Received: 18 November 2020

Revised: 15 April 2021

Accepted: 19 April 2021

DOI: 10.1111/ele.13773

LETTER

ECOLOGY LETTERS [ RVYMNES

Deep-time convergent evolution in animal communication presented
by shared adaptations for coping with noise in lizards and other

animals ©

Terry J. Ord'

| Danielle A. Klomp' | Thomas C. Summers

'"| Arvin Diesmos®

Norhayati Ahmad® | Indraneil Das*

'"Evolution & Ecology Research Centre
and the School of Biological, Earth and

Environmental Sciences, University of New

South Wales, Sydney, NSW, Australia

2Herpetology Section, Zoology Division,
National Museum of the Philippines,
Manila, Philippines

3Department of Biological Sciences and
Biotechnology, Universiti Kebangsaan
Malaysia, Bangi, Malaysia

“Institute of Biodiversity and
Environmental Conservation, Universiti
Malaysia Sarawak, Kota Samarahan,
Malaysia

Correspondence

Terry J. Ord, Evolution & Ecology
Research Centre and the School of
Biological, Earth and Environmental

Sciences, University of New South Wales,

Sydney, NSW, Australia.
Email: t.ord@unsw.edu.au

Funding information
University of New South Wales (UNSW)

Editor: Greg Grether

INTRODUCTION

Abstract

Convergence in communication appears rare compared with other forms of ad-
aptation. This is puzzling, given communication is acutely dependent on the envi-
ronment and expected to converge in form when animals communicate in similar
habitats. We uncover deep-time convergence in territorial communication between
two groups of tropical lizards separated by over 140 million years of evolution:
the Southeast Asian Draco and Caribbean Anolis. These groups have repeatedly
converged in multiple aspects of display along common environmental gradients.
Robot playbacks to free-ranging lizards confirmed that the most prominent con-
vergence in display is adaptive, as it improves signal detection. We then provide
evidence from a sample of the literature to further show that convergent adap-
tation among highly divergent animal groups is almost certainly widespread in
nature. Signal evolution is therefore curbed towards the same set of adaptive solu-
tions, especially when animals are challenged with the problem of communicating

effectively in noisy environments.
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common communicative strategies does not appear
to be as likely as convergence in morphology (Ord &

Animals relying on signals for similar functions—for
example, attracting mates or defending territories—and
trying to communicate under similar environmental
conditions are expected to converge in signal character-
istics (Marler, 1967). This is because natural selection
should only favour those strategies that maximise the
detection and recognition of communicative signals in
those environments (Endler, 1992). For example, com-
munication theory (Dusenbery, 1992; Wiley, 2006) pos-
its that animals should produce signals that maximise
the signal-to-noise ratio with the environment through
changes in the intensity of signalling or redundancy of
information conveyed. Yet the convergent evolution of

Summers, 2015; York & Fernald, 2017; these two studies
examined over 120 examples of convergent, parallel and
functionally redundant adaptations repeatedly arising
from independent evolution). This is despite behaviour
putatively being more evolutionarily labile than mor-
phology (Blomberg et al., 2003) and efficient communi-
cation being central to the reproductive fitness of many
animals (Bradbury & Vehrencamp, 2011). However, this
could be because there are countless ways in which ani-
mals might maximise signal-to-noise ratios, making sig-
nal convergence improbable.

Of the examples of convergence in animal communi-
cation, most are between populations of the same species
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(Kemp et al., 2018; Ng et al., 2013) or taxa that are other-
wise closely related (Henry et al., 1999; Ord et al., 2013b).
This in itself is not unusual for adaptive convergence
(Ord & Summers, 2015; Vermeij, 2006). It could reflect
adaptive outcomes being predisposed along common
evolutionary trajectories because of shared genetic and
developmental pathways between closely related taxa
(Conte et al., 2012; Stern, 2013; these two studies exam-
ined over 40 cases of parallel evolution—i.e., instances of
similar outcomes evolving independently through com-
mon genetic pathways). It might also reflect a systematic
bias in studies being skewed towards documenting con-
vergence in closely related taxa (Ord & Summers, 2015).
This is an issue for our general understanding of the
adaptive process, as it remains unclear whether a mul-
titude of adaptive solutions exists for the same selection
pressure—with adaptations only tending to converge
among closely related taxa—or whether natural selec-
tion repeatedly produces the same set of adaptations

TABLE 1 Glossary of terms

Term Definition

Contextual plasticity — Reversible changes in behaviour in
response to fluctuations in external
environmental stimuli (see Stamps &
Groothuis, 2010). This has also been
referred to as ‘activational plasticity’
(Snell-Rood, 2013) and ‘reversible
phenotypic plasticity’ (Wright &
Turko, 2016)

Behaviour described by the regression
line computed from the response of
behaviour to external environmental
stimuli. The slope of the line reflects
the contextual plasticity of behaviour
as a function of fluctuations in
environmental stimuli, whereas the
intercept of the line represents the
‘baseline’ behaviour that would be
expected at a specific value of the
environmental stimuli

Contextual reaction
norm

The ‘baseline’ behaviour that would
be observed under a standard
environmental condition, specifically
when the external stimulus affecting
behaviour has a value of zero. This
intercept value can be used to identify
the portion of behaviour that is not
contextually plastic and potentially
the product of evolutionary
differentiation (see Ord et al., 2010a)

Within-taxon
intercept

Within-taxon mean The average phenotypic value (e.g.,
behaviour) or average environmental
value (e.g., ambient light) exhibited or
experienced by individuals of a given

taxon

Within-taxon slope The average contextual plasticity
expressed by individuals of a given
taxon in response to fluctuations in

external environmental stimuli

irrespective of the length of time taxa have evolved inde-
pendently of one another.

To help resolve the issue, we examined lizards from
the Old World iguanians (the family Agamidae) and New
World equivalent (the family Iguanidae) that rely heav-
ily on vision for social communication (Jenssen, 1977;
Ramos & Peters, 2016). In these families, visual signals
are vital for male lizards to establish and maintain terri-
tories (Jenssen et al., 2012; Ord, 2008). Signals are usually
centred on the performance of an elaborate sequence of
head and body movements that convey reliable cues on
physical condition (Brandt, 2003; Perry et al., 2004) and,
subsequently, their potential ability to aggressively de-
fend territory (van Dyk & Evans, 2008). The detection of
lizard territorial displays is also known to be acutely de-
pendent on the properties of the environment. Previous
work on male iguanid Anolis lizards in the Caribbean
has shown that the speed (intensity) and duration (re-
dundancy) of territorial displays are contextually plastic
within some species (Table 1), and evolutionary differen-
tiated across species, as a function of habitat light and
background visual noise generated by windblown vege-
tation (Ord et al., 2010a, 2016). This is an adaptive out-
come predicted by communication theory (Dusenbery,
1992; Wiley, 2006).

It is unknown, however, whether the distantly re-
lated species of the agamid family have converged on
the same signal strategies in response to the same en-
vironmental conditions. An informal comparison be-
tween the Caribbean iguanid Anolis lizards (Ord et al.,
2010a) and some Australian and Chinese agamid species
(Peters et al., 2007; Peters et al., 2016; Ramos & Peters,
2017a) suggests this is not the case. However, the ecol-
ogy of these particular agamid species is fundamentally
different from the iguanid Anolis, making the compari-
son problematic. These agamids communicate in open,
sunny environments and from locations close to (or on)
the ground, where the visual environment is likely to be
quite different to the arboreal, and often forested, envi-
ronments occupied by the Anolis lizards. Visual noise
from windblown vegetation does appear to be a mask-
ing agent for the displays of at least one agamid species
(Peters, 2008), but these lizards rely on an intermittent
series of rapid tail flicks for enhancing detection (Peters
et al., 2007), a behaviour unlike anything seen in the
iguanid lizards (including Anolis). More generally, the
repertoire of signal components used in territorial ad-
vertisement display—and that could be modified to im-
prove detection in visually difficult conditions—differs
between the iguanids and agamids, at least on first ex-
amination (presented below).

On the opposite side of the world to the Caribbean
iguanid Anolis lizards, and separated by over 140 mil-
lion years of divergent evolution history (Kumar et al.,
2017), are the Southeast Asian agamid Draco lizards
(Figure 1). Unlike other agamid groups, Draco is a re-
markable ecological analogue to the Anolis. Although
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FIGURE 1 Phylogeny of agamids and iguanids highlighting the independent origin of the dewlap in Southeast Asian Draco and Caribbean

Anolis. Territorial advertisement displays of free-ranging male lizards were investigated for species from the Malay and Philippine radiations

of Draco (highlighted in blue and black, respectively) and the island radiations of 4Anolis on Jamaica and Puerto Rico (orange and black,
respectively). The inset photos depict Draco sumatranus on Borneo and Anolis lineatopus on Jamaica in mid-display with the dewlap fully
extended. Highlighted are the phylogenetic nodes identifying the historic origin of an extendible dewlap in Draco, Anolis, Sitana—Otocryptis and

possibly Hypsilurus (Ord et al., 2015)

there are obvious differences between the two groups—
Dracois the only group to have evolved the ability to glide
(Ord et al., 2020)—Draco and Anolis lizards are both ar-
boreal, share key morphological adaptations to common
structural environments (convergent limb lengths as a
function of perch circumference as well as other aspects
of ecomorphology; Ord & Klomp, 2014) and employ re-
markably similar movements in their territorial displays
(Mori & Hikida, 1994). In particular, both Draco and
Anolis have independently evolved a large, conspicuous
dewlap (Ord et al., 2015) that is extended and retracted
as part of a main territorial display. Only one, or at most
two, other lizard groups in the world exhibit this same
extendible dewlap (Figure 1), which appears to have
evolved to improve the efficiency of territorial displays
in forested environments (Ord et al., 2015).

Moreover, both the complexity of headbob move-
ments and the evolution of the dewlap (Figure 1) are
characteristics that have independently—convergently—
evolved in Draco and Anolis. Although the use of head
movements for aggressive display is probably ancestral
in iguanian lizards as a whole (Ord et al., 2001)—and
has subsequently been retained in the signal repertoire
of most agamid and iguanid genera—the similarity and

complexity in the design of the advertisement display be-
tween Draco and Anolis are unique and striking (Mori
& Hikida, 1994). In contrast, the displays of other igua-
nids such as Microlophus (Clark et al., 2015), Cyclura
(Martins & Lamont, 1998), Sceloporus (Martins, 1993)
and Liolaemus (Martins et al., 2004; to mention only a
subset of genera: see Carpenter, 1986 for a comprehen-
sive list) are comparatively simple in design, consisting
of fewer elaborations in the temporal sequence and am-
plitude of head movements. This is similarly the case
for other agamid genera such as Ctenophorus (Ramos &
Peters, 2017b), Phrynocephalus (Peters et al., 2016) and
Amphibolurus (Peters & Ord, 2003). However, many ag-
amids augment their territorial display with an extended
repertoire of movements that include arm waves and a
range of tail displays (see Ramos & Peters, 2016 for a
comprehensive review of agamid signal repertoires).
Despite the similarities in the behaviour of male Draco
and Anolis lizards, there are numerous alternative ways
that these lizards might achieve an effective signal. This
includes the addition of alert components such as rapid
tail flicks (Peters et al., 2007) or other conspicuous move-
ments (Ord & Stamps, 2008), an increase in signal repe-
tition (Patricelli & Blickley, 2006), or the use of colour
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or the exaggeration of other morphology (Klomp et al.,
2016). It therefore remains unclear whether Southeast
Asian Draco and Caribbean Anolis have similarly con-
verged on the same set of communicative strategies for
maintaining efficiency in the range of seemingly compa-
rable environments occupied by both groups.

To determine convergence requires a method for
quantifying the display behaviour of these lizards and
the environments in which they communicate in a biolog-
ically meaningful way. A second method is then needed
to experimentally manipulate the display movement of
free-living animals to test hypotheses related to signal
perception. Ideally, this experimental test should be done
under the same conditions typically experienced by ani-
mals in the wild. Given the technical challenges on both
of these fronts, it is perhaps not surprising that our un-
derstanding of animal movement in communication has
lagged considerably behind animal colour (Cuthill et al.,
2017) and bioacoustics (Wiley, 2015). Yet movement-
based signals are ubiquitous in nature (Bradbury &
Vehrencamp, 2011), and even taxa popularly known for
their spectacular ornamentation usually rely on a move-
ment display to present those ornaments effectively (e.g.,
birds-of-paradise: Ligon et al., 2018; peacocks: Yorzinski
et al.,, 2013; and swordtail fishes: Rosenthal et al., 1996).

Motion analysis (Peters et al., 2002) has helped solve
the first challenge of appropriately quantifying complex
behaviour, although it is seldom used by communication
biologists because it remains computationally demand-
ing. Based on models of biological visual systems (Peters
et al., 2002), computational motion analysis has proven
highly effective at quantifying the movements and visual
environments of free-living animals through the analy-
sis of high-definition digital video recorded in the field.
‘We combined this approach with conventional measures
of ambient light to quantify the speed and duration of
male Draco advertisement displays in relation to ambient
light and visual background noise at the time displays
were performed. Our goal was to use predictions from
communication theory of how animals should maxi-
mise signal-to-noise ratios in their respective environ-
ments (Dusenbery, 1992; Wiley, 2006) as a framework
for then identifying convergences in signal behaviour.
Specifically, we wished to determine whether Southeast
Asian Draco lizards and Caribbean Anolis lizards have
converged on modifications to the speed (intensity) and
duration (redundancy) of territorial advertisement dis-
plays according to the prevailing conditions experienced
at the time of display (through contextual plasticity;
Table 1) and the extent to which predictable evolutionary
differentiation has occurred in displays along common
environment gradients.

The development of robot playbacks (Martins et al.,
2005; Ord & Stamps, 2009) that allow display movements
to be manipulated in a realistic manner is technically dif-
ficult but offers a powerful solution for the second prob-
lem of experimentally testing the adaptive significance

of changes in communicative behaviour. Here, we used
responses to robotic playbacks by free-ranging male liz-
ards to experimentally confirm that the most prominent
convergence in behaviour is adaptive because it improves
the detection of displays under the same conditions liz-
ards advertise territorial ownership to one another.

Finally, we supplemented our empirical study on
Draco and Anolis with a targeted review of past reports
of signal adaptation to noisy environments in other com-
munication systems. Our goal here was to identify re-
ports in phylogenetically diverse taxa to highlight other
likely cases of signal convergence among major animal
groups. All in all, the overarching motivation of our
study was to determine whether convergent adaptation
is generally less likely between species separated by vast
periods of evolutionary time or whether natural selection
in contemporary environments overrides the vagaries
of evolutionary history to produce consistent adaptive
solutions among taxa irrespective of the evolutionary
time separating taxa.

MATERIALS AND METHODS

Our investigation involved three parts: (i) an evaluation
of the extent to which Draco and Anolis lizards have con-
verged on common communicative strategies in response
to the same environmental conditions (ambient light and
visual background noise); (ii) an experimental confirma-
tion that convergence is adaptive by improving signal de-
tection under the same visually challenging conditions
experienced by lizards in the wild; and (iii) the identifi-
cation of probable adaptive convergences in communi-
cation in response to environmental noise among major
animal lineages (birds, lizards, mammals, frogs, fish and
insects). A summary of methods is presented below, with
full details provided in the supporting information.

Communicative strategies of Draco and Anolis
in response to common environmental conditions

Field observations and recording

We studied multiple free-living territorial males of
Draco (median per taxon = 14; range: 2-32) for 15 taxa
(11 species, four of which were each represented by two
geographically separated populations) from Peninsular
Malaysia, Borneo and the Philippines. We combined
these data with those previously published on free-living
territorial males of Anolis (median per taxon = 36; range:
8—41) for 16 taxa (12 species, four of which were each rep-
resented by two geographically separated populations)
from Puerto Rico and Jamaica (Ord et al., 2010b). The
protocols used to observe lizards, videorecord behaviour
and collect data on ambient habitat light were identi-
cal for both the Southeast Asian Draco and Caribbean
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Anolis. Table S1 provides location details and sample
sizes for each taxon surveyed.

Video and computational motion analysis

The protocols for processing and analysing videorecords
follow those established by Ord et al. (2007) and were
identical for the Southeast Asian Draco and Caribbean
Anolis. We relied on estimates of maximum speed for
display movements because this corresponds to bursts
of rapid movement most likely to trigger orienting re-
sponses from inattentive receivers (Ord et al., 2007; Ord
& Stamps, 2008). For consistency and ease of data pres-
entation, maximum speed was similarly used to quantify
the magnitude of visual noise occurring in image back-
grounds (NB: maximum and mean background speed
are highly correlated; see Ord et al., 2007). We examined
display duration because this aspect of signal redun-
dancy has been shown explicitly in Anolis to change in re-
sponse to fluctuations in environmental conditions (Ord
et al., 2010a), and our goal was to determine whether this
was also the case in Draco. Increasing the rate of signal
production might also function to increase redundancy,
but this is not the case for Anolis (Ord et al., 2010a) where
display rate is instead heavily dependent on air tempera-
ture (Ord & Stamps, 2017).

Statistical analyses

All statistical analyses were performed using R Version
3.5.2 (R Development Core Team, R Foundation for
Statistical Computing, Vienna).

Previous work (Ord et al., 2007, 2016) has shown con-
textual reaction norms (Table 1) of display behaviour
as a function of light and visual noise can be computed
across individuals for a given population to infer the av-
erage contextual reaction norm within individuals for
that population. These within-taxon (average) contextual
reaction norms were computed for territorial advertise-
ment displays using the package ‘lme4’ Version 1.1-18-1
(Bates et al., 2015). A range of models was applied that
considered various combinations of visual background
noise, ambient habitat light and radiation history (lin-
eages originating in Malaysia versus the Philippines for
Draco or on Jamaica versus Puerto Rico for Anolis; see
Table S2 for complete model list). The best supported
contextual reaction norm model was identified by com-
paring values of a sample size corrected Akaike informa-
tion criterion (AIC ).

Two sets of evolutionary Ornstein—Uhlenbeck (OU)
regression analyses were conducted to assess taxon dif-
ferentiation in territorial advertisement displays using
the package ‘phylolm’ Version 2.6 (Ho & Ane, 2014; NB:
various other phylogenetic covariance models were also
examined and found to produce congruent outcomes

to the OU option—see the supporting information for
details). The first set was based on within-taxon mean
values (the traditional species mean approach used by
comparative evolutionary biologists; Table 1) and as-
sessed mean visual background noise, mean ambient
habitat light and radiation history in a comparable set
of models to those used to compute contextual reaction
norms (see previous paragraph; see Table S4 for com-
plete model list). AIC_ was then used to identify the best
supported evolutionary model accounting for display
differentiation across taxa. The second set substituted
taxon-mean display values with within-taxon intercept
‘baseline’ values (Table 1) extracted from the best sup-
ported contextual reaction norm model. These second-
ary analyses were limited to the best supported models
found in the first set of OU regression analyses. They
were designed to assess macroevolutionary relationships
between display and habitat across taxa that were not the
result of contextually plastic display changes (e.g., Ord
et al., 2010a).

Ambient light, dewlap duration and headbob dura-
tion were logl0-transformed prior to analysis to improve
normality. For Draco, we focused on estimating the con-
textual reaction norms of the nine taxa with the largest
within-taxon sample sizes (Table S1). This was further
limited to three taxa for estimates of headbob display
reaction norms because species from the Malay radia-
tion were discovered to have lost this component entirely
from their territorial advertisement displays. The evolu-
tionary OU regression analyses using mean-taxon values
included all 14 taxa for dewlap analyses and up to five
taxa belonging to the Philippine radiation for the head-
bob analyses. Those based on within-taxon intercept val-
ues were necessarily restricted to those taxa included in
the contextual reaction norm analyses. The phylogeny of
Draco was taken from Ord et al. (2020), with populations
within taxa inferred assuming the minimum intra-island
population divergence reported for Philippine Draco
by McGuire and Heang (2001). For Anolis, one species
(Anolis poncensis) had a vastly reduced dewlap to the
extent that it was functionally absent from the display
(Ord et al., 2013a) and was not included in analyses of the
dewlap display. The phylogeny of Anolis was taken from
Nicholson et al. (2005), with populations within taxa ex-
trapolated on both islands assuming the minimum intra-
island population divergence that has been reported for
Jamaican Anolis reported by Jackman et al. (2002).

Confirmation that increases in speed improve
display detection

Robot playback experiment

In a previous experiment on Draco melanopogon (Klomp

et al., 2017a), the role of dewlap colour on signal detection
and species recognition was investigated by presenting
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free-living lizards with a moving dewlap matched to the
average size, spectral colour and temporal sequence of
males in life. Colour was not found to influence display
detection (Klomp et al., 2017a). Serendipitously, it was
later discovered that two of the robots used in that ex-
periment differed in the speed of the dewlap extension:
one robot extended and retracted the dewlap at a speed
that was equivalent to the slowest natural speed recorded
for male D. melanopogon, whereas the other robot had
a dewlap speed comparable with the upper quartile of
natural dewlap speeds recorded for male D. melanopo-
gon. Given this new information, we conducted a new set
of analyses for the purposes of the current study using
the published data of Klomp et al. (2017b) on the latency
of D. melanopogon lizards to orient towards these two
dewlapping robots. These robotic stimuli were presented
to free-living lizards under the same environmental con-
ditions these animals communicate with one another.
We focused our analyses on data obtained when ro-
bots were positioned within 5 m of the subject. This
distance encompasses the natural quartile range of dis-
tances documented for surrounding male neighbours in
this population (DAK unpublished data). We further
limited our analyses to only those robot playbacks that
presented a dewlap pattern within the natural range
of male D. melanopogon lizards (specifically the two-
coloured treatments reported in Klomp et al., 2017a).

Statistical analyses

Robot playback detection times were first logl0-
transformed to improve normality and then evaluated
using linear models that considered various combina-
tions of lizard sex, robot, light (logl0-transformed) and
their interactions (see Table S7 for full list of models ap-
plied). The best supported model was identified using
AIC..

Identification of other deep-time convergences

We considered three common signal strategies that
animals are known to adopt for enhancing the ef-
ficiency of communication in challenging environ-
mental conditions. The first was centred on changing
the intensity of signals and is frequently reported in
acoustically communicating species: increasing the
volume of vocalisations in order to be heard above
acoustic background noise. The second was cen-
tred on increasing redundancy in signalling and was
broadly applicable to many modes of communication:
extending the duration of signal production to allow
more time—and subsequently a greater probability—
for detection to occur in noisy conditions. The third
was centred on improving signal efficiency by sim-
ply waiting for lulls in environmental noise before

emitting signals and, in doing so, avoiding or reducing
the impact of noise on signal detection.

We identified representative examples of each strategy
reported in a bird, lizard, mammal, frog, fish or insect
species, based on our general knowledge of the commu-
nication literature. Where an example was not immedi-
ately obvious, the datasets of two major meta-analyses
(Kunc & Schmid, 2019; Roca et al., 2016) were consulted
to identify possible examples for acoustically communi-
cating animals. This was also supplemented with a gen-
eral search of the ISI Web of Science online database.
Our estimate of the time since the last common ancestor
shared between groups was based on the median value
extracted from the ‘TimeTree’ online database (www.
timetree.org; see Kumar et al., 2017).

RESULTS

Communicative strategies of Draco and Anolis
in response to common environmental conditions

We applied random regression models (also known as
mixed-effects models or hierarchical regression mod-
els) to compute within-taxa contextual reaction norms,
in which the parameter estimates for the slope measure
contextual plasticity (Table 1): specifically, changes in
display speed or duration as a function of fluctuations in
ambient light, visual background noise or both. We found
clear evidence that male Draco lizards have evolved the
ability to contextually vary both the speed and duration
of their territorial advertisement displays, depending
on the amount of ambient light and background visual
noise occurring at the time of display, and that this be-
haviour was statistically identical to that documented in
Caribbean Anolis male lizards (Figure 2a,b; Figure Sl
and Tables S2 and S3).

Likewise, remarkably similar convergences were ap-
parent in how male display speeds have differentiated
along parallel environmental gradients within Draco
and Anolis. Taxon-mean display values were entered
into evolutionary OU regression models (Figure SI;
Table S4), and outcomes were again broadly consistent
between Draco and Anolis (Table S6 also confirms that
these findings were not dependent on the particular phy-
logenetic covariance model applied). Those species and
populations advertising territory ownership in windier
environments of high visual noise employed, on average,
faster dewlap and headbob movements in their displays
compared with other Draco or Anolis taxa defending
territories in calmer, low visual noise environments
(Figure 2c).

Nevertheless, the process by which this display dif-
ferentiation has been achieved differs between the two
groups. We used the intercept values from the within-
taxon contextual reaction norms (Figure 2a,b) to
compute ‘baseline’ display phenotypes (Table 1) that
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FIGURE 2 Multiple facets of convergence in territorial advertisement displays between male Southeast Asian Draco and Caribbean
Anolis lizards in response to visual background noise from windblown vegetation and habitat light. Convergence is apparent in both the
manner in which individual lizards tailored displays on a moment-to-moment basis to surrounding conditions (through contextual plasticity:
a, b) and to some extent in how taxa differentiated the overall speed of displays when communicating in comparable noise environments
(through a combination of contextually plastic and noncontextually plastic changes; ¢, b). The Malay Draco were discovered to have lost the
headbob component entirely from their display and are therefore not represented in plots for headbobs. Parameter estimates and graphical
representations of computed contextual reaction norms within taxa of (a) display speed and (b) duration (see also Table S3) show the baseline
display phenotype (within-taxon intercepts) and the contextual plasticity of displays (within-taxon slopes) as a function of visual noise or
ambient light at the time of display. Dot points and solid trend lines in (a) and (b) represent reaction norms for each taxon separately, computed
over the range of environmental conditions experienced by that taxon, whereas the square points (£95% confidence limits) and the dotted
trend lines show the average computed reaction norm for the genus. Differentiation in (c) display speed and (d) display duration across taxa is
reflected as on-average divergences in display (the ‘mean phenotype’; diamond symbols and dashed trend lines) that do not take into account
contextual plasticity, and ‘baseline phenotype’ (within-taxon intercept values; circle symbols and solid trend lines; see also Table S5) taken
from each taxon's computed contextual reaction norm. These latter values effectively remove differences in display resulting from contextual
plasticity and potentially represent evolutionary divergences in display. Trend lines are shown for slopes that were statistically distinguishable
from zero. Both the mean phenotype (plastic) and the baseline phenotype (nonplastic) show the extent to which territorial advertisement
displays have differentiated along common habitat gradients of visual noise and light

measure variation among taxa that is not the product
of momentary fluctuations in environmental conditions
(i.e., plasticity). These baseline display values were en-
tered into the same evolutionary OU regression models
used for taxon-mean display analyses (Table S5). In the
case of male Draco lizards, baseline display speeds, for
at least dewlap speed, have differentiation across taxa
in a manner consistent with evolutionary changes in

behaviour (Figure 2¢). In contrast, much of the variation
across Anolis taxa in display speed can be attributed to
within-taxon contextual plasticity, with only the speed of
headbob movement likely exhibiting evolutionary differ-
entiation across visual noise gradients (Figure 2c; Table

S5).

There were other differences in communication be-
haviour between the two lizard groups as well (see
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Figures S1 and S2; Tables S4 and S5). In particular, there
were notable differences reflecting clade history within
each group. We discovered male Draco lizards from one
radiation appear to have lost the headbob from their
display repertoire entirely (those from the Malay clade;
Figure 2) and instead concentrate on the rapid deploy-
ment of the dewlap for territorial advertisements. The
contingent effects of radiation history have been less ex-
treme in Anolis, but our analyses reiterate past findings
(Ord et al., 2010) that male Jamaican lizards use shorter
territorial advertisement displays centred on the rapid
extension of the dewlap. In contrast, male Puerto Rican
lizards employ longer and more plastic displays overall
(Figure 2; Figure S1). Both strategies are likely effective
for signal detection (Ord & Stamps, 2008), but the dew-
lap display is presumably less costly in energy expendi-
ture (Ord et al., 2013a). In this context, the switch to an
exclusive dewlap-only territorial display in Malay Draco
is intriguing.

Confirmation that increases in speed improve
display detection

We experimentally confirmed that the speed of dewlap
movements is important in the detection of territorial
advertisements by male Draco lizards and in the same
way as previously reported for male Anolis lizards (Ord
& Stamps, 2008). A robotic system was used to ‘play-
back’ displays to free-living D. melanopogon lizards, a
dewlap-only species from the Malay radiation that ad-
vertises territory ownership in a deep-shade montane
forest. Males detected the robot with the faster dewlap
display more quickly than the robot with the slower dew-
lap display (Figure 3b; Table S7). These responses mir-
rored those to robot playbacks conducted on territorial
male lizards of Caribbean Anolis gundlachi on Puerto
Rico that similarly advertise territory ownership in
deep-shade montane forest (Ord & Stamps, 2008).

Identification of other deep-time convergences

Evaluating a sample of past reports relating to the three
most common signal strategies used by animals to main-
tain signal efficiency in noisy conditions shows probable
convergences in behaviour among most major animal
lineages (Table 2). Modifying the intensity, level of re-
dundancy or simply concentrating communication dur-
ing relative periods of quiet are strategies that appear
to have repeatedly evolved among groups separated by
282 million years (e.g., between birds and lizards) and as
much as 736 million years (e.g., between fish and insects).
Furthermore, these convergences are not restricted to
communicative systems of certain modalities but cross
acoustic, visual and tactile sensory modalities (Table 2).
The impact of environmental ‘noise’ on communication
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FIGURE 3 Detection of (a) robot territorial advertisement
displays by (b) free-living male Draco melanopogon lizards. Males
were presented with a robot that extended the dewlap either slowly
(Robot A) or rapidly (Robot B; upper panel a). Most males detected
the rapidly dewlapping robot by the end of its first display bout
(approx. 8 s in duration), whereas most males detected the slowly
dewlapping robot by the end of its second display bout (approx. 18 s
later; lower panel b). Summary symbols for male detection times are
the median * quartiles and are benchmarked against the timing of
consecutive display bouts performed by the robot (42 males detected
the robot within its first five display bouts, two males by its seventh
display bout, one male by the 12th and the last male by the 16th)

is therefore ubiquitous in nature, and natural selection
seems to have consistently produced a common set of
signal strategies in animals faced with communication
in such conditions.

DISCUSSION

All of the convergences uncovered in the speed and
duration of territorial advertisement displays between
Southeast Asian Draco and Caribbean Anolis are likely
adaptive, irrespective of whether they reflect plasticity or
an evolved display response to conditions typically expe-
rienced in a given habitat. The changes in signal intensity
(speed) and redundancy (duration) found in both groups
were predicted by communication theory (Dusenbery,
1992; Wiley, 2006) to enhance signal efficiency in ‘noisy’
conditions (here, low ambient light or high visual noise).
We also confirm this adaptive function directly for both
Draco (this study) and previously for Anolis (Ord &
Stamps, 2008) in at least the speed of display movements,
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which increases detection of the territorial displays in
visually difficult environments.

Such deep-time convergence—between groups sepa-
rated by over 140 million years—is the first report for
any movement-based visual communication system
and the only confirmed example for any other form of
communication involving species with such divergent
evolutionary histories. This might imply that the adap-
tive convergence between Southeast Asian Draco and
Caribbean Anolis documented here is extraordinary. But
our study was unique in its phylogenetic perspective, and
we argue that our findings have different ramifications
from simply being a rarity of communicative conver-
gence, which it is almost certainly not (see below).

Our broad synthesis of past reports of signal adap-
tation to noisy environments (Table 2; Table S8) implies
that deep-time convergence—in general, not just animal
communication—could be far more widespread than
previously thought (Conte et al., 2012; Ord & Summers,
2015; Stern, 2013; York & Fernald, 2017; see also Vermeij,
2006). Furthermore, although the experienced commu-
nication biologist might recall the similar ways in which
socially signalling animals seem to cope with environ-
ment noise, the extent to which this is the case among
grossly disparate taxonomic groups is unlikely to be fully
appreciated. This is now presented in Table 2 and has
general implications for our understanding of both the
magnitude of influence the environment has in steering
the trajectory of signal evolution and the assumed prece-
dence of evolutionary history in shaping contemporary
adaptive evolution (reviewed by Ord & Summers, 2015).

First, acoustic communication appears to have evolved
independently in birds, mammals and frogs (Chen &
Wiens, 2020) and almost certainly in fish and insects as
well. Excluding insects, all of the species so far exam-
ined in these lineages (Brumm & Zollinger, 2011) exhibit
a common response of increasing the volume (intensity)
of vocalisations to be heard above a noisy acoustic back-
ground (Table 2a). This is effectively the same strategy
being used by visually displaying lizards reported here:
Draco and Anolis lizards exaggerate the speed of display
movements in order to be seen against a noisy visual back-
ground. Second, the strategy of increasing the duration
(redundancy) of signals in noisy conditions is found in
both acoustic and visual communication systems, with
examples in birds, lizards, mammals and frogs (Table 2b).
Finally, an alternative strategy is timing signal produc-
tion to coincide with lulls in environmental noise, which
is employed by various species of acoustically commu-
nicating birds, mammals and frogs, as well as visually
communicating lizards and vibration-communicating
insects (Table 2c). These examples almost certainly rep-
resent adaptive convergence in animal communication
and among groups separated by at least 280 million years.
Viewed in this context, our findings for Draco and Anolis
lizards might be the first formal documentation of what
is likely to be a widespread phenomenon of deep-time

convergence in animal communication when species are
faced with communicating in noisy environments.
Descent with modification (Darwin, 1859) combined
with the innumerable, often chance events that influ-
ence the evolution process (e.g., random mutation and
other stochastic factors) has been argued (e.g., Gould,
1989) to place species on increasingly divergent evolu-
tionary trajectories the longer those species have evolved
independently of one another. Convergent adaptations
should therefore be increasingly less likely among spe-
cies separated by large amounts of evolutionary time.
This position appeared to have been supported by pre-
vious evaluations of documented cases of convergence in
the literature (Conte et al., 2012; Ord & Summers, 2015;
York & Fernald, 2017). However, our findings, instead,
show the considerable power that natural selection has
in overriding the deep influence of evolutionary history
to generate common adaptive solutions. This suggests
there are a limited number of possible adaptive outcomes
to any given selection pressure. Adaptation is, therefore,
destined to repeat itself time and time again throughout
history when distantly related taxa encounter common
ecological challenges. The diversity in animal communi-
cation we observe in nature, as well as other aspects of or-
ganismal phenotypes, is subsequently the outcome of the
unique balance of different selection pressures operating
on taxa, rather than a reflection of the infinite adaptive
possibilities available for the same selection pressure.
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