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head-on view so that the robot dewlap and headbob displays were 
readily visible to the subject. A digital video camera was secured to 
another tripod, positioned ~2 m behind the stimulus robot and in-
line with the male subject, capturing both in a single field of  view. If  
the subject did not flee or display throughout the setup (ca. 5 min), we 
triggered the robot’s display sequence from a laptop computer, thus 

initiating the trial. The display portion of  each trial lasted 10 min, 
after which we continued to record subject responses for an additional 
2 min. We conducted ~25 robots presentations per treatment and 
used a constrained random approach whereby treatments were pre-
sented to subjects, as encountered, according to a repeated random 
sequence.

Figure 1 
(A) Relative photon catches for each cone class in Anolis grahami. Black curves depict cone capture areas, obtained by multiplying smoothed, normalized visual 
pigment. Absorbance curves times their associated smoothed, normalized oil droplet transmission spectra. Grey curves depict cone capture areas prior to oil 
droplet filtering (the oil droplet associated with the UVS cone is transparent and has no impact on absorbance). Numbers above each curve indicate peak 
wavelength absorbance for each visual pigment in the absence of  filtering by oil droplets. Visual pigment and oil droplet data are from Loew et al. (2002). 
Curves were generated using absorbance templates for A1-based visual pigments using the equations of  Govardovskii et al. (2000). (B) Reflectance spectra of  
the (actual) A. grahami male dewlap and of  the 3 color treatments used for artificial dewlaps.
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Statistical analysis

Data on subjects’ responses were extracted directly from video record-
ings. We explored the effect of  stimulus (robot) treatment in a semihier-
archical manner by first contrasting whether subjects responded to the 
stimulus with headbobbing or dewlapping, and second, for responders 
only, by contrasting the duration of  each behavior. “Responders” in 
this analysis were subjects that exhibited headbob displays or dewlap 
pulses in response to the displays of  the robot. Given our a priori pre-
diction that stimuli departing in color or behavior from the control 
(conspecific) would elicit fewer or weaker responses from subjects, we 
embedded in our analysis the planned contrast: control responses ver-
sus responses across all other treatments. This contrast also recognizes 
the 1 × 2 “hanging control group” nature of  our design.

We conducted all analyses within a generalized linear modeling 
framework, in which parameters were estimated using restricted 
maximum likelihood techniques. This approach is more versatile 
than least squares, both in the range of  response distributions that 
can be modeled and in its freedom from restrictive assumptions 
such as homoscedasticity (Agresti 1996). It also incorporates non-
linear (canonical) link functions, a point of  potential importance in 
that it allows for nonlinear scaling of  the probability distribution 
underlying subject response behaviors across stimulus treatments 
(Agresti 1996). We have no a priori grounds to expect that such 
scaling should be linear with respect to our treatments. We analyzed 
whether subjects reacted to the robots and the duration of  those 
responses, by comparing the fit of  variously parameterized models 
in analyses using binomial (logit-link) and normal (log-link) response 
distributions and link functions, respectively. Log-likelihood ratios 
were evaluated for significance against the chi-squared distribution 
with k-1 degrees of  freedom, whereby k is the change in estimated 
parameters across models. Data were analyzed using Statistica v7.0.

Results
Robots were presented in closely similar numbers of  trials per 
treatment to 102 lizards (Table  2). Overall, 56 (55%) subjects 
responded by dewlapping, 41 (40%) by headbobbing, and 60 
(59%) engaged in both behaviors. We found no evidence that 
treatment influenced a subject’s probability of  responding 
(Table  2). However, among the 60 subjects that did respond, 
treatment affected the duration of  their dewlap pulsing (overall: 
χ2

3 = 7.948, P < 0.05; planned contrast: χ2
1 = 7.839, P < 0.01) but 

not their headbobbing response (overall: χ2
3 = 2.120, P = 0.548; 

planned contrast: χ2
1 = 0.697, P = 0.404). Individuals dewlapped 

in response to conspecific (control) displays significantly longer 
than to robot presentations in which either dewlap color or 
headbob display structure was altered (Figure 2C).

Discussion
Selection to avoid costly heterospecific interactions has favored a 
great diversity of  complex, multicomponent species advertisement 
signals. One putative example is headbob display structure and dew-
lap coloration in anoline lizards (Williams and Rand 1977). These 
displays have long been argued to deliver multiple redundant cues 
for species recognition, particularly in areas of  multispecies sym-
patry (e.g., Williams and Rand 1977), or where diverged species 
have established zones of  secondary contact (e.g., Glor and Laport 
2011). As suggested by Nicholson et  al. (2007), although dewlap 
color variation in Anolis communities may be no greater than would 
be expected by chance, the diversity of  extant dewlap color and 
headbob display patterns could easily facilitate species identification.

Here, we used a computerized robotic stimulus to dem-
onstrate a unique social signaling role for dewlap color and 
headbob motion components of  male A.  grahami displays. Our 
artificial dewlap color treatments were designed, first and fore-
most, as manipulations of  color (hue) independent of  lumi-
nance (brightness), thus allowing assessment of  the importance 
of  these signal features to species advertisement. Anolis dewlaps 
are viewed under a broad range of  intensities of  down-welling 

Table 2 
Probabilities of  live male Anolis grahami responding across the 
4 robot treatments 

Robot treatment N

Probability of  Response

Headbobbing Dewlap pulsing

1. Control 25 0.40 0.64
2. Light blue 27 0.37 0.63
3. Dark blue 27 0.30 0.41
4. Reverse headbob 23 0.56 0.52
Contrasts
  Overall χ2

3 = 3.902, 
P = 0.272

χ2
3 = 3.815, 

P = 0.282
  Planned (1 vs. 2 + 3 + 4) χ2

1 = 0.000530, 
P = 0.982

χ2
1 = 1.121, 

P = 0.290

We measured lizard responses in terms of  “headbobbing,” in which the head 
and anterior trunk region are bobbed in a repeated “up–down” motion (also 
including 4-legged push-ups), and “dewlap pulsing,” wherein the dewlap is 
sequentially extended and retracted in a pulsing manner.

Table 1 
Visual modeling of  Anolis grahami relative photon catches (×100) in response to reflectance of  actual and artificial dewlaps 

Source UVS SWS MWS LWS Sum Perceived intensity

A. grahami dewlap
  Orange center 5.152 4.974 13.633 23.944 47.703 1.000
  Yellow rim 4.390 3.455 9.702 17.766 35.314 0.740
Robot dewlaps
  Orange center 4.317 5.990 13.561 23.792 47.660 0.999
  Yellow rim 2.105 5.030 16.267 19.508 42.911 0.900
  Light blue center 8.491 26.870 26.486 15.602 77.450 1.624
  Dark blue center 4.747 13.727 2.910 2.268 23.652 0.496
  White rim 20.150 30.927 33.135 32.828 117.040 2.453

Brightness (perceived intensity) values are normalized relative to the sum of  the cone outputs for the A. grahami dewlap orange center. UVS: ultraviolet-sensitive, 
SWS: short-wavelength-sensitive, MWS: medium-wavelength-sensitive, LWS: long-wavelength-sensitive. See text for details. 
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and side-welling illumination, where overall luminance may vary 
greatly both within and among different viewing situations (e.g., 
Fleishman et al. 2009). We, therefore, expected that, at least over 
an ecologically reasonable range of  viewing conditions, dewlap 
hue would offer a more salient visual signal of  species identity 
(and henceforth elicit stronger test subject responses) than dew-
lap brightness. Our subjects responded with less dewlapping to 
both blue-dewlap treatments (“LB” and “DB”; Figure  2C) than 
to the control treatment ( “C”; Figure 2C), irrespective of  dewlap 
brightness. This result indicates, as predicted, that dewlap hue 
has a primary effect on species recognition in A. grahami.

Our subjects also responded with less dewlap pulsing to novel 
(reversed) than to control (normal) headbob displays, supporting 
a species recognition role for these stereotyped motion signals in 
our study species. Interestingly, this outcome mirrors results of  ear-
lier video presentations to male A. grahami (Macedonia and Stamps 
1994). We are uncertain why dewlapping by subjects was a stronger 
indicator of  conspecific signal recognition (both color and motion) 
than headbobbing, but fewer subjects responded with headbob dis-
plays than with dewlap pulses and among-subject variance in time 
spent headbobbbing was large in most treatments (Figure 2C).

By comparison, in another study using an anole robot, A. sagrei 
male subjects indicated their preference for the species’ “sig-
nature” headbob display (versus a locally prevalent variant), 
not only with greater amounts of  dewlap pulsing but also with 

4-legged push-up displays (Partan et al. 2011). This was a strong 
effect, equivalent in magnitude to ours (Figure  2C), and was 
detectable in spite of  characteristically large variance in individ-
ual display structure (Scott 1984; McMann 2000). In contrast, 
A.  gundlachi does not display the dewlap independently of  head-
bobs/push-ups, and Ord and Stamps (2009) found no evidence 
that adult males distinguished between robots that performed 
a conspecific headbob display or a novel (A.  grahami) one. This 
apparent among-species difference in providing evidence of  sig-
nal recognition is perplexing, but it seems unlikely to be coupled 
to whether or not a species uses the dewlap independently of  its 
headbob/push-up displays.

At present, too few Anolis species have been subjected to experi-
ments employing robotic anoles to make many generalizations. 
Nevertheless, our results indicate that A. grahami males are sensitive 
to substantial departures away from conspecific dewlap coloration 
and headbob display pattern, and that the significantly elevated 
dewlapping response of  subjects to the control treatment is consis-
tent with a species recognition interpretation. Our results demon-
strate as well that perceived dewlap brightness is unlikely to explain 
the substantially reduced dewlapping response to our blue-dewlap 
treatments. As we were unable to include all possible combinations 
of  dewlap and headbob display manipulations in this study, future 
research may shed additional light on our understanding of  color 
and motion signal recognition, function, and evolution in anoles.

Figure 2 
(A) Robots exhibiting the control (top) and dark blue (bottom) dewlap color treatments. (B) Normal (top) and reverse (bottom) headbob display patterns 
with dewlap pulses (orange semicircles below graphs). See text for details. (C) Dewlapping and headbobbing responses by subjects to the 4 experimental 
treatments: C = control: orange dewlap, normal headbob displays; LB =  light blue dewlap, normal headbob displays; DB = dark blue, normal headbob 
displays; RO = orange dewlap, reverse headbob displays. Results shown are treatment group means ± 1 standard error.
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