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Abstract

Colorful visual signals are important systems for investigating the effects of signaling environ-
ments and receiver physiology on signal evolution as predicted by the sensory drive hypothesis.
Support for the sensory drive hypothesis on color signal evolution is mostly based on document-
ing correlations between the properties of signals and habitat conditions under which the signals
are given (i.e., a correlational approach) and less commonly on the use of mathematical models
that integrate representations of visual environments, signal properties, and sensory systems
(i.e., a functional approach). Here, we used an experimental approach in the field to evaluate signal
efficacy of colorful lizard throat fans called dewlaps that show geographic variation in the lizard
Anolis cristatellus. We used a remote controlled apparatus to display “fake dewlaps” to wild lizards
to test for adaptive divergence in dewlap brightness (i.e., perceived intensity) among populations
in situ. We found evidence of local adaptation in dewlap brightness consistent with the sensory
drive hypothesis. Specifically, dewlaps that had the brightness characteristics of local lizards were
more likely to be detected than those with the brightness characteristics of non-local lizards. Our
findings indicate that simplified mathematical representations of visual environments may allow
robust estimates of relative detectability or conspicuousness in natural habitats. We have shown
the feasibility of evaluating color signal efficacy experimentally under natural conditions and dem-
onstrate the potential advantages of presenting isolated components of signals to an intended re-
ceiver to measure their contribution to signal function.
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Animals communicate with an amazing diversity of signals, and
understanding the mechanisms that have favored this diversity has
become a central theme in behavioral and evolutionary ecology.
One hypothesis that has received considerable attention predicts
that signal diversity is generated by selection for efficacy of commu-
nication, a process known as “sensory drive” (e.g., Endler 1992,
1993; Endler and Basolo 1998; Boughman 2002; Seehausen et al.
2008; Crampton et al. 2011; Price 2017). Sensory drive assumes
that there is natural selection for signals to effectively stimulate the
receiver sensory system and that the nature of the most effective
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signal design depends on habitat conditions. Under this scenario,
signal diversity evolves because species or populations come to oc-
cupy different habitat conditions where selection for effective com-
munication promotes divergence in signal designs. Furthermore,
adaptations for efficacy of communication (i.e., ability of the signal
to effectively carry out its function) in one environment comes at the
cost of decreased efficacy in another environment (Endler 1992).
Since it was presented by Endler and McLellan (1988), sensory
drive has been implicated in local adaptation in signal design among
populations as well as signal divergence between species, with
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implications for selection and speciation (Leal and Fleishman 2004;
Seehausen et al. 2008; Jacobs et al. 2017). Three approaches have
been used to demonstrate that signals have evolved in accordance
with sensory drive. The most common approach is correlational, in
which studies document a relationship between the properties of
signals and the local conditions under which the signals are given
(e.g., Marshall 2000; Gomez and Théry 2007; Derryberry 2007; Ng
et al. 2013; Derryberry et al. 2018). A second and less common
approach is to model signal efficacy by integrating quantitative esti-
mates of the signaling environment, signal form, and physiological
or behavioral mechanisms of signal detection to infer signal
performance under natural conditions, i.e., functional approach
(e.g., Fleishman et al. 1997, 2009; Leal and Fleishman 2004; Endler
et al. 2005; Cummings 2007; Stuart-Fox, et al. 2007; Uy and Stein
2007). The third approach, which is rarely used, is to experimentally
measure the efficacy of the signal under natural conditions, i.e.,
experimental approach (Marchetti 1993).

Studies of visual signals using correlational and functional
approaches have provided extensive evidence that selection can
favor the evolution of physical signal properties that resist degrad-
ation as they travel through the environment and/or stand out
against natural background “noise” (e.g., Endler and Théry 1996;
Uy and Endler 2004; Endler and Mielke 2005; Cummings 2007;
Doucet et al. 2007; Stuart-Fox, et al. 2007; Ng et al. 2013).
Furthermore, studies using correlational and functional approaches
have provided compelling evidence for local adaptation of signal
spectral properties (i.e., color and brightness) to the spectral charac-
teristics of the habitat (e.g., Leal and Fleishman 2002; Uy and
Endler 2004; Gomez and Théry 2007; Seehausen et al. 2008). In
general, this evidence supports the prediction that selection has
favored the evolution of signal properties that allow the signal to be
detected by the sensory system [i.e., signal efficacy (Guilford and
Dawkins 1991; Dawkins and Guilford 1997)]. Efficacy is calculated
in inference models by predicting the probability of detection of a
signal under natural conditions based on the differences between the
signal and the background in perceptual (color or brightness) space.
This distance has been estimated based on Euclidian distances in
chromaticity (or brightness) (Fleishman and Persons 2001; Stuart-
Fox et al. 2007; Fleishman et al. 2016), or with models based on re-
ceptor noise (Vorobyev and Osorio 1998; Siddiqi et al. 2004; Endler
and Mielke 2005; Kemp et al. 2015). Both types of models can pro-
vide accurate predictions of the role of stimulus/background con-
trast in signal detectability (Kemp et al. 2015; Fleishman et al.
2016). However, their predictions are rarely tested experimentally.

The most convincing way to determine if a signal is locally
adapted is to experimentally measure its efficacy under natural condi-
tions with free-living organisms. This can be done by conducting
experiments in which multiple variants of the signal are presented in
the wild and the response of intended receivers to those signals is
measured. These experiments “ask” receivers if they detect the signal
and if the different variants of the signal have the same detectability.
A major advantage of the field approach is that it allows for signal ef-
ficacy to be assessed under complex visual conditions that are diffi-
cult to replicate in the laboratory, including the patchiness of the
spectral environment, the quality and intensity of light, overall habi-
tat noise due to the presence of other environmental distractors (e.g.,
stimulation within other sensory modalities and the presence of
con- and heterospecifics) and their respective interactions. This
“playback” framework has been used effectively to study acoustic
signal evolution for decades (see Bretagnolle and Robinson 1991;
Searcy et al. 1981; Schwartz 1993; Gerhardt et al. 2000; Romer et al.

2010; Preininger et al. 2013 and references therein), but this ap-
proach has only been applied to visual signals relatively recently (Ord
and Stamps 2009; Macedonia et al. 2013; Klomp et al. 2017).

Here, we use a “playback” framework conducted under natural
conditions to test for detection-driven local adaptation of dewlap
(throat fans) coloration among populations of the lizard Anolis cris-
tatellus. These lizards inhabit both open xeric and shaded mesic for-
ests and exhibit differences in the spectral properties of the dewlap
correlated with habitat types (Leal and Fleishman 2004). The xeric
habitat is a desert scrubland with a mosaic of shaded patches under
low trees. In contrast, the mesic habitat has a high continuous can-
opy with only small infrequent gaps.

Leal and Fleishman (2004) used a model of perceptual distance
in chromatic and brightness space and behavioral experiments in the
laboratory (Fleishman and Persons 2001), which can be described
by the following equation:

P=0.40[ABS(Cg)] + 0.43(Cc) = 0.16, where P = probability of
detection and ABS (Cg) = the absolute value of brightness contrast
and Cc = chromatic contrast (please see Leal and Fleishman 2004
for detailed discussion of each parameter) to evaluate if population
differences in dewlap spectral properties have resulted from
selection to increase dewlap detectability under local habitat condi-
tions via sensory drive. They found that xeric-habitat dewlaps are
more detectable under xeric habitat conditions than under mesic
habitat conditions, and mesic dewlaps are more detectable under
mesic habitat conditions than under xeric habitat conditions.
Furthermore, the model predicts that differences in dewlap detect-
ability are primarily due to differences in brightness contrast be-
tween the two types of dewlaps (Leal and Fleishman 2004).
Brightness contrast results from the differences between the per-
ceived brightness of the stimuli and the background (Fleishman and
Persons 2001). Importantly, the results of Leal and Fleishman
(2004) do not predict that the brightest signals are the most detect-
able: mesic dewlaps are predicted to be most detectable in the mesic
habitat because they should appear bright relative to the dark
shaded background, but xeric dewlaps should be most detectable in
the xeric habitat because they appear dark against the bright open
background. To validate the prediction of the functional model that
brightness differences between dewlaps are locally adapted, we cre-
ated artificial dewlaps that match the brightness properties of real
dewlaps from each habitat type. We then presented those dewlaps to
free ranging A. cristatellus and compared the probability of detec-
tion of each artificial dewlap type within each habitat type. By pre-
senting the artificial dewlaps, that produced similar brightness
stimulation to those of real dewlaps under natural conditions, we
were able to directly test the contribution of brightness contrast to
the detection of the signals.

Materials and Methods

Field experiments were conducted from 08:00-17:00h at a xeric
site, Bosque Estatal de Aguirre (N=143) and a mesic site, Bosque
Estatal de Cambalache (N=133) located on the island of Puerto
Rico. For descriptions of the sites and light environments, see Leal
and Fleishman (2004). The coloration of fake dewlaps was achieved
by using an airbrush to paint white filter paper with grey or black
water color and yellow (similar to real dewlaps) turmeric-based
plant extract. The reflectance and transmission of each fake dewlap
was measured following the methodology of Leal and Fleishman
(2004). In short, a light source, (Mille Luce M 1000) was pointed to
a large sheet of tracing paper to create a broad circle of diffuse light
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to illuminate the fake dewlap. The fake dewlap was positioned at
the center of this circle at a distance of ~15 cm. To measure reflect-
ance, the radiance probe of an Ocean Optics USB 2000 spectroradi-
ometer was positioned on the same side of the fake dewlap as the
light source and was pointed at the fake dewlap at an angle of ~70°.
To measure transmission, the probe was placed on the opposite side
of the fake dewlap. After each set of fake dewlap radiance measure-
ments was completed, we measured the spectral irradiance of the
light striking the front of the fake dewlap using a cosine-corrected ir-
radiance probe placed at the position where the dewlap was placed
during the measurements. For representative radiance/irradiance
spectra, see Supplementary Figure S1.

Brightness perception in Anolis is achieved through stimulation
of the long-wavelength sensitive (LWS) double-cone (Fleishman
et al. 1997; Persons et al. 1999), which in A. cristatellus is sensitive
from ~450-700nm (Loew et al. 2002; Leal and Fleishman 2002).
To determine if fake dewlaps adequately matched the spectral prop-
erties of a real dewlap from the lizards perspective, we used data of
the visual physiology of A. cristatellus (Fleishman et al. 1997;
Persons et al. 1999; Leal and Fleishman 2002) to model retinal
stimulation of a lizard observing the fake dewlap under mean diur-
nal light conditions in each habitat using the equation:

retinal stimulatioN
= Z[(fake dewlap reflection radiance/irradiance

x habitat irradiance) + (fake dewlap transmission radiance/
irradiance x habitat irradiance)] x retinal sensitivity

from 450-700 nm, with retinal sensitivity from an electroretinogram
(ERG) of A. cristatellus (Leal and Fleishman 2004). Those values
were then compared to values of retinal stimulation predicted for
real dewlaps under the same conditions. A fake dewlap was desig-
nated an adequate match for a real dewlap if its retinal stimulation
in each habitat was within 5% of the retinal stimulation of the real
dewlap type it was supposed to mimic (Figure 1).

Probability of detection

We used the “visual grasp reflex” to evaluate if the fake dewlap was
effective at eliciting the attention of a lizard. The visual grasp reflex
results from the image of an object with particular motion character-
istics traveling across the peripheral retina of an organism, eliciting
a shift in gaze (Fleishman 1992). The visual grasp reflex was used to
evaluate the probability that A. cristatellus detected a dewlap like
stimulus under laboratory conditions (Fleishman and Persons 2001)
and is commonly used to evaluate the efficacy of visual signals
(Fleishman 1986; Steinberg and Leal 2013, 2016). In the case of
anoles, a stimulus is considered effective at eliciting attention if it
elicits a shift in gaze which foveates the stimuli, thereby focusing an
individual’s direct attention on it (Fleishman 1986; Fleishman and
Persons 2001).

Fake dewlaps were presented to lizards using a remote-
controlled apparatus that mimics an anole giving a dewlap display
while perched on a horizontal branch (Figure 2). Each fake-dewlap
display lasted approximately 2 s: 1 s from initiation of movement to
maximum amplitude, and 1 s for the retraction of the dewlap. The
display was controlled using the proportional “wheel” channel of a
two-channel radio transmitter. Presentations were made to adult liz-
ards found while walking transects in each habitat, with a different
transect used each day to avoid presenting to the same animals. A
compass was used to place the dewlap display apparatus at either
25° (to the left) or 335° (to the right) with respect to the sagittal
plane of the lizard at a distance of ~3 m (Supplementary Figure S2).
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Figure 1. Predicted double-cone stimulation of a lizard viewing mean real
dewlaps and the fake dewlaps used in this study. (A) In mesic habitat. (B) In
xeric habitat. Error bars denote the range. Note differences in y-axis scale.

Figure 2. Dewlap display apparatus. (A) Acrylic box within which electrical
components were placed. The rule next to the box is 15.25cm in length. (B)
Electrical components inside the acrylic box. (C) The apparatus in the field
with a fake dewlap displayed.

The observer then moved to 90° (or 270°) at a distance of ~4 m and
waited motionless for 60 seconds, then waived a hand in the air to
draw the attention of the lizard to the observer. This ensured that
the fake dewlap apparatus was in the periphery of the visual field of
the focal animal. After five seconds, the fake dewlap was displayed
and the observer recorded the response of the lizard. We considered
any shift in gaze via eye or head movement by a lizard towards the
stimulus within four seconds of the end of dewlap display as a posi-
tive response (i.e., an indication of stimulus detection), and the ab-
sence of a gaze shift as a negative response. If the lizard did not
respond after this first display, the observer waited another five sec-
onds and presented the fake dewlap a second time. We also con-
ducted control trials in which the exact methods outlined above
were used, but there was no fake dewlap attached to the apparatus.
In the mesic habitat, we conducted N = 54 trials with the mesic fake
dewlap, N=353 trials with the xeric fake dewlap, and N=26 con-
trol trials. In the xeric habitat, we conducted N = 57 trials with the
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mesic fake dewlap, N= 358 trials with the xeric fake dewlap, and
N =28 control trials.

Generalized linear models with binomial error (Zuur et al. 2009)
were applied to assess lizard responses to fake dewlaps using the glmn
function in R (R development core team, 2012). We first tested for a
significant interaction between habitat and dewlap type using an
analysis of deviance test to compare models with and without the
interaction term. This test was conducted using the anova function,
and the interaction was significant (P =0.007). After confirming the
significant interaction between habitat and dewlap type, we con-
ducted one-tailed planned orthogonal contrasts to test the hypothesis
that each dewlap type had greater detectability in its native habitat
relative to the non-native dewlap type. We applied one-tailed tests be-
cause we had a priori expectations that each dewlap type would be
more detectable in its native habitat than the non-native dewlap type
(Leal and Fleishman 2004). Control trials were excluded from analy-
ses, though the data are presented for heuristic purposes.

Results

Lizards in the mesic habitat detected fake dewlaps that mimicked
the dewlaps of mesic lizards more often than they detected fake
dewlaps that mimicked the dewlaps of xeric lizards (P=0.015;
Figure 3). In the xeric habitat the pattern was reversed, with a higher
response to fake dewlaps that mimicked the dewlaps of xeric lizards,
although the difference did not reach significance (P =0.068).

Discussion

Sensory drive has long been seen as a powerful evolutionary force
shaping the evolution of animal color signals (Endler 1992, 1993;
Boughman 2002; Mann and Seehausen 2011; Price 2017).
However, experimental evidence supporting the predictions sensory
drive hypothesis is relatively rare. To help bridge this gap, we pre-
sented free-ranging A. cristatellus with fake dewlaps that mimic geo-
graphic variation in dewlap signal properties predicted to influence
signal detectability. Our findings support the sensory drive hypoth-
esis and strongly suggest that the brightness properties of A. crista-
tellus dewlaps are locally adapted via selection on signal efficacy.
Within each habitat type, individuals were more likely to detect fake
dewlaps that matched the brightness properties of resident dewlaps
than fake dewlaps that matched the brightness properties of non-
resident dewlaps. These results highlight the utility and feasibility of
using a field “playback” design to test hypotheses regarding color
signal evolution under natural conditions.

In the darker, shaded mesic habitat, lizards responded to fake
dewlaps that matched the brightness characteristics of mesic habitat
dewlaps nearly twice as often as they responded to fake dewlaps
that matched the brightness of xeric habitat dewlaps (Figure 3).
Mesic habitat dewlaps are “brighter” than xeric habitat dewlaps,
and thus appear bright against the dark, shaded mesic forest back-
ground. We found a similar trend in the xeric habitat, where lizards
responded to the xeric fake dewlap nearly twice as often as the mesic
fake dewlap, although this pattern did not quite reach significance
because overall detection levels were lower (Figure 3). Xeric habitat
dewlaps have relatively low reflectance and transmission, and
should thus appear relatively dark against the bright xeric back-
ground (Leal and Fleishman 2004).

We found overall support for sensory drive despite the complex-
ity of the terrestrial light environment (Endler 1993; Fleishman et al.
2009). Nonetheless, the low overall detection rates in the xeric
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Figure 3. Response of free-ranging A. cristatellus to fake dewlaps that mimic
the achromatic properties of real dewlaps.

habitat were not predicted by the initial functional model of dewlap
detectability (Leal and Fleishman 2004) and may relate to the fact
that the xeric habitat is a much more heterogeneous visual environ-
ment (see Supplementary Figure S3). The xeric habitat is a desert
scrubland with shaded patches under low trees interspersed with
open patches of bare ground, low shrubs, and grasses. In contrast,
the mesic habitat has a high, continuous canopy with only small in-
frequent gaps. These differences might result in differences in the de-
gree of brightness patchiness within each of the habitats. Spatial
variation in habitat light conditions can reduce the overall efficacy
of signals in at least two different ways. First, the xeric habitat likely
has greater contrast between background elements compared to the
mesic habitat, increasing background noise. Second, the detectabil-
ity of the signal will change greatly depending on where the signaler
and receiver are positioned. Thus, for signals like dewlaps with fixed
physical properties, it may be difficult to evolve spectral characteris-
tics that are effective over the range of environmental light condi-
tions experienced. This effect could be reduced if signalers non-
randomly select display localities within the forest (e.g., Endler and
Thery 1996; Heindl and Winkler 2003; Uy and Endler 2004); how-
ever, A. cristatellus does not engage in this type of behavior
(Fleishman et al. 2009).

The response of A. cristatellus to the presentation of dewlap-like
stimulus was similar to those recorded under the laboratory condi-
tions (Persons et al. 1999), despite the presence of potential sources
of background noise and distractions present under the conditions
of this experiment (e.g., conspecifics, heterospecific anoles, preda-
tors, prey). This finding underlines the salience of the dewlap as a
visual signal.

Our experiments under field conditions indicate that models of
visual signal detectability can provide reliable estimates of signal ef-
ficacy in nature. In addition, they support the hypothesis that evolu-
tion for achromatic contrast may be an important target for
selection on visual signals. However, the lower overall detection in
the xeric habitat suggests that, as visual environments become more
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complex, laboratory-based models of detectability may become less
effective at assessing absolute detection levels and field-based
approaches may be warranted.

An important aspect of our experimental design is that our ap-
paratus for displaying the fake dewlaps did not resemble a lizard in
any way. Signals that function to communicate the presence of an
individual, such as the dewlap of anoles, are predicted to do so even
when the signaler cannot be clearly seen by the receiver (Fleishman
et al. 2016). In other words, selection should favor the evolution of
signals for which only the display of the signal should be sufficient
to elicit the response from the receiver. In anoles and many other
taxa, multiple additional aspects of a signaler’s morphology and be-
havior might also serve as signals, such as body position, body color-
ation, motion, and size (Rand and Williams 1970). This multitude
of possible signals can confound any interpretations of experiments
that manipulate the signal of interest, but leave all other signals pre-
sent. Individuals of A. cristatellus responded to “fake-dewlaps” even
though no other cues were available, which strongly supports the
function of the dewlap as a signal to capture the attention of a re-
ceiver. Furthermore, the finding that individuals were more likely to
respond to fake dewlaps from their own population opens the possi-
bility that the brightness component of the dewlap could contribute
to a species recognition function of this signal.

Over the last two decades, studies evaluating the potential role
of sensory drive in driving signal evolution have flourished (see
papers cited in the introduction and those published as part of this
issue). Our findings and those presented by Klomp et al. (2017) illus-
trate both the feasibility of using “playbacks” to evaluate the func-
tion of visual signals under natural conditions, and the robustness of
this approach for elucidating whether signals are locally adapted.
We encourage future studies in other systems to explore the possibil-
ity of using the approach described in this paper. Systems in which
multiple approaches are used to test the predictions of the sensory
drive hypothesis are likely to provide the best insights into the inter-
actions between the sensory system, signal design and habitat condi-
tions and how those interactions shape signal evolution. For
example, in the case of anoles, results from a series of studies at the
population and community level using different approaches (Leal
and Fleishman 2004; Ng et al. 2013) are beginning to shed light on
the possibility that dewlap coloration is locally adapted, as predicted
by sensory drive. Furthermore, evidence suggests that the chromatic
and achromatic components of the dewlaps are under selection to
increase detectability and also to facilitate discrimination between
sympatric species (Leal and Fleishman 2004; Fleishman et al. 2009).
The latter is not a prediction of sensory drive, and might account for
the observation that in some instances dewlaps don’t exhibit an opti-
mal design for detectability (Fleishman et al. 2009; Macedonia et al.
2014).

Finally, our findings show that estimation of signal detectability
based on models for which data on the sensory system, spectral
properties of the signal, and spectral properties of signaling environ-
ment are known can be relatively robust. The generality of our find-
ings to other systems remains an open question, and one that should
be addressed, to develop a better understanding of the potential sim-
ilarities and differences between sensory systems and the efficacy of
communication under natural conditions.
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