solely on phylogeographic proximity or habitat, suggesting that plasticity or 
adaptation to conditions that vary among populations may be especially important. 
Specifically, canonical discriminant analyses found the largest differences in move-
ment patterns. Sceloporus u. hyacinthinus was the most behaviorally different out of 
the three: males in this population had lower movement rates and particularly low 
levels of chemosensory behavior while male S. consobrinus and S. u. undulatus showed 
similar rates of chemosensory acts and headbob/push-up displays. Phenotypic and 
environmental variation among closely related populations, in combination with phy-
logeographic knowledge can help us untangle the processes responsible for the origin 
and maintenance of organismal diversity in communicative behavior.
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1  |  INTRODUC TION

Animal communication evolves in complex selective regimes, in-
fluenced by evolutionary history and the biotic and abiotic prop-
erties of signaling environments. We expect variation across taxa 
in their use of signaling systems and communicative behavior and 
can use comparative studies to identify the selective environment 
and evolutionary processes driving divergence and speciation 
(Camargo et al.,  2010). However, the mechanisms shaping intra-
specific phenotypic differentiation are relatively more elusive, 
since different populations often evolve in very similar landscapes 
and share the same evolutionary history (Zamudio et al.,  2016). 
Here, we compare the signaling behavior of Sceloporus lizards 
from three phylogeographically distinct populations of the undu-
latus clade to discriminate among some of the most likely forces 
that shape population differences in communicative behavior, in 
a species-complex lacking clear diagnostic characters where geo-
graphic boundaries and taxonomical relationships are not fully re-
solved (Leaché & Reeder, 2002).

The biotic and abiotic conditions of habitats can profoundly 
affect how animals communicate with one another in various 
contexts, including mating, territorial defense, and antipredation, 
shaping the structure, type, and timing of communicative behavior 
(Endler, 1992, 1993). For example, male anole lizards (genus Anolis) 
spend more time headbobbing in denser populations, where intra-
sexual competition is higher (Bloch & Irschick, 2006), increase the 
rate of territorial displays in warmer environments (Ord & Stamps, 
2017), and reduce the frequency or amplitude of their headbob 
displays in habitats with high predation (Simon,  2007; Steinberg 
et al., 2014). Similarly, túngara frogs (Engystomops pustulosus) limit 
their call rate and complexity in habitats with higher intensity of 
micropredator attacks (Leavell et al., 2022), and birds adjust the 
characteristics and timing of their acoustic signals to stand out 
against the background noise (Brumm & Slabbekoorn,  2005). 
If habitats have shaped the evolution of communication sys-
tems, we might expect individuals from populations that live in 
different habitats also to use signals differently. Thus, in closed 
habitats where visual signals may be obscured by poorer visibil-
ity (e.g., lower light levels, more visual obstacles), we might ex-
pect stronger use of chemical or acoustic signals (but see Hardt 
& Benedict, 2021) and lower frequency of visual displays, or the 
use of visual displays that incorporate attention-eliciting elements 
that enhance the efficiency of long-range communication (Ord 
et al., 2007; Ord & Stamps, 2008). Conversely, in open habitats we 
might expect more reliance on visual and less on chemical signals.

In other cases, phylogenetic history may play a more prominent 
role in shaping communicative behavior (e.g., Chen & Wiens, 2020; 
Starrett et al., 2022). Phenotypic and genetic divergence are fre-
quently correlated with geographic distance (“isolation by dis-
tance,” Wright, 1943). Under this scenario, geographically closer 
populations should be more alike than they are to more distant 
populations. In túngara frogs, most of the geographic variation in 
the male advertisement call is predicted by genetic relationships 

(Ryan et al., 1996). Similarly, divergence of male nuptial coloration 
among closely related species of darters (genus Etheostoma) is 
correlated with genetic distance but not with differences in en-
vironmental conditions (Martin & Mendelson,  2012). Although 
phylogenetic history may be especially important in signals under-
going strong stabilizing selection, such as frog distress calls that 
need to be loud and last long enough to be effective against pred-
ators (Forti et al., 2018), it is also a critical predictor of signals that 
are used in species discrimination (as in woodpecker drumming 
signals; Garcia et al., 2020) and that are learned (as in the songs of 
passerine birds; Arato & Fitch, 2021). Studies of intraspecific geo-
graphic variation in acoustic communication in birds have offered 
inconclusive support for isolation by distance (reviewed in Podos 
& Warren, 2007) and thus whether behavioral differences in sig-
nal use across populations match genetic or geographic distances 
cannot be assumed.

Several processes can lead to deviation from this geographic 
pattern. Behavioral convergence, for example, makes distantly 
related species resemble each other more closely than expected, 
such as Caribbean anoles found in habitats of similar visibility, 
which convergently evolved similar display behavior (Johnson 
et al.,  2010). Flying lizards (genus Draco) and anoles repeatedly 
converged in the speed and duration of their headbob and dewlap 
motion displays along common environmental gradients of am-
bient light and background visual noise (Ord et al.,  2021). Com-
municative displays (behavioral traits) are often more labile than 
morphological or physiological traits and can exhibit rapid evolu-
tionary change (e.g., Martins et al., 1998; Martins & Lamont, 1998), 
for example, via local adaptation to habitat (Ord & Martins, 2006). 
Moreover, signaling is context-dependent and shows plasticity 
in different environments (Ord et al.,  2010), potentially masking 
other underlying causes of variation. If these and other selective 
factors are the primary factors shaping evolution of communica-
tion systems, then we would expect separate populations to differ 
from each other, regardless of shared habitat and phylogeographic 
history.

Lizards in the genus Sceloporus are an excellent system for 
examining the role of habitat and evolutionary history on display 
behavior. The genus is large and includes several examples of spe-
cies living in an array of different habitats (Hews & Martins, 2013; 
Rivera et al., 2020, 2021). Male lizards are territorial and exhibit 
different behavior to communicate with conspecifics (Hews & 
Martins, 2013; Ossip-Drahos et al., 2018). First, free-ranging males 
perform push-up and headbob motions, with or without a conspe-
cific in the immediate vicinity, to broadcast information on indi-
vidual, sex, and species identity (Carpenter, 1978; Martins, 1993). 
The motions are often accompanied by body postures that also 
expose ventrolateral color patches, typically blue, which are 
often used in male aggressive encounters (Cooper & Burns, 1987; 
Martins, 1993; Ossip-Klein et al., 2013). A second type of signal 
consists in the use of chemical secretions, which are produced 
by glands located on the inner thighs of the hind legs. Chemical 
secretions are detected via chemosensory behavior linked to 
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    |  3ROMERO-­DIAZ et al.

olfaction and/or vomerolfaction and convey similar information as 
the headbob motions (Martins, 1991; Thompson et al., 2008): sex 
identity, male competitive ability, and physiological condition (Du-
vall, 1979; Hews et al., 2011; Martins et al., 2006). Although these 
signals are used widely across the genus, different species and 
populations often vary in display structure and use. For example, 
syntopic populations of two species, S. virgatus and S. jarrovii, were 
shown to differ in their basal frequency of chemosensory behav-
ior (Romero-Diaz et al., 2020; Romero-Diaz, Campos, et al., 2021) 
and three populations of S. graciosus differed in the type of body 
postures and the number of up-and-down motions used to pro-
duce the visual display (Martins et al., 1998). A more holistic and 
informative approach would be to test differences in signal use 
across the two sensory modalities, among populations occupying 
different habitat types.

Here, we examine differences in the communication behavior 
of free-ranging males in the absence of immediate receivers from 
three distinct lizard populations of the Eastern fence lizard (Sce-
loporus undulatus species complex) from diverse habitats across 
the United States (Figure 1). Based on their phylogeography, we 
would expect the more distant S. consobrinus and S. u. undulatus 
to be the most different from each other, with S. u. hyacinthinus 
being roughly intermediate (Leaché,  2009; Leaché et al.,  2016; 
Rivera et al., 2020) (“phylogeography hypothesis,” Figure 1b). Al-
though the three taxa were historically recognized subspecies of 
“Sceloporus undulatus”: S. u. hyacinthinus, S. u. undulatus, and S. u. 
erythrocheilus (Smith et al., 1992), more recent phylogenetic analy-
ses identify four distinct, monophyletic clades within S. undulatus, 
proposed to be separate species that lack diagnostic characters 
(Leaché & Reeder, 2002). These most recent taxonomic analyses 
retain S. u. hyacinthinus and S. u. undulatus as subspecies of S. un-
dulatus, but reclassify S. u. erythrocheilus as a separate species, S. 
consobrinus (Leaché, 2009; Leaché & Reeder, 2002). S. consobrinus 
(in the western US) and S. u. undulatus (southeastern US) are also 
furthest apart geographically and are separated by populations of 
S. u. hyacinthinus (northeastern US) in central North America. In 
contrast, from the perspective of habitat, S. consobrinus is either a 
prairie or canyon “ecomorph” (sensu Williams, 1972; similarly large 
or smaller, more terrestrial animals with dorsal light striping, and 
less prominent dark cross-barred pattern), and so may be quite dif-
ferent behaviorally from the other two populations, both of which 
are forest ecomorphs (Leaché & Reeder, 2002; Smith et al., 1992). 
We expect lizards in the more open habitats to rely more heavily 
on visual signals, and spend proportionally more time patrolling, 
whereas we expect those living in more closed habitats to use 
more chemical behavior and less frequent visual displays. Thus, 
based on habitat differences alone, we expect male S. consobri-
nus to produce more visual and less chemosensory behavior than 
do males from the other two populations. Habitats in the north 
and southeastern US are similarly forested, so we would predict 
S. u. hyacinthinus to be more similar to S. u. undulatus, rather than 
intermediate, as expected based on phylogeography alone (“hab-
itat similarity” hypothesis, Figure  1b). By comparing these three 

populations, we can thus test the relative importance of phyloge-
ography and habitat in shaping communicative behavior (Zamudio 
et al., 2016).

2  |  MATERIAL S AND METHODS

2.1  |  Subjects and procedure

All procedures described here were ethically reviewed and ap-
proved by the Arizona State University Institutional Animal Care 
and Use Committees (protocol #17-1597R RFC#11) and conducted 
with permission from the Indiana and Georgia Departments of 
Natural Resources, and Colorado Parks and Wildlife (permits 14-
228, 1000729793 and 19HP3336, respectively). Following Martins 
et al. (2018), we filmed for up to 25 min any free-ranging adult male 
lizard not in proximity of conspecifics that we spotted while walk-
ing through a population to determine rates of undisturbed behavior 
using Canon Elura 100 and Canon Vixia HF R800 HD camcorders at 
30 fps, from a distance of 2–10 m. We avoided approaching a lizard 
directly or occupying its direct line of sight. We conducted record-
ings crouched, hiding behind natural obstacles of the surrounding 
area, and remained still throughout the duration, except when a re-
positioning of the camera was needed. Duration of trials was highly 
variable, as subjects often moved out of sight where we could not 
follow, which ended the trial sooner, but we strived to record each 
subject uninterruptedly for the longest time possible. We filmed 
S. consobrinus at the Cheyenne Mountain State Park in Colorado 
Springs, Colorado, from May to June of 2019 in a transitional zone 
between mixed-grass prairie and mesic oak shrubland, spotted with 
exposed rocks and fractured boulders (Figure 1). We filmed S. u. hya-
cinthinus at the Hoosier National Forest near Bedford, Indiana, from 
April to July of 2013 in a woody area surrounding an artificial lake 
(Figure 1). We filmed S. u. undulatus at Dauset Trails Nature Center in 
Jackson, Georgia, from May to July of 2018 in a pine-tree dominated 
forested area (Figure  1). All data collection occurred during the 
breeding season of each species. We found males on trees, wood-
piles, fallen logs, rocks, and on concrete structures. We filmed all liz-
ards between 09:00 and 17:00 h, and thus hours of high activity. We 
collected 48 samples of undisturbed behavior from S. consobrinus 
(trials ranged from 2 to 19 min; median = 12 min), 73 samples from 
S. u. hyacinthinus (trials ranged from 1 to 25 min; median = 11 min), 
and 29 samples from S. u. undulatus (trials ranged from 8 to 21 min; 
median = 11 min). Following a behavioral recording, we attempted to 
capture the subject lizard to confirm its sex, measure its body size 
(snout-to-vent length, to the nearest mm) and mark it with non-toxic 
paint. To prevent re-recordings of unmarked lizards, we covered dif-
ferent areas on different days of sampling and avoided returning to 
already-covered areas with unmarked lizards. In cases when a lizard 
evaded capture, sex was confirmed by observation of enlarged tail 
bases and male-typical territorial behavior.

As environmental temperatures might have a profound effect on 
any behavioral variable (Gunderson & Leal, 2015), we also downloaded 
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4  |    ROMERO-­DIAZ et al.

weather data from the National Oceanic and Atmospheric Adminis-
tration's National Weather Service (https://www.weath​er.gov/) for 
the days and years of filming for the three populations. Daily average 

temperature (DAT) and precipitation data were taken from the three 
weather stations closest to each study site and are reported on 
Table 1 and the Supplementary Material (Data S1 and S2).

F I G U R E  1  (a) Dorsal view of a representative adult male and representative habitat for each of the three studied populations of Eastern 
fence lizard: Sceloporus consobrinus in Cheyenne Natural State Park, CO; S. undulatus hyacinthinus in Hoosier National Forest, IN; and S. u. 
undulatus in Dauset Trails Nature Center, GA; (b) geographic location of each population and predicted behavioral differentiation based 
on two alternative hypotheses, namely, the “phylogeographic hypothesis,” in blue, and “habitat similarity,” in red; (c) putative phylogenetic 
relationships among the three populations. Photos: C. R-D and A. O-D.
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Population DAT (°C)
Precipitation 
(mm) Year Weather station

S. consobrinus 14.1 (7.8–18.6) 0.4 (0–1.27) 2019 38.81° N, 104.69° W

S. u. hyacinthinus 21.0 (11.9–27.2) 3.6 (0–31.7) 2013 39.15° N, 86.62° W

S. u. undulatus 26.0 (23.3–27.5) 2.4 (0–39.6) 2018 33.33° N, 83.70° W

Note: Data taken from weather stations closest to each study site, ranging from 14 to 25 km away. 
See Supplementary Material (Data S1 and S2) for data on additional years for each population.

TA B L E  1  Mean and range (in 
parenthesis) daily average temperature 
(DAT) and precipitation of days in which 
behavioral observations of lizards were 
conducted.
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2.2  |  Scoring

Following Martins et al. (2015) and Martins et al. (2018), we scored 
frequencies of behavior from video recordings, focusing on visual 
(headbob/push-up displays with and without display of colorful belly 
patches [“full-show”]) and chemosensory (tongue-flicks, lip smacks, 
mouth gapes, chin wipes, and nose taps) behavior. Because chem-
osensory behavior is also often used in non-social contexts, such as 
prey detection, and we cannot unequivocally determine the purpose 
of a chemosensory act from undisturbed behavior, here, “chemosen-
sory behavior” reflects overall chemosensory reliance across tasks, 
rather than chemosensory reliance in social communication only. 
Nonetheless, all else being equal, we expect more chemically reliant 
populations to use more chemosensory behavior in social contexts 
as well. As a measure of total activity, we summed all behavioral acts 
performed during recordings, including body adjustments (i.e., small 
motions of the head or limbs), small movements (<10 cm, which is a 
conservative equivalent to moving less than 1 snout-to-vent length 
away; “moves”), large movements (>10 cm; “travel”), chemosensory 
acts, visual displays, and other uncommon behavior such as shudder 
displays, tail wags, and prey capture. To calculate rates of behavior, 
we divided these behavioral counts by the total duration of the trial 
(i.e. the total time the lizard was visible on camera) and extrapolated 
to 1 h (e.g., Campos et al., 2020; Martins et al., 2018).

2.3  |  Statistical analyses

To test to what extent different populations of Sceloporus within the 
undulatus clade can be distinguished from one another using behav-
ioral observations, we conducted a canonical discriminant analysis 
(CDA). This analysis allowed us to examine further which behavior 
best distinguishes among populations, and the relationships be-
tween different behavioral traits for each population. We excluded 
full-shows, due to low count, and small movements, which showed 
multicollinearity (assessed via correlation matrix) with large move-
ments, from this analysis. We also fit one-way ANOVAs followed 
by Tukey's HSD tests to test for population differences in body 
size, total activity, headbob/push-up displays, and chemosensory 
behavior. To test for differences in habitat weather across popula-
tions and years, we performed two generalized linear models using 
either “DAT” or precipitation probability (with precipitation coded 
as a binomial variable [0/1] and a logit link function), as the response 
variable and the factors: population, year, and their interaction as 
explanatory variables. We conducted pairwise comparisons of fac-
tor levels after a significant interaction effect using the “testInterac-
tions” function and adjusted p-values for multiple comparisons. In all 
tests, we applied a significance level of α = .05. We examined the re-
siduals to confirm that the data conformed to the usual assumptions 
of linear regression. In cases where it failed, we log-transformed all 
the response variables (i.e., headbob, adjustment, moves, and chem 
in CDA) or conducted non-parametric analyses (Kruskal–Wallis 

test) to confirm the results. We performed all statistics using the 
base package of R (v. 4.1.0; R Development Core Team, 2018) and 
the packages phia (De Rosario-Martínez et al.,  2015) and candisc 
(Friendly & Fox, 2021).

3  |  RESULTS

3.1  |  Population ecomorph

Snout-to-vent length was on average (±SE) 62 ± 0.8, 62 ± 0.9, and 
60 ± 1.0 mm in S. consobrinus (n = 37), S. u. hyacinthinus (n = 30) and 
S. u. undulatus (n = 22), respectively, and overall ranged from 48 
to 73 mm. We found no significant differences in male body size 
across populations (ANOVA: F2,86 = 0.93, p = .40); however, adult 
male dorsal pattern matched ecomorph descriptions made by Smith 
et al. (1992) and Leaché and Reeder (2002). Males of both S. u. hya-
cinthinus and S. u. undulatus were often in trees (showed scansorial 
habits) and carried the complete or almost complete cross-barred 
dorsal pattern typical of the forest ecomorph, while S. consobrinus 
males were predominantly on rocks (saxicolous) and showed a grey-
ish dark dorsum, with undefined dorsolateral light stripes and less 
prominent crossbars, which are more typical of the canyon eco-
morph (Figure 1).

3.2  |  Relationships between populations  
and behavior

Males of all three populations spent most of their time basking, 
and thus the most common behavioral act was a slight head or limb 
adjustment (“Adjustment,” Figure  2), followed by small and large 
movements (“Moves” and “Travel,” respectively, Figure 2). Frequen-
cies of headbob displays were on par with previous observations 
of undisturbed behavior in Sceloporus lizards (e.g., Romero-Diaz, 
Pruett, et al., 2021) and highly aggressive behavior (e.g., headbobs 
with display of color patches) was rare. CDA revealed that the popu-
lations differed significantly in their behavioral means collectively 
(MANOVA: F4,145 = 17.49, p < .001). In canonical space, the separa-
tion of the populations' means is two-dimensional (Figure  3). Ca-
nonical axis 1 (90.1% of the population effect; F8,288 = 8.97, p < .001) 
is largely attributable to large movements and, to a lesser degree, 
body adjustments, although all variables except headbob/push-up 
displays contributed positively (Table  2). S. u. hyacinthinus males 
scored lower than did S. consobrinus and S. u. undulatus males on 
all measures of this first canonical axis. Canonical axis 2 (9.9% of 
between-population mean difference; F3,144 = 2.55, p = .057) margin-
ally separated S. consobrinus and S. u. hyacinthinus from S. u. undula-
tus. Chemosensory acts and headbobs were the clearest measures 
of this dimension, while travel strongly contributed in the opposite 
direction (Table 2). Chemosensory acts and visual displays were very 
similarly correlated with both canonical dimensions.
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3.3  |  Population differences in behavior  
and weather

In general, rates of behavior for different activities did not trade-off, 
with the most active populations also exhibiting the highest rates 
for each type of behavior. Male S. consobrinus and S. u. undulatus 
performed more than twice as many behavioral acts as did male S. 
u. hyacinthinus (Figure 4a), such that there was a significant effect 
of population on the rate of total activity (ANOVA: F2,147 = 30.09, 
p < .001). Male S. consobrinus and S. u. undulatus also produced more 
than twice as many visual displays and a greater number of chem-
osensory behavior compared to male S. u. hyacinthinus, leading to 
a significant effect of population on the rate of headbob displays 
(Figure 4b; F2,147 = 4.92, p = .008) and chemosensory acts (Figure 4c; 
F2,147 = 13.81, p < .001), respectively.

Ambient temperature differed among populations but was 
largely stable within populations across years, with very few ex-
ceptions, leading to a significant interaction between population 
and year (Figure  5; population × year: F4,193 = 3.34, p = .010). Post 
hoc comparisons revealed that in Colorado, DATs were significantly 
lower in 2019 compared to 2013 (F1,193 = 10.11, p = .015) and mar-
ginally lower in 2019 compared to 2018 (F1,193 = 7.55, p = .052). In 
Indiana, 2018 tended to be warmer than 2013, but not than 2019 
(2013 vs. 2018: F1,193 = 7.23, p = .054). S. u. undulatus consistently 
experienced the highest DATs, followed by S. u. hyacinthinus, fol-
lowed by S. consobrinus, which experienced the lowest temperatures 

(Figure 5). Precipitation was infrequent (24% of days), and the prob-
ability of precipitation did not differ across years nor populations (all 
Χ < 7.4, all p > .11). Overall, weather was more similar between the S. 
u. undulatus and S. u. hyacinthinus populations in Georgia and Indi-
ana, respectively, than between any of these two and S. consobrinus 
in Colorado.

4  |  DISCUSSION

We found more similarities between the more distant male S. conso-
brinus (living in open rocky habitats in Colorado) and forest-dwelling 
S. u. undulatus (in Georgia) than between males of either population 
and male S. u. hyacinthinus (in Indiana), such that neither habitat 
nor phylogeography accurately predicted behavioral differences. 
The primary difference among the three populations was that S. u. 
hyacinthinus males were considerably less active and used less com-
municative behavior than did males of the other two populations. 
Based on both habitat and phylogeny, we predicted similar undis-
turbed behavior between male S. u. hyacinthinus and S. u. undulatus. 
These two subspecies are both forest ecomorphs, occurring pri-
marily in pine and hardwood forests, they exhibit a more arboreal 
lifestyle that differs substantially from the more terrestrial canyon 
ecomorph, S. consobrinus (Smith et al., 1992) (Figure 1), and experi-
ence more similar thermal environments (Table 1). S. u. hyacinthinus 
and S. u. undulatus also cluster together in the Eastern clade of the S. 
undulatus species complex, and are closer to each other geographi-
cally (Leaché & Reeder, 2002). This also agrees with a more general 
pattern found across the genus, where closely related species have 
similar morphology and tend to occur in close geographic proximity 
(Rivera et al., 2021). More specifically, we expected the behavior of 
S. u. hyacinthinus males to be roughly intermediate to that of males 
from the other two populations, based on geographic distances, and 
more similar to that of S. u. undulatus based on habitat. Instead, we 
found that male S. u. hyacinthinus were the most behaviorally dif-
ferent of the three. In addition, male body size varied considerably 
and was similar across populations, suggesting that it is not a reliable 
diagnostic character for the distinction of populations nor predicting 
behavioral differences.

Although closed and open habitat distinction did not clearly ex-
plain observed differences in our study, habitat may still contribute to 
explaining why male lizards from some populations had higher rates 
of visual displays and overall behavior than others. Closed, forested, 
habitats pose a special challenge to visual signalers, and are associ-
ated with the evolution of elaborate ornaments (Ord et al., 2015) and 
colors (Fleishman et al., 2022; Mitchem et al., 2018) that enhance 
conspicuousness. In territorial animals, habitat topography can also 
directly impact activity. Male lizards significantly increase the fre-
quency of territorial patrolling and aggressive visual displays for 
hours following encounters with male competitors (Moore,  1987). 
Also, male collared lizards (Crotaphytus collaris) court more females 
when living in open than in closed habitats (Baird & York, 2021) and 
male green anoles spend more time performing visual displays and 

F I G U R E  2  Relative proportion of observed behavioral acts 
in adult male Sceloporus consobrinus, S. u. hyacinthinus, and S. u. 
undulatus. “Headbob” consists of the number of headbob or push-
up displays (series of up-and-down motions) without display of 
blue belly color. “Adjustment,” “Travel,” and “Moves,” refer to small 
body or limb adjustments, large movements where the distance 
travelled is greater than 10 cm, and small movements with travelled 
distance less than 10 cm, respectively. ‘Chem’ refers to the number 
of chemosensory acts (tongue-flicks, lip-smacks, mouth gaping, jaw 
rubs and nose taps). “Full-shows” are not included due to low count.
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patrolling their territories when living in habitats with clumped veg-
etation and higher visibility (McMillan & Irschick, 2010). In line with 
these studies, here we found that lizards in the canyon ecomorph, 
S. consobrinus, which live in a habitat characterized by large boul-
ders with few visual obstructions (Figure  1), also had the highest 
frequency of visual displays and total activity, suggesting that direct 
and inadvertent receivers may also importantly influence broadcast-
ing behavior. We need additional studies to determine whether male 
Sceloporus lizards living in closed, forest habitats (e.g., S. u. hyacinthi-
nus and S. u. undulatus) are also experiencing different levels of intra-
sexual competition or are in closer proximity to each other.

Although lizard body temperature can have profound effects on 
activity and performance, it seems unlikely that population differences 
in ambient temperatures in our study were responsible for observed 

behavioral differences. For example, DATs were consistently and com-
paratively the lowest in Colorado, where activity rates of lizards were 
qualitatively the highest. S. undulatus select body temperatures in the 
range of 32–34°C, a preference that seems to be conserved across 
populations (Angilletta, 2001; Angilletta et al., 2002); however, loco-
motor performance is maximal at body temperatures ranging from 25 
to 38°C, a much wider range (Angilletta et al., 2002). Because we only 
sampled during hours of high lizard activity on mostly clear-sky days, it 
is likely that the fine-scale range of operative temperatures overlapped 
the species' broad optimal temperature range for activity, allowing us 
to film unconstrained behavior (Gunderson & Leal, 2015). For exam-
ple, substrate temperatures of random available perches (e.g. rocks, 
tree trunks, the ground, logs) on the same days and times of filming 
S. consobrinus ranged from 12.8 to 45.1°C with a mean of 30.05°C 

F I G U R E  3  Canonical discriminant plot for the multivariate analysis of variance (MANOVA) of population on behavioral data. Scores 
on the two canonical dimensions are plotted, together with 68% data ellipses for each group (S. consobrinus, S. u. hyacinthinus, and 
S. u. undulatus). The contributions of each behavior to differences in population means are shown by the direction and relative length of the 
variable vectors. Variable definitions are as in Figure 2.
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(n = 138; C.R-D., unpublished data), providing lizards ample opportuni-
ties to quickly achieve optimal temperatures.

Behavioral differences between the two forest-habitat lizard 
populations may be related to the balance of visual and chemical 
behavior. Intriguingly, male S. u. undulatus had the highest rate of 
chemosensory behavior, such that this population was the only one 
of the three in which lizards produced more chemosensory than vi-
sual behavior (Figure 4b,c). Male Sceloporus lizards are attracted to 
conspecific scent marks (Campos et al.,  2017), and comparatively 
more chemically oriented species may thus move more. Higher ac-
tivity levels may also reflect a need to refresh chemical signals more 
often, as these are also passively deposited in the environment as 

lizards move, because the scent marks of more-active Sceloporus 
lizard species are less smelly, containing fewer aldehydes (Campos 
et al., 2020). Male S. consobrinus were also very active, suggesting 
that there may be other reasons that encourage (or discourage) 
movement. For example, different rates of movement could also 
reflect differences in predation pressure (Refsnider et al., 2015). In 
particular, snake predators use chemical cues to select ambush sites 
or track prey (Clark, 2004), and a comparatively higher snake pres-
ence may thus favor lizard inactivity, which decreases an individual's 
risk of predation. Although we did not assess population density nor 
predation pressure in our study sites, we observed larger variance in 
S. consobrinus and S. u. undulatus behavior than in S. u. hyacinthinus, 

F I G U R E  4  Behavioral differences among male lizards from three populations of Sceloporus undulatus. Mean rate of (a) total activity, (b) 
headbob/push-up displays, and (c) chemosensory acts per hour ±1 standard error are shown. Asterisks indicate significant differences, as 
determined by Tukey's HSD test (*p < .05, **p < .01, ***p < .001).
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perhaps as a result of relaxation of selection pressures (e.g., less pre-
dation), and these hypotheses warrant further study.

Population differences in communication behavior can offer im-
portant insights into evolutionary processes. Male sagebrush lizards 
(S. graciosus) produce visual displays that can be used to distinguish 
populations (Martins et al., 1998), with male approach and female 
avoidance being the most likely mechanisms of population-level rec-
ognition (Bissell & Martins, 2006). Response behavior can also differ, 
as in collared lizards (Baird et al., 1997) and chuckwallas (Kwiatkow-
ski & Sullivan, 2002), which vary in their preferences for, and aggres-
sive responses to, brightly colored as opposed to dull conspecifics in 
the context of intra- and inter-sexual selection. Habitats and climate 
can also play an important role in shaping population differences in 
communicative behavior, as in the motion signals of Australian ag-
amid lizards (Ramos & Peters, 2017) and chemical signals of Iberian 
wall lizards (Martín et al., 2015). In both cases, signals varied in ways 
that emphasize efficacy of transmission in the local environment, 
either by increasing movement speed in noisier (i.e. higher plant mo-
tion speed) environments, or by adjusting the volatility of chemical 
secretions to local humidity and temperature conditions. Our results 
are more similar to those found for visual displays of Australian jacky 
dragons (Barquero et al., 2015) or distress calls of Chilean weeping 
lizards (Labra et al., 2021), in which differences in signaling behav-
ior are not fully explained by either genetic relationships or habitat, 
suggesting that interpopulation variation is the result of behavioral 
plasticity and different selective pressures in each population.

In summary, we found behavioral differences among three pop-
ulations of Sceloporus undulatus that are not easily explained by 
habitat or phylogenetic history alone. Both phenotypic plasticity 
and local adaptation can have marked effects on the morphology, 
performance, and behavior of animals, producing geographic vari-
ation among populations (Zamudio et al., 2016). As we have seen, 
closely related taxa can use signals very differently when faced with 
different environments, making more distant populations appear 
more behaviorally similar to each other than more closely related 
populations. Phenotypic and environmental variation within species, 
in combination with phylogeographic knowledge is crucial to deter-
mine the processes responsible for the origin and maintenance of 
organismal diversity in communicative behavior.
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