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ABSTRACT: Complexity and diversity are fundamental characteristics
of life, but the relationship between the two remains murky. For ex-
ample, both gaining and losing complexity can support diversity—
so how exactly does complexity influence the emergence of unique
phenotypes? Here we address this question by examining how com-
plexity underlies the diversity of elaborate visual displays in the avian
clade Ramphastides (toucans and barbets). These species commu-
nicate in part by using body movement and colorful ornaments on
the tail. We find that sexual size dimorphism predicts the evolution of
one specific signal, the tail-cock gesture, implying that tail cocking is
more likely to evolve under stronger sexual selection. We also discover
process-level constraints on the evolution of complexity: signals are
gained along a strict order of operations, where the tail-cock gesture
arises before other colors and gestures. Yet virtually any signal can
be lost at any time. As a result, many extant phenotypes were more
likely to arise through loss of complexity, highlighting the importance
of secondary signal loss to phenotypic diversity. Collectively, our re-
sults demonstrate how sexual selection catalyzes the evolution of com-
plex phenotypes, which indirectly support diversity by allowing dif-
ferent traits to be modified or lost in the future.

Keywords: complexity, phenotypic diversity, animal communication,
display, gesture, signal design.

Introduction

How does biodiversity arise? This question sits at the core
of biology, as organic evolution is characterized by explo-
sive growth in phenotypic diversity over surprisingly short
time spans (Alfaro et al. 2009). One hypothesis is that di-
versification is facilitated by the emergence of complexity
(Civelek and Lusis 2014), whereby traits interact across de-
velopmental, ecological, and evolutionary timescales to con-
stitute an integrated phenotypic system (Hebets et al. 2016).
This idea has its origins in the robust correlation between
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phenotypic diversity and complexity through time (Carroll
2001; Chambers 2014; Vaesen and Houkes 2017). However,
the evolutionary mechanisms that explain this relationship
remain unclear (Wiens 2017). Therefore, studying how
phenotypic complexity itself evolved as traits were gained
and lost provides a promising way to understand the origins
of biodiversity.

Here we study the evolutionary pathways by which phe-
notypes gain and lose complexity, aiming to examine how
these processes drive trait diversity. We specifically focus
on animal displays, which are used for communication.
Most displays are complex, which means they are the inte-
grated product of many interacting component signals (He-
bets and Papaj 2005). For example, male peacock spiders
(Salticidae: Maratus) court females using dance displays,
which often involve body movements that reveal and/or
accentuate colorful ornaments (Girard et al. 2015). A re-
ceiver’s evaluation of the display will therefore rely on the
intersection of gesture and color, as many ornaments are
invisible without being revealed by gesture. In various taxa,
a similar display can be shared by dozens or even hundreds
of species, but a display’s complexity means that each signal
can differentially evolve to generate a diverse array of unique
phenotypes (Hebets and Papaj 2005; Soma and Garamszegi
2015; Miles and Fuxjager 2018b; Miles et al. 2018a). Moreover,
because signaling traits directly mediate fitness-linked inter-
actions like mate choice, they can play an outsized role to facil-
itate reproductive isolation and even speciation (Maia et al.
2013; Servedio 2016). Evolving increasingly complex displays
may therefore support diversity, since complexity offers an
expanded capacity for different signals to evolve in response
to multiple selection pressures and/or constraints (Hebets
et al. 2013; Miles et al. 2017). Indeed, theoretical models
of sexual selection highlight the importance of gaining novel
courtship traits to support incipient speciation (Yasukawa
1978; West-Eberhard 1983; Prum 2010, 2012; Kopp et al.
2017). But this raises the question: Do displays diverge and di-
versify only when new signals are gained? One non-mutually
exclusive alternative is that some threshold of display com-
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plexity exists, which is sufficient to support phenotypic di-
versity. If this is the case, then signal loss may be an alter-
nate trajectory to evolve unique phenotypes. Indeed, loss
of traits and/or genes can open up new phenotypic possibil-
ities by facilitating divergent evolution or reconfiguring
evolutionary constraints (West-Eberhard 2003). This model
may be particularly plausible for displays because signal-
ing traits appear to be lost more often than they are gained
(Maia et al. 2016).

Integrated visual displays are some of the most elaborate
and diverse phenotypes in the animal world (to human ob-
servers, at least), encoding information through the combi-
nation of colorful ornaments and ritualized body move-
ment or gesture (Miles et al. 2017; Miles and Fuxjager 2018a,
2018b). These displays provide an excellent platform to
study diversity and complexity because closely related spe-
cies have often gained/lost different ornaments and gestures.
However, the interconnected nature of visual signal compo-
nents does mean that coevolution between signals may also
influence patterns of phenotypic diversity. For example, some
authors point to the co-occurrence of color and gesture as an
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indication that gesture evolved to accentuate preexisting
color ornaments (Hasson 1991; Galvan 2008; Scholes et al.
2017; but see Prum 1990). This notion is certainly plausible,
considering that gesture is often used to modify a signaler’s
appearance by revealing or concealing body ornaments (Gi-
rard et al. 2011; Hongjamrassilp et al. 2018). Still, behavioral
traits like gesture appear to be more evolutionarily labile than
static ornaments (Blomberg et al. 2003; Miles et al. 2018b)
and are thus more likely to emerge first. Gestural signals can
also function independently of ornamentation (Barske et al.
2011; Manica et al. 2016; Schuppe and Fuxjager 2018). More-
over, some ornaments even function to amplify an underly-
ing signal produced with body movement (Hebets and Uetz
2000). Therefore, a compelling alternative to the “color first”
model is one in which gesture evolves first and is later accen-
tuated by color. Rarely (if ever) do studies test between these
two ideas.

To address our study’s main objective, we investigate a vi-
sual display system in the avian clade Ramphastides (fig. 1a),
a tropical radiation that includes barbets (Megalaimidae,
Lybiidae, Capitonidae), toucan-barbets (Semnornithidae),
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Figure 1: a, Phylogeny of the clade Ramphastides and the phenotypic patterning of tail displays shared by species in the group. Display
phenotypes are categorized by the presence (circle) or absence (no circle) of each of four visual signals: color ornaments on the rump
(red) and undertail (orange) plus the use of tail-cocking (blue) and rump-ruffing (purple) displays. Of 16 possible combinations of these
four signals, 13 are found in species today, and each signal has evolved multiple times in different portions of the phylogeny. Each gestural
signal is actuated by a distinct form of body movement and may coevolve with plumage ornaments that are revealed while displaying. The
tail-cock gesture (b) is performed when an individual elevates the tail to be perpendicular to the body, which pushes the rump feathers above
the wings and exposes the undertail (small arrows). By contrast, the rump-ruff gesture (c) is performed by raising feathers on the rump
(ptiloerection), which changes only the appearance of rump plumage (small arrow).
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and toucans (Ramphastidae). More than 50 species within
this group perform elaborate tail and rump displays (Short
etal. 2001). The most common is the tail-cock gesture, pro-
duced by raising the tail up to be perpendicular with the
body (fig. 1b), which increases the exposure of brightly col-
ored feathers on the rump and undertail. Another common
gesture is the rump ruff, which is actuated by erecting the
long rump feathers without moving the tail itself (fig. 1¢).
Whereas tail cocking will putatively influence how orna-
ments on both the rump and undertail are perceived, rump
ruffing changes the appearance of only rump patches. To-
gether, these signals appear to constitute a phenotypic sys-
tem, in that they appear to have coevolved to some degree
and are remarkably similar across species that are otherwise
quite different in their appearance and ecology (Short et al.
2001). Indeed, examining the distribution of all four sig-
nals—tail-cocking and rump-ruffing gestures as well as or-
naments on the rump and tail—across the clade reveals that
nearly every combination of traits has evolved in the group
(fig. 1a). This provides a compelling opportunity to explore
how different pathways of gaining and losing signals ex-
plain such phenotypic diversity.

We first evaluated whether each visual signal’s evolution
is predicted by sexual size dimorphism (SSD), a common
index of relative sexual selection pressure in comparative
studies of birds and other vertebrates (e.g., Ord and Martins
2006; Klomp et al. 2016; Miles et al. 20184a). SSD tends to be
highest in species for which competition among males for
female mates is greater (Payne 1984; Székely et al. 2000;
Dale et al. 2007) and/or when individual males can mate
with many females (Webster 1992).

Next, we used discrete trait modeling to characterize the
evolutionary process that best explains the phenotypic di-
versity observed in nature. We did this using a two-step ap-
proach. First, we accounted for coevolution between signals
by comparing the rates of evolutionary gains and losses un-
der all possible trait combinations, testing whether the pres-
ence/absence of one trait influences the probability that an-
other will evolve. If colorful ornaments arose first and were
later accentuated by body movement, then (1) a plain ances-
tor should be more likely to gain color; (2) gesture should be
unlikely to evolve unless the color is already present; and
(3) when color is lost, the loss of gesture should follow. Like-
wise, the inverse should be true if gesture evolved first and
was later accented by colorful ornaments. Finally, we assem-
ble an omnibus transition matrix that accounts for evolu-
tionary dependencies among traits to explore how the dual
processes of phenotypic gains (increasing complexity) and
secondary loss (decreasing complexity) work together to ex-
plain the evolution of different signal combinations. From
this approach, we assess the likelihood that phenotypic diver-
sity is generated when different lineages gain distinct traits.
Alternatively, secondary loss may drive diversity. In this case,

the evolutionary pathway to high-complexity states should be
highly canalized, and losses will dominate the transition net-
work instead.

Methods
Data Collection

We gathered data from the published literature (Short et al.
2001) on gestural displays and plumage ornamentation of
barbets and toucans (Aves: Ramphastides), a clade repre-
sented by =100 species distributed throughout the conti-
nental tropics. Of these species, 81 were included in the mo-
lecular phylogeny we used for this analysis (Jetz et al. 2012),
and the species included represent an even sample across
the group. Importantly, barbets evolved recently with a low
extinction and high speciation rate (Den Tex and Leonard
2013; Lutz et al. 2013), so data collected from extant
species alone are sufficient to support robust evolutionary
inference.

Barbets and toucans of both sexes use visual displays for
communication during courtship and communication, and
for most species (n = 56) this includes some form of com-
plex tail display encompassing both color and gesture (fig. 1a).
Each signal in the tail display is distributed widely across
the phylogeny, such that it was gained and lost multiple
times in different lineages. Among species with a tail dis-
play, ornaments occur on the rump (i.e., the dorsal feather
group posterior to the mantle) and/or undertail (i.e., the un-
dertail coverts or vent). Typically, these ornaments are red
or yellow, but some black species (n = 7) have a contrast-
ing unpigmented (white) rump instead. However, white
patches on a dark background are also important in visual
signaling, so we still considered these to be cases of rump
ornamentation (Pirt and Qvarnstrom 1997; Galvan 2008).
Although many bird species use visual signals in the form
of ultraviolet-reflective plumage, those in the order Pici-
formes (which includes barbets and toucans) do not have
ultraviolet-sensitive opsin (Odeen and Hastad 2013). There-
fore, any plumage patches that do reflect ultraviolet light
could not function as a visual signal and need not be consid-
ered. Tail displays also typically involve two common ges-
tures that change the appearance of ornaments on the rump
and undertail: (1) tail cocking, in which the tail is raised to be
perpendicular with the back (fig. 1b), and (2) rump ruffing,
or ptiloerection (feather raising), of the rump plumage (fig. 1c).
Both tail cocking and rump ruffing can accentuate orna-
mental plumage on the rump, if present, and the tail-cock
gesture also uniquely reveals the undertail feathers. In this
way, each gesture has the potential to interact with a differ-
ent combination of ornaments.

To examine how these visual displays evolve, we first
scored phenotypes using a simple binary system (table Al;
tables A1-A5 are available online): for each trait, a species re-
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ceived either a 0 (trait absent) or a 1 (trait present). To score
plumage ornaments, we referenced high-quality handbook
plates (del Hoyo et al. 1999) and awarded species a 1 if they
possessed a solid plumage patch that contrasted with the
wings, back, and tail. We still considered these to be instances
of ornamentation, as they occurred in species that were pri-
marily black, and white ornaments on a black background
are known to be functionally significant in visual signaling
(Galvan 2008). With the same system, we next scored pres-
ence or absence of gestural displays using reputable species
accounts (Short et al. 2001), which we corroborated where
possible by viewing videos of displaying birds archived at
the Internet Bird Collection. We scored displays only for spe-
cies with breeding information thoroughly described (n =
86), which helps avoid introducing potential false negatives
by assuming a species does not have a given display when
there simply is not sufficient information available to tell.
All scores were conducted blind to phylogeny and other
signaling traits. Of the 16 theoretically possible phenotypes,
all but three are represented by at least one species (fig. Al;
figs. A1, A2 are available online).

Finally, we computed SSD (SSD = (mass,,,. — mMassSgmac)/
mMasSg,.q.; Dale et al. 2007) using sex-specific mass data
gathered from published work (Short et al. 2001). In this
formulation, higher values indicate species in which males
are progressively larger than females, and SSD = 0 corre-
sponds to species in which males and females are identical
in mass (and species with negative SSD have females larger
than males). Previous work in birds finds that SSD is higher
in species undergoing greater sperm competition (Dunn
etal. 2001) or species in which males are more promiscuous
(Payne 1984; Székely et al. 2000; Dale et al. 2007). This is
consistent with the idea that males are larger in populations
where competition for mates is more intense (Payne 1984;
Price 1984). As a result, SSD is frequently used as a phe-
nomenological index of relative strength of sexual selec-
tion pressure in comparative studies (e.g., Webster 1992;
Ord and Martins 2006; Klomp et al. 2016; Miles et al.
2018a). This also likely applies to members of the clade
Ramphastides, considering the high variation in SSD across
the group (and particularly among highly aggressive and/or
territorial species, such as the Ramphastos toucans; Short
et al. 2001).

Phylogenetic and Statistical Approach

All analyses were performed in a comparative framework
using a random sample of 1,000 trees constructed from se-
quenced species and based on the Hackett backbone for avian
phylogenies (Hackett et al. 2008; Jetz et al. 2012), which rep-
resents our most up-to-date understanding of barbet evolu-
tion. From this sample, we also generated a maximum clade
consensus (MCC) tree in the R package phangorn (Schliep
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2011) for replicate use in Bayesian analyses and data visu-
alization. We first used this tree to test whether SSD pre-
dicts display evolution, using phylogenetic logistic regres-
sion because of our binary response variables (Ives and
Garland 2010). Each model was fit using the phyloglm func-
tion included in the R package phylolm (Ho and Ané 2014),
with species body mass included as a covariate to account
for any confounding effect of Rensch’s rule (Dale et al. 2007).
Because we tested the same hypothesis on four traits, we cor-
rected all P values to control for the false discovery rate
(Benjamini and Hochberg 1995). Other analyses were run
in BayesTraits V3 (Pagel and Meade 2007) and replicated
on both the 1,000-tree sample and MCC tree to ensure that
our inference was robust to topological differences across
phylogenetic hypotheses.

To model how the four-trait system of barbet tail displays
evolved, we first needed to account for coevolution between
signals. We triangulated our inference of coevolution with
multiple statistical approaches, first conducting frequentist
comparisons of model fit and then evaluating change in
evolutionary transition rates in a Bayesian framework. We
therefore first employed Pagel’s test for coevolution, which
is simply a fit comparison between different configurations
of the general multistate model for inferring discrete char-
acter evolution. This approach has been previously described
in detail elsewhere (Pagel et al. 2004; Pagel and Meade 2006).
Briefly, multistate models are easily expanded to assess how
two binary traits evolve with respect to one another by con-
sidering each feasible state combination—(0,0), (1,0), (0,1),
or (1,1)—to be its own discrete state (although BayesTraits
accepts a single data file with each binary trait in its own
column as input). The discrete model first estimates a global
rate of phenotypic change for the supplied trait and phylo-
genetic data, and it then estimates the transition rates (g,
where i is the initial state and j is the final state) between
each supplied trait. Here we use the typical independent
null model (df = 4) for all fit comparisons, which esti-
mates two rates for each trait (gain rate and loss rate). In
its maximally complex form, however, the model estimates
four rate parameters for each trait: gain (0 — 1) when the
other trait is absent (0), gain when the other trait is present
(1), loss (1 — 0) when the other trait is absent (0), and loss
when the other trait is present (1). By allowing different
transitions to vary according to another trait’s ancestral state
and then statistically comparing the fit of the expanded model
to the independent null, we can thus infer how each signal in-
fluences the rate at which each other is lost or gained (Pagel
et al. 2004; Pagel and Meade 2006). Importantly, the infer-
ence of coevolution between discrete traits is readily con-
founded by shared ancestral history among species, especially
for smaller data sets and/or phylogenies (Maddison and
FitzJohn 2015). To account for this fact, we also simulated
data sets to estimate type I error rate under the null hypoth-
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esis of independent evolution for every trait (outlined in de-
tail below). We then replicated our main analysis on the sim-
ulated data sets, an approach that allowed us to verify whether
we needed to adopt a more conservative threshold for signifi-
cance testing to account for phylogenetic pseudoreplication
(Rabosky 2006; Cooney et al. 2017).

Coevolutionary Analysis

We tested for coevolution in a maximum likelihood frame-
work, first fitting the null model as parameterized in the
Discrete: Independent function in BayesTraitsV3. Next,
for each pair of signals (e.g., rump ornament/rump-ruff ges-
ture, undertail ornament/tail-cock gesture) we also fit a se-
ries of alternative models (n = 4 per signal pair) in the Dis-
crete: Dependent module, each time allowing one transition
rate (gain or loss in one trait) to adopt a different value
when the other trait was present and absent. This allowed
us to examine coevolution separately when traits are gained
and lost and also independently assess how each trait influ-
ences transitions in another. We tested whether each alter-
native model better explained our data than the null using a
likelihood ratio test and adjusted P values within each model
family to control for the false discovery rate (Benjamini and
Hochberg 1995).

Comparing the fit of maximum likelihood trait models
only indicates which models better explain the phenotypic
data, and this is not an informative approach to character-
ize the direction and magnitude of rate differences. For ex-
ample, the best-fitting model for our data may be one in
which rump ruffing evolves at a different rate when another
signal is present or absent, but the actual magnitude of the
rate change could be positive, negative, or near zero (and
thus negligible). To determine the direction and magnitude
of rate differences, we estimated transition rate posteriors
from the full dependent model with Markov chain Monte
Carlo (MCMC), run twice each on the 1,000-tree sample
and the MCC tree. For each phylogenetic hypothesis we
also sampled from chains conditioned on different hyper-
priors (exponential and gamma distributions). Each chain
ran for 1 million iterations after a 100,000-generation burn-
in, and we concatenated the posterior sample (thinning in-
terval = 10,000) for diagnostic analysis in the R package
coda (Plummer et al. 1999). After verifying that chains were
mixing (the BayesTraits V3 autotuner was sufficient to
achieve a random walk through likelihood and parameter
space and an acceptance rate = 0.23), we log transformed
each transition rate g and computed posterior rate differ-
ence samples (Ag = Guait present — Gerait absent)- 111 these instances,
a Aq > O reflects a higher transition rate when a second trait
is present, whereas Ag < 0 indicates a lower rate when pres-
ent. We summarized the Aq sample by computing its mean
and interquartile range (IQR) and finally calculated the

posterior difference rate as the proportion of samples
where Giait present = Girait absent-

In summary, we used a combination of frequentist fit com-
parison and Bayesian estimation of rate parameters to infer
the degree to which signals evolved dependently on one an-
other. From these two approaches, we adopted a conserva-
tive set of criteria to determine whether a given evolution-
ary transition was truly dependent. Thus, we considered an
evolutionary transition (gain or loss in a signal) to depend
on another signal’s ancestral state (present or absent) only
if each of the following was true: (1) the model where
the transition rate was allowed to change better explained
the data when compared with the null, (2) the posterior
rate difference did not cross zero (mean and IQR are all pos-
itive or all negative), and (3) the same posterior difference
(either positive or negative) was recovered in >85% of
MCMC samples.

Accounting for Phylogenetic Pseudoreplication:
Null Model Approach

On smaller data sets and/or phylogenies, testing for coevo-
lution between discrete traits can incur inflated type I error
if there is insufficient representation of independent evolu-
tionary transitions. To ensure that our inference was robust
to such phylogenetic pseudoreplication, we used a null model
approach to estimate type I error and, if necessary, adjust
thresholds for significance (Rabosky 2006; Cooney et al.
2017). We therefore first estimated evolutionary rates for
each trait assuming no coevolution (i.e., each trait evolves
independently). We then generated 100 simulated data sets
on the basis of these independent rates using the R package
phytools (Revell 2012) function sim.history. In all instances
where we found statistical support for inferring coevolution
in our original data set, we retested the same trait pair with
the simulated data. This allowed us to compute type I error
rate and construct a null distribution based on the x> values
from the 100 different likelihood ratio tests performed on
the simulated data. Thus, the 95th quantile of this distribu-
tion represents the appropriate threshold for concluding
the two traits coevolve (fig. A2). However, it appears that
type I error was not appreciably inflated in our data set,
as we recovered an average error rate of 3.93% *+1.4%
(standard deviation; minimum = 2%, maximum = 6%).
Nonetheless, we verified that x* values obtained in our orig-
inal analysis were greater than the adjusted threshold (ta-
ble A2) before concluding that coevolution occurs between
two traits.

Evolutionary Transition Network

Our central aim was to construct a complete transition ma-
trix describing how complex display phenotypes evolved as
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different signals were gained or lost, which we could then
use to characterize the trajectories by which phenotypic di-
versity in tail displays arose. However, simultaneously com-
puting the transition rates required to encompass all 13 phe-
notypes is unlikely to be accurate for small data sets like this
one. To address this, we instead ran series of two-trait dis-
crete models and constructed a multimodel weighted-average
matrix that took coevolution between traits into account.

In BayesTraits, we used reversible jump MCMCs to esti-
mate posterior transition rates when modeling each pair of
traits under the Dependent Discrete function. For each of
these models, there are >21,000 possible parameter config-
urations, which makes finding the best-fit parameterization
difficult (if not impossible) through iterative fit comparison
alone. We therefore estimated rate posteriors using revers-
ible jump MCMC, which integrates values drawn across all
possible parameter configurations weighted by model like-
lihood (Pagel and Meade 2006). To ensure that our samples
were robust to permutations in tree topology and prior se-
lection, we ran three replicate models for each combination
of two different hyperpriors (exponential and gamma dis-
tributions) and on the 1,000-tree sample as well as the max-
imum clade credibility tree (although model output was
similar across priors and phylogenies). The posterior was
drawn from 10 million samples drawn every 1,000 genera-
tions after a 1,000,000-iteration burn-in. Chain mixing was
thorough when using the built-in BayesTraits autotuner,
which we verified by confirming there was no autocorrela-
tion and that acceptance rates were =~23%.

To construct our final transition matrix (table A3), we in-
tegrated the parameters derived from our two-trait models
into a framework that evaluates how the entire visual phe-
notype evolved. However, evaluating the simultaneous evo-
lution of multiple dependent traits requires accounting
for the possibility of multiple dependencies: if trait A is
more likely to evolve when trait B = 1 and trait C = 1,
which trait A parameter should we use in the situation
when trait B = 0 and trait C = 1? We addressed this issue
by computing weighted averages for each parameter based
on the degree to which a dependent model explained the
data better than an independent model (i.e., based on the
level of support for coevolution of any two traits). Thus, if fit-
ting a model when trait A is dependent on trait B (while ig-
noring trait C) provides a larger increase in fit compared with
the independent model than one where trait A is dependent
on trait C, the weighted average can take both dependencies
into account while prioritizing the influence of trait B’s state.
The weights themselves were derived from log Bayes factors
based on each model’s log marginal likelihood (log BF =
2 x (log likelihood, — log likelihood,)), which provides a
continuous measure of how much information was gained
when switching from an independent to a dependent model.
We estimated the log marginal likelihood for models using
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the stone sampling method (Xie et al. 2011; 100 stones
sampled for 10,000 iterations, « = 0.4, 3 = 1.0) and then
averaged this across the 12 replicates of each dependent
and independent model. Altogether, the transition matrix
was constructed using transition rates drawn from all pos-
sible models, and transition rates for traits that are highly
dependent on one another were given more weight in the
final output.

Complexity and Diversity

Complex displays are made up of more component signals
compared with simple displays (Hebets et al. 2016; Miles
et al. 2017, 2018a); thus, displays gaining signals over evolu-
tionary time are becoming more complex, whereas displays
transitioning into lower-complexity states would do so via
secondary signal loss. Because the processes by which phe-
notypes evolve to be more or less complex are partitioned
into trait gains and losses, we compared the distribution
of transitions between the two. Transition rates were het-
erogeneous across the matrix (table A3), so we used the
standardized residuals from a x? test (table A4) to eliminate
transitions that were uncommon enough to be considered
nonsignificant (Egge et al. 2011; described in Green and
Patek 2018). Briefly, only cells with standardized residuals
<1.96 are considered significant at o = 0.05, and others
are removed from the transition network. The remaining
values are therefore the dominant pathways by which the
integrated phenotype evolves.

After removing nonsignificant values (n = 17 gains and
n = 5 losses), we used the reduced matrix to ask whether
more phenotypic combinations were accessed by gaining
or losing signals (table A5). To do this, we compared the ob-
served count distribution of nonsignificant and remaining
transitions among gains and losses with a x> test (computed
with Yates correction) to assess whether the distribution of
transitions differed among the two processes. If phenotypic
complexity underlies diversity, then there should be a dif-
ference in the number of transitions remaining when sig-
nals are gained compared to when they are lost. Finally,
we ran post hoc x’ tests on gains and losses individually
to test whether an underlying difference between gains and
losses was driven by an increase or decrease in nonsignificant
transition count.

Results
Sexual Size Dimorphism

We first aimed to uncover whether sexual selection might
be a driver that explains why different visual signals evolve.
To do this, we used SSD (SSD = (mass;,. — Massgma.)/
MasS,qes) as a phenomenological indicator of relative sex-
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ual selection pressure. When SSD is zero, males and females
are exactly the same size. Large positive values reflect pro-
portionally larger males, while greater negative values re-
flect larger females instead. SSD does not provide an abso-
lute estimate of sexual selection pressure on phenotypic
evolution (various other drivers can also underlie sex-
specific size variation). However, it is effective as a relative
index when applied across many species that exhibit varia-
tion in SSD and life-history traits relevant to sexual selection.
This is certainly the case for clade Ramphastides, where both
SSD and social behavior varies from species to species (Short
et al. 2001).

With this in mind, we calculated SSD for each species on
the basis of published body mass values (Short et al. 2001).
SSD positively predicted whether species would evolve a
tail-cock gesture (fig. 2a; phylogenetic logistic regression:
z = 2.67, P = .012), where species with higher SSD were
more likely to have the signal than those that did not. Be-
cause SSD can be confounded by overall body size, we also
verified that this effect was independent of species body
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mass (z = 0.51, P = .607). By contrast, we found no evi-
dence that differences in SSD predict whether a species
would evolve the rump-ruff gesture (fig. 2b; z = 1.72, P =
.115) or plumage ornamentation on the rump (fig. 2¢; z =
1.97, P = .193) or undertail (fig. 2d; z < 0.00, P =.999).
These data therefore suggest that tail-cocking gestures are
more likely to be gained by species where males are pro-
portionally larger than females (rather than being similar
or smaller in size).

Coevolution

Because each component in a visual display can influence
how the others function, we tested for evolutionary depen-
dency between each pair of signal components. We did this
using a series of discrete models, each of which reconstructs
how a pair of binary traits evolved along the phylogeny. For
each pair of traits (e.g., tail-cock gesture and rump orna-
ment), we first fit a null model with four parameters that de-
scribed the rate of gain and loss in each trait and then com-
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Figure 2: Variation in sexual size dimorphism (SSD) among species, partitioned by the presence or absence of signals in the tail display
system: tail cocking (a), rump ruffing (b), rump ornament (c), and undertail ornament (d). Each circle represents one species, with the ver-
tical line reflecting the multispecies mean. SSD characterizes size differences between the sexes: at 0, males and females are identical in mass,
while greater positive values reflect larger males and greater negative values reflect larger females. In a phylogenetic logistic regression that
accounts for species body mass, SSD significantly predicts the probability that a species has the tail-cock gesture (red line; z = 2.67, P = .012; a).
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pared this with an alternative model where we allowed a fo- We initially examined whether coevolution influences
cal transition (e.g., rate of gaining rump ornament or rate of  how traits are gained (table 1; fig. 3a), the type of transition
losing tail cocking) to take a different rate value when the marked by an increase in visual display complexity. First,
second trait was present and absent. our data were best explained by models where rump orna-

Table 1: Statistical summary of models evaluating whether a given trait’s presence (predictor) influences the rate
of gaining (+) or losing (—) another trait, either a gesture (G) or an ornament (O)

Ancestral trait and focal transition Log likelihood, Log likelihood x> P Aq (IQR)
Gesture:
Rump ruff:
+G: tail cock —70.89 —70.52 74 .390 2.99 (1.5-4.5)
+O: rump —72.27 —68.94 6.7% .020" 3.22 (1.9-4.5)
+0O: undertail —56.15 —56.02 .26 742 .61 (—.67 to 1.9)
Tail cock:
+G: rump ruff —70.89 —70.95 12 .836 .78 (—.77 to 2.2)
+O: rump —74.80 —70.45 8.7¢ 006" 2.67 (1.4-3.8)
+0O: undertail —64.04 —60.33 7.4 .013" —1.01 (—2.2 to .26)
Ornament:
Rump:
+G: rump ruff —72.27 —68.69 7.2% .015" 1.86 (.77-2.8)
+G: tail cock —74.80 —67.28 15.0° 00027 3.83 (2.5-5.1)
+0O: undertail —65.42 —62.97 4.9 .027" —.21 (—1.2 to .76)
Undertail:
+G: rump ruff —56.15 —56.15 .01 923 —.68 (—1.9 to .49)
+G: tail cock —64.04 —63.40 1.3 261 45 (—.65 to 1.7)
+0O: rump —65.42 —65.30 25 .618 —.60 (—1.6 to .58)
Gesture:
Rump ruff:
—G: tail cock —70.89 —70.33 1.1 292 2.2 (1.2-3.3)
—O: rump —72.27 —70.19 4.2 041" 96 (—.39 to 2.2)
—O: undertail —56.15 —56.14 .03 .908 .68 (—.51 to 1.9)
Tail cock:
—G: rump ruff —70.89 —70.68 41 .696 .69 (—.64 to 1.9)
—O: rump —74.80 —70.44 8.7 .003™ —.65 (—1.9 to .31)
—O: undertail —64.04 —61.92 4.2° .040" —2.5(—3.9 to —1.2)
Ornament:
Rump:
—G: rump ruff —72.27 —68.95 6.7 .015" —.29 (—1.4 to .58)
—G: tail cock —74.80 —73.25 3.1 .078 1.6 (.41-2)
—O: undertail —65.42 —60.66 9.5° .004™ —3.01 (—3.96 to —1.8)
Undertail:
—G: rump ruff —56.15 —56.12 .06 .883 —.63 (—1.8 to 42)
—G: tail cock —64.04 —61.68 4.7 .060 —1.4 (=24 to —.57)
—O: rump —65.42 —63.69 3.5 125 —.86 (—3.9 to —.02)

Note: In each case, we compared the fit of a null model to an alternative where the focal transition rate was estimated separately when the predictor rate was present
and when it was absent. Log transition rate difference (Aq) was estimated from the alternative model via Markov chain Monte Carlo. Positive Ag values thus indicate
that a focal transition was more frequent when the predictor trait was present, whereas negative values indicate that the transition was less likely, and values near 0
suggest there is no difference. Finally, for each case supporting coevolution, we also simulated data sets under the null hypothesis (traits evolve independently) to verify
that type I error was <5% or alternatively compute an adjusted threshold for significance. Thus, we infer that two traits coevolve only if (1) the alternative model better
explains the data (P < .05 after correction for multiple testing), (2) Aq is nonzero in that model, and (3) the alternative model is still supported when compared with a
simulated null distribution. Boldface reflects models supporting an inference of coevolution according to our criteria. IQR = interquartile range.

“ Test statistic also exceeds critical value computed from null distribution for a given ancestral trait/focal transition pair (table A2 [available online]; for more
information, see “Methods”).

" P<.05.

" P<.0L

P <.001.
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Figure 3: Summary of coevolution between signals in the tail display system. We separately assessed whether the presence of one signal
influences the probability that another will be gained (a) or lost (b). In each panel, ancestral signals are aligned on the left (shaded boxes),
and evolutionary transitions are on the right (unshaded boxes). Arrows pointing from an ancestral trait to a given transition reflect statistical
support for coevolution, whereby the ancestral trait’s presence predicts an increased rate of gaining another signal (a) or a decreased rate of
losing one (i.e., increased rate of retention; b). Arrow thickness corresponds to the magnitude of the difference between the log-transformed
transition rate (i.e., fold change) when a given trait is present and when it is absent. For each significant result depicted, we verified that our
conclusions were robust to phylogenetic pseudoreplication with a null model simulation (fig. A2 [available online]).

ments were more likely to evolve in lineages that already
had a tail-cock gesture (x> = 8.71, P = .006) or rump-ruff
gesture (x° = 6.67, P = .020). In other words, rump or-
naments evolved approximately 2.7 times (IQR, 1.4-3.8)
more often when a tail-cock gesture evolved first (posterior
difference = 94.3%) and 3.2 times (IQR, 1.9-4.5) more fre-
quently when the rump-ruff gesture was already present
(posterior difference = 89.0%). At the same time, species
with an ancestral rump ornament were also more likely to
gain a gesture: they were 3.8 times (IQR, 2.5-5.1) more likely
to begin tail cocking (x* = 15.0, P = .0002; posterior
difference = 96.5%) and 1.9 times (IQR, 0.8-2.8) more likely
to gain rump ruffing (x> = 7.17, P = .015; posterior
difference = 94.0%). Color ornaments on the rump thus
tended to be gained alongside both gestures, but it is impos-
sible to distinguish whether one precedes the other from co-
evolution alone. By contrast, undertail ornaments appear to
be gained independently of the other signals; lineages were
also no more likely to gain another visual signal when un-
dertail ornaments were present (table 1).

For the most part, both gestural signals and color orna-
ments were lost independently of one another (fig. 3b; ta-
ble 1), although we did uncover evidence that secondary
loss of undertail ornamentation is influenced by the pres-
ence of a tail-cocking gesture (x* = 4.2, P = .04) and/

or rump ornament (x> = 9.5, P = .004). More specifically,
lineages that had both an undertail ornament and the tail-
cock gesture were 2.5 times (IQR, 3.9-1.2) less likely to lose
the signal (posterior difference = 87.5%). In other words,
coloration on the undertail was retained more often in spe-
cies that also used a gesture that can accentuate the orna-
ment. Similarly, our data are best explained by a model in
which undertail ornaments were retained more frequently
when a species also had a rump ornament (Aqg = —3.01
[IQR, —4.0 to —1.8]; posterior difference = 98.9%).

For each model above where we uncovered statistical sup-
port for coevolution, we also ensured our results were ro-
bust to phylogenetic pseudoreplication (Maddison and Fitz-
John 2015) using a null modeling approach (modeled after
Rabosky 2006). After simulating data sets where each trait
evolved independently on the basis of realistic rates, we re-
analyzed the null data and computed type I error rate (mean:
3.93% = 1.4%; maximum: 6%). With this output, we also com-
puted adjusted x> thresholds for significance testing and
verified that our original test statistics exceeded this new
critical value (table 1). Each original effect suggesting co-
evolution takes place was preserved.

In summary, each signal in the tail display system ap-
pears to undergo some form of correlated evolution with
another. When gaining novel traits, it was more common
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for lineages that use either tail cocking or rump ruffing to gain
a rump ornament. However, they were also more likely to
gain one of the two gestures when rump ornaments were al-
ready present. Meanwhile, color ornaments appear to be lost
more often in lineages that lack a gesture.

Underpinnings of Phenotypic Patterning

The evolutionary process driving visual signal complexity
in these birds appears to be one marked by sexual selection
for a gestural display (tail cocking) and apparent coevolu-
tion among different signaling traits—but how does this
process generate the diversity of phenotypes observed in
nature today (fig. 1a)? Of the extant barbets and toucans,
all theoretical combinations of our four focal signals (n =
16) have been documented in the wild except for three (ta-
ble A1), which highlights the variety of feasible phenotypic
outcomes. At the same time, some phenotypic transition rates
were influenced by the state of another trait (fig. 3)—in other
words, a species’ chance of gaining a given signal change
is conditional on the presence/absence of another—which
means that reconstructing how an entire visual display
evolves must synthesize information from multiple two-
trait models. To do this we used reversible jump MCMC,
which samples all possible parameterizations of the models
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describing how each trait pair evolved. We then constructed
a multimodel transition matrix (table A3) that synthesized
the results from each model, weighting parameters by the
log Bayes factor (computed using log marginal likelihood
estimates from the full dependent model and a constrained
independent null). This allowed us to ensure that parameters
from models in which one trait was highly dependent on an-
other contributed more to the final average.

From the final transition matrix, we eliminated rare (sta-
tistically nonsignificant) transitions from the network using
x° standardized residuals (Egge et al. 2011; Green and Patek
2018), which left 42 of 64 transitions remaining (66%; ta-
ble A4). The majority of rare transitions were phenotypic
gains (n = 17), which resulted in a network with few avail-
able routes to gain new signals. Instead, a plain ancestor was
likely to gain only the tail-cock gesture but not any of the
other three signals. Color ornaments were gained only in
lineages that already used tail cocking. In a similar vein, the
rump-ruff signal emerged only after color ornaments were
present, suggesting that color (and thus also the tail-cock
gesture) were a prerequisite for this gesture to arise. Impor-
tantly, the small number of common gains means that sev-
eral phenotypes were unlikely to evolve through a process
of signal gains alone (n = 6; fig. 4a). Because these or-
phaned phenotypes were inaccessible by gaining traits, this

()

Evolutionary losses

Ornaments: Gestures:
Rump  Undertail Rump-ruff Tail-cock

AN N W

Figure 4: After accounting for evolutionary dependence between signals, we assembled an omnibus transition network describing how tail
displays evolved in toucans and barbets. Each silhouette represents one of 16 unique phenotypes, and arrows indicate evolutionary transitions
that commonly occurred. When signals are gained (a), a relatively large number of transitions (n = 17) are statistically nonsignificant (x*
standardized residuals <1.96), which restricts the trajectory by which displays evolve to become more complex. As a result, many phenotypes
are orphaned (faded silhouettes; a) and unlikely to evolve through gaining signals alone. By contrast, nearly every trait loss (b) is common,

and orphaned phenotypes can therefore arise via secondary loss.
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suggests that secondary signal loss instead may have been an
important process underlying their evolution. Altogether,
this restricted route by which species gained complex dis-
plays suggests that the evolutionary trajectory toward com-
plexity was highly canalized.

By contrast, most trait losses were statistically significant,
meaning that few were eliminated in our analysis. This gen-
erated a highly diverse transition network characterizing
how visual displays evolved from states of high to low phe-
notypic complexity (fig. 4b; table A3). Interestingly, the five
transitions eliminated from this network all involved losing
undertail ornamentation in species that had a tail-cock ges-
ture and/or rump ornament. Considering that we found un-
dertail ornaments to be retained more frequently in these
cases (fig. 3b), the rare transitions are likely a result of evo-
lutionary dependency.

Finally, we determined whether the processes of gaining
and losing signals differed in the number of available (sta-
tistically significant) transitions. As such, we tested whether
eliminated transitions were equally distributed between the
two processes, and we found that the share of nonsignificant
transitions was significantly different (x*> = 8.38, df = 1,
P = .004 with Yates correction; table A5). In other words,
there were more gains/fewer losses eliminated than predicted
by chance alone (x> = 4.98, df = 1, P = .023 for each),
which supports the idea that gaining signals—but not losing
them—is a canalized process. Therefore, despite the limited
number of ways for complex display phenotypes to arise by
gaining signals, phenotypic diversity can still arise when an-
cestrally complex displays subsequently lost different signals.

Discussion

Here we show how gaining and losing traits each contrib-
utes to phenotypic diversity in the elaborate tail displays of
toucans and barbets. First, SSD predicts whether species
use one of four signals (tail-cock gesture) in the display sys-
tem, suggesting that sexual selection directly favors this ges-
ture’s emergence. At the same time, our coevolution analy-
sis suggests that gaining new signals—the process by which
displays become more complex—is highly ordered; many
signals will not be gained unless others are already present
in the ancestral population. By contrast, the same is not true
for signal loss, as most signals are lost independently of each
other. Each of these findings is robust to subsequent null
model analyses, which we conducted to account for poten-
tial phylogenetic pseudoreplication due to low sample size.
Next, we employed a phenomic approach to reveal that trait
gains are limited to a few transitions, whereas nearly every
opportunity for signal loss is common. Altogether, these find-
ings corroborate the notion that sexual selection underlies
the evolution of complex displays. However, complexity
arises following a restricted order of trait gains that is un-

likely to generate diverse phenotypes. Instead, novel pheno-
types emerge when complex displays lose different signals
along an unconstrained sequence of transitions.

Procedural Constraint Guides the Evolution of Complexity

One key insight from our data is that an evolutionary order
of operations dictates how signals in the tail display are
gained. The first line of evidence is that specific pairs of sig-
nals coevolve, as they tend to be gained together. For exam-
ple, colorful ornaments on the rump are more likely to
evolve when tail cocking is present—but at the same time,
tail cocking is also gained more frequently in species that
have a rump ornament. The same is true for rump ruffing
and rump ornaments. By interpreting these relationships
in the context of the trait transition network based on the
deep evolutionary history of the tail display (fig. 4), we can
distill how coevolution shapes the order of evolutionary
events. First, only tail cocking is likely to evolve from a plain an-
cestor, resolving the chicken and egg conundrum of whether
gesture or color emerged first. After a lineage gains tail cock-
ing, then plumage ornament on the rump or undertail can
evolve. However, simply evolving a tail-cock gesture is not
sufficient to unlock all possible signal gains. This is because
tail-cocking species are next likely to gain only a color orna-
ment on the rump or undertail but not a rump-ruffing ges-
ture. Coevolution again appears to limit which transitions
will take place, as rump ruffing evolves only in lineages that
have an ancestral rump ornament. Importantly, this is the only
common path by which a species can evolve the most com-
plex display, at least through gains alone. These analyses col-
lectively uncover a canalized route to phenotypic complexity.

Compared with gaining signals, the evolutionary path
for signal loss is unconstrained. We found only two cases
of potential evolutionary dependence for signal loss, where
undertail ornaments are retained more often in species with
a tail-cock gesture and/or rump ornament. This means that
undertail ornaments are gained independently but evolu-
tionarily stabilized by the other signals. Again, the impact
of this coevolution is apparent in the transition matrix,
where the only nonsignificant transitions were those in which
a species loses its undertail ornament when tail cocking and/
or rump ornamentation are present. Beyond this, the rest of
the network is marked by near-endless possibilities for sig-
nal loss to occur. Numerous mechanisms could act as drivers
for this process, including drift, shifts in the context of sexual
selection, signal costliness, and functional similarities be-
tween signals at the systems level. In the context of this study,
we cannot tell which of these factors (if any) plays a domi-
nant role in triggering signal loss.

The frequency of signal loss stands in stark contrast to
the limitations on displays gaining complexity, where co-
evolution between signals restricts the range of likely phe-
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notypic outcomes. In this respect, the process by which vi-
sual displays evolve greater complexity appears to be proce-
durally constrained. Just as developmental and functional
constraints limit the range of evolutionary outcomes for a
trait (Alexander 1985; Briffa and Sneddon 2007), such pro-
cedural constraint restricts a visual display from evolving
specific signal combinations if they are out of order.

Sexual Selection and the Order of Signal Evolution

Importantly, our data point to the mechanism by which sex-
ual selection can indirectly act as a catalyst for the evolution
of complex displays. SSD predicts which species have gained
tail cocking but not the other three signals. Tail cocking is
also the first gesture to evolve from a plain ancestor and fa-
cilitates future evolution and retention of other visual sig-
nals; thus, sexual selection for this gesture may start the pro-
cess by which elaborate tail displays emerge and diversify.
In this case, we suspect that the tail-cock gesture was histor-
ically the functional core of barbet tail displays. Subsequent
gains of colorful ornaments could augment the original ges-
ture’s function in various ways, such as (1) allowing one dis-
play to accomplish multiple functions (multiple messages;
Johnstone 1996); (2) matching the original signal’s function
(degeneracy), which can enhance evolvability (Hebets et al.
2016); (3) amplifying a receiver’s response to the original signal
(Hebets and Uetz 2000); and/or (4) increasing the chance thata
receiver can perceive the signal (Ord et al. 2007). Each proposed
role for color evolving after gesture is non-mutually exclu-
sive and highlights why complexity is a common feature of
displays used in multiple contexts (Langmore 1997; Delaney
et al. 2007) or evolving under the influence of competing
selection pressures (Endler 1992; Halfwerk et al. 2014).
The idea that tail cocking is a precursor to subsequent
ornaments (each of which can accomplish any of the afore-
mentioned functions) is supported by the fact that barbets
and toucans use tail cocking specifically in both courtship
and competition. The dominant male in a group of Lybius
barbets, for example, will cock its tail during social displays
(Short and Horne 1982; Short et al. 2001), and multiple taxa
use tail cocking when confronting rivals or greeting a mate
(Short and Horne 1980; Short et al. 2001). Of course, this is
not to suggest that color ornaments and additional gestures
are not also functional on their own. Some species do not
tail cock (e.g., Pogoniulus tinkerbirds; Capito and Mega-
laima barbets), and the widespread occurrence of second-
ary signal loss suggests that color ornaments and rump ruff-
ing may take on a signaling function of their own even after
tail cocking is lost. If true, a subsequent ornament that over-
laps functionally with gesture has the capacity to be a degen-
erate component in the system or one that overlaps in func-
tion with another in such a way that either could be lost
without compromising function (Hebets et al. 2016). Because
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both color and gesture can each be effective signals for medi-
ating courtship and competition, a tail display with both could
plausibly lose one or the other and still be functional. For this
reason, we suspect that degeneracy could underlie instances of
secondary signal loss in the tail display system. Functional
origins of additional signals aside, our data certainly under-
mine a pervading (and typically untested) assumption that
behavioral displays evolve as mere accessories to ornamen-
tation (e.g., Hasson 1991; Galvan 2008; Scholes et al. 2017)
rather than functioning as independent signals.

Why would gesture evolve before ornamentation in a vi-
sual display? We hypothesize that gestural evolution pre-
ceded color for several (non-mutually exclusive) reasons.
First, gesture is an important signaling mechanism in its own
right, used widely by species in every major animal group
(Girard et al. 2011; Mangiamele et al. 2016; Miles et al. 2017;
Hongjamrassilp et al. 2018). In contrast to better-studied sig-
naling mechanisms like coloration and vocalization, which
mostly encode information on a single modality (visual and
acoustic, respectively), gesture can facilitate visual, acoustic,
and/or mechanical (tactile) communication (Elias et al. 2012;
Garcia et al. 2012; Miles et al. 2018a). The functional flexibil-
ity of gesture may underlie its early emergence in a signaling
system. Second, gesture’s prominence may lie in its capacity
to act as an effective indicator of an individual’s capacity to
perform challenging motor tasks, which can convey valu-
able information about a signaler’s quality (Byers et al. 2010;
Barske et al. 2011; Manica et al. 2016).

Alternatively, gesture’s early emergence may stem from
larger patterns in the pace of behavioral evolution. Consid-
ering that behavioral traits are comparatively labile (Blom-
berg et al. 2003; Miles et al. 2018b), tail cocking may have
evolved first simply as a matter of probability. If this is the
case, gesture may evolve more frequently because the body
movements used for signaling can be co-opted from preexist-
ing motor patterns that already functioned in other contexts.
For example, several groups of frogs have independently
evolved a foot-flagging display, which appears to be a ritual-
ized form of the kicking movements used by fighting males
(Preininger et al. 2013; Mangiamele et al. 2016). Interestingly,
some foot-flagging species have also evolved bright toe web-
bing that is displayed while waving, whereas younger line-
ages have plain webs instead (Preininger et al. 2013). To this
end, we also know that color ornaments evolve relatively
slowly, likely because gaining new ornaments often necessi-
tates changes in an organism’s capacity to metabolize pig-
ments into usable forms and/or deposit those pigments in
a new area as a colorant (Badyaev et al. 2015).

A Phenomics Perspective on Complexity and Diversity

Our findings provide new insight into the evolutionary mech-
anisms that underlie the omnipresent (yet murky) relation-
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ship between phenotypic complexity and diversity (Carroll
2001). Because complexity and diversity both exhibit ex-
plosive parallel growth throughout evolutionary history, re-
searchers have speculated for decades that complexity is a
direct driver of diversity (Carroll 2001; Chambers 2014;
Vaesen and Houkes 2017). Tests of this idea have provided
mixed results. Most phenotypic studies focus on morpho-
logical complexity, which appears to support diversity
in some organisms and traits but not others (Adamowicz
et al. 2008; Azevedo et al. 2018). Cases corroborating the
complexity-diversity link specifically focus on functional
traits with an outsized potential to evolve in response to
selection (Lenski et al. 2003; Adamowicz et al. 2008). As a
result, one unifying feature of this work is an emphasis on
versatility and adaptability, because complex traits offer a
wider range of opportunities for modification in response
to various selection pressures. However, here we leverage a
historically oriented phenomic approach to reveal that proce-
dural constraints make it unlikely for diversity to arise as
displays become more complex alone. Instead, the procedural
asymmetry between gaining and losing traits suggests that
evolving complexity plays a facultative role in supporting
phenotypic diversity. Whereas the typical model of diversity
from complexity emphasizes iterative and often irreversible
changes, our data demonstrate how reversing the evolution
of complexity can play its own potent role in bringing about
new phenotypes.

Finally, the facultative manner in which phenotypic com-
plexity supports diversity also sheds light on an emerging link
between complexity, sexual selection, and speciation. Studies
suggest that complexity itself is a target of sexual selection
(Hebets et al. 2013; Miles and Fuxjager 2018b). Moreover, spe-
cies evolving in a context characterized by high rates of sec-
ondary contact tend to have visual displays that are more
complex or diverse (Martin et al. 2010; Miles et al. 2017). If
complexity indeed amplifies a phenotype’s potential to di-
verge among populations, then highly complex traits should
be more likely to support the emergence of critical reproduc-
tive barriers (Grant and Grant 2010; Gilman et al. 2018).
Typically, the process by which mate choice for courtship
traits facilitates diversification is described through the lens
of phenotypic novelty (i.e., when a trait is gained; West-
Eberhard 1983; Servedio and Biirger 2014). When the novel
trait is associated with new patterns of mate choice, it can
then drive assortative mating (or trait preference matching)
and later speciation, regardless of whether the shift in mate
choice is adaptive or arbitrary (Prum 2012; Kopp et al.
2017). If this model applies to barbet visual displays, how-
ever, then courtship novelty may functionally arise when a pop-
ulation loses an ancestral signal instead. In turn, phenotypic
diversification through secondary loss may also provide the
impetus for future speciation if assortative mating is strong,
even without the emergence of novel traits altogether.

Conclusions

In summary, we used a phenomic approach to disentangle
the evolutionary processes that generate critical elements of
phenotypic pattern—complexity and diversity—in the elab-
orate visual displays of toucans and barbets. Procedural
constraint on the evolution of complexity restricts the po-
tential for many display phenotypes to arise. Instead, phe-
notypic diversity is supported by secondary signal loss from
lineages with complex displays. The entire process appears
to be catalyzed by sexual selection for communication with
body movement (gesture), highlighting the potential for be-
havior to influence how other traits and even species evolve.
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