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Learning has been traditionally thought to accelerate the evolutionary
change of behavioural traits. We evaluated the evolutionary rate of learned
vocalizations and the interplay of morphology and ecology in the evolution
of these signals. We examined contact calls of 51 species of Neotropical parrots from the tribe Arini. Parrots are ideal subjects due to their wide range
of body sizes and habitats, and their open-ended vocal learning that allows
them to modify their calls throughout life. We estimated the evolutionary
rate of acoustic parameters of parrot contact calls and compared them to
those of morphological traits and habitat. We also evaluated the effect of
body mass, bill length, vegetation density and species interactions on acoustic parameters of contact calls while controlling for phylogeny. Evolutionary
rates of acoustic parameters did not differ from those of our predictor variables except for spectral entropy, which had a significantly slower rate of
evolution. We found support for correlated evolution of call duration, and
fundamental and peak frequencies with body mass, and of fundamental frequency with bill length. The degree of sympatry between species did not
have a significant effect on acoustic parameters. Our results suggest that parrot contact calls, which are learned acoustic signals, show evolutionary rates
similar to those of morphological traits. This is the first study to our knowledge to provide evidence that change through cultural evolution does not
necessarily accelerate the evolutionary rate of traits acquired through lifelong vocal learning.

Introduction
Learned behaviours are often hypothesized to be more
labile than innate behaviours or morphological traits
due to their potential for rapid change through cultural
evolution (West-Eberhard, 1983; Blomberg et al., 2003;
Lachlan & Servedio, 2004). As a consequence of this
potential lability, it is sometimes assumed that learned
behaviours, such as avian vocalizations with a strong
vocal learning component (e.g. calls and song in oscine
songbirds, parrots, hummingbirds), diverge too rapidly
to permit effective comparative studies (Price & Lanyon,
2002; Seddon, 2005; Tobias et al., 2010). Such rapid
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diversification may be particularly strong in species
with rapid sexual selection (Price & Lanyon, 2002;
Cardoso et al., 2012; Seddon et al., 2013), or in openended learning taxa such as parrots (Bradbury, 2003;
Dahlin et al., 2013) and some hummingbirds (ArayaSalas & Wright, 2013) that can alter their vocalizations
throughout their lifespan. Vocal dialects, which represent substantial variation in learned vocalizations
within the same species, are an example of diversification of a learned behaviour (Baker, 1975; Jenkins,
1978; Rothstein & Fleischer, 1987; Wright, 1996).
Although learning clearly has the potential to generate
signal diversification and therefore may play an important role in speciation (Danchin et al., 2011; Wilkins
et al., 2013; Gill, 2014), there is no empirical evidence
that the differences seen across populations due to cultural evolution have repercussions above the level of
species by accelerating the pace of evolutionary change.
Furthermore, it remains unclear whether the rate of
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diversification of learned traits is limited by morphological and ecological constraints.
Acoustic signals are a particularly well-suited system
to study the interplay of morphological and ecological
factors on the evolution of learned behaviours because
they can be dissected into multiple components that
may be influenced by different selective pressures. A
growing body of evidence suggests that acoustic signals
are shaped by both morphological and ecological factors
in insects (Couldridge & van Staaden, 2004), anurans
(Zimmerman, 1983; Kime et al., 2000; Bosch & De la
Riva, 2004), mammals (Brown et al., 1995; Mitani &
Stuht, 1998; Peters & Peters, 2010) and birds. Comparative studies in avian taxa have shown that morphological traits involved in signal production, such as body
size (Ryan & Brenowitz, 1985; Podos, 2001; Seddon,
2005; Price, 2008; Martin et al., 2011), and bill size (Podos, 2001; Seddon, 2005; Derryberry et al., 2012), play
a critical role in shaping acoustic signals in birds. The
selective pressure for enhanced transmission in the
habitat where acoustic signals are produced and
received also may shape their structure, as predicted by
the ‘acoustic adaption’ (Morton, 1975) or ‘sensory
drive’ hypotheses (Endler, 1992; Tobias et al., 2010).
Support for these ideas is provided both by within species (Derryberry, 2009; Ey & Fischer, 2009) and comparative studies (Seddon, 2005; Tobias et al., 2010; Weir
et al., 2012). Another ecological factor that is thought
to play a role in the divergence in avian vocalizations is
character displacement resulting from species interactions (Seddon, 2005; Tobias et al., 2010). The main prediction of this hypothesis is that signals of closely
related species will be more divergent in sympatry than
in allopatry, as has been documented in vocalizations
of some avian taxa (Seddon, 2005; Kirschel et al., 2009;
Grant & Grant, 2010).
The parrots (Order Psittaciformes) are a promising
group in which to investigate the pace of evolutionary
change of learned behaviours such as life-long acquired
vocalizations. Contact calls, which are ubiquitous in
parrots, are used for long distance communication and
are easily identified as homologous traits. These calls
have a strong learning component (Wright, 1996; Wanker & Fischer, 2001; Bond & Diamond, 2005; Berg
et al., 2011; Ribot et al., 2012) and can be modified in
the course of a lifetime (Hile et al., 2000; Manabe et al.,
2008; Salinas-Melgoza & Wright, 2012; Dahlin et al.,
2013). Parrot contact calls are used by both sexes and
all age groups to mediate social interactions, such as
location of group members, establishing contact with
mates and coordinating foraging activities (Cortopassi &
Bradbury, 2006). Therefore, these vocalizations are
unlikely to be under strong sexual selection, making
them an ideal system to study the interplay of morphological and ecological factors on evolutionary patterns
of learned acoustic signals, in the absence of the effects
of sexual selection on signal diversification.

Here, we examine the evolution of learned contact
calls in a monophyletic group of Neotropical parrots of
the tribe Arini (Family Psittacidae, sensu Joseph et al.,
2012). A comprehensive phylogeny of this tribe is
available (Schirtzinger, 2011), and species in the group
show a wide range of sizes and occupy a variety of
habitats in Central and South America and the Caribbean (Forshaw, 2006). We evaluated the hypothesis
that life-long learned vocalizations exhibit a higher
pace of evolutionary change. We also evaluated
whether lower rates of evolution are found in acoustic
parameters that co-evolved to morphological/ecological
factors. We estimated and compared evolutionary rates
of both acoustic parameters and measures of morphology and habitat. Then we investigated the potential factors that constrain the diversification of these
vocalizations by testing correlated evolution of acoustic
parameters and morphological and habitat predictors
using phylogenetically generalized least squares (PGLS).
We also examined the effect of range overlap using a
distance matrix approach that controlled for genetic distance between pairs of species.

Materials and methods
Sound recordings
We obtained 285 recordings from 51 species of the tribe
Arini sensu Schodde et al. (2013) from bioacoustics
archives (Table S1). Three species of the 55 species present in the phylogeny were not included in the call
database due the small numbers of recordings available
(<3 recordings for each). Another species was excluded
due to lack of habitat data. We sampled an average 5.58
recordings (min: 3, max: 10) per species (Table S1).
We extracted one call per recording to ensure each
recording represented a single individual. The sex of
the individual was unknown for most of the recordings.
To guide our selection of contact calls from field recordings, we chose one representative call per species, from
the CD ‘Voices of New World Parrots’ (Whitney et al.,
2002) as the reference contact call for each species during further sampling from other databases (Table S1).
This source was used as the reference due to the certainty of species and call type identification in these
recordings, as well as their high audio quality. Calls
obtained from other collections were compared to these
reference calls and only those similar to their respective
reference, based on visual inspection of the spectrograms, were included in the analyses. All the files
obtained in ‘mp3’ format were converted into ‘wav’
format (44.1 KHz, 16 bits).
Measurement of acoustic parameters
We used the R packages SEEWAVE (Sueur et al., 2008)
and warbleR (Araya-Salas et al., 2015) to measure
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acoustic parameters. We measured the following: duration, mean frequency (average frequency of the spectrum), skewness (asymmetry of the spectrum), kurtosis
(peakedness of the spectrum), spectral entropy (energy
distribution; pure tone ~ 0; noisy ~ 1), fundamental frequency (average of 10 measures of the fundamental
frequency equally spaced throughout the call), dominant frequency (average of ten equally spaced measures
of the dominant frequencies throughout the call), peak
frequency (frequency with the highest amplitude), frequency range (difference between the lowest and the
highest fundamental frequency in a call), modulation
index (accumulated absolute difference between adjacent measurements of fundamental frequencies divided
by the frequency range) and peak time (ratio of the
time at which the highest amplitude is reached to the
duration of the call). Note that peak frequency is equivalent to the ‘dominant frequency’ used in some other
studies and to the ‘maximum frequency’ measurement
in the software RAVEN 1.3 and 1.4 (Cornell Lab of
Ornithology, Ithaca, NY, USA).
Testing the effects of audio compression
Calls available in the online repository Xeno-canto are
typically uploaded in a file format using audio compression algorithms (e.g. ‘mp3’), whereas the other calls
used were saved in formats without compression (e.g.
‘aiff’ or ‘wav’). We assessed the effect of audio file compression by comparing the acoustic parameters from
sound files that were originally in uncompressed format
to their compressed version. Sound files that were
obtained in ‘wav’ format were compressed to ‘mp3’ format at 64 kbps (only six of the 224 originally compressed recordings had a sampling rate <64 kbps) and
then converted back to ‘wav’ (44 kHz, 16 bits) in the
same fashion as recordings originally obtained in compressed format. Then we compared individual acoustic
parameters for compressed and uncompressed files with
a paired t-test. Parameters significantly affected by compression were excluded from further analyses as
detailed below. In addition, we identified collinearity
among the remaining parameters (r > 0.7; Dormann
et al., 2012) using Pearson product–moment correlation
test and excluded collinear parameters.
Morphological and habitat data
The body mass for all the species was obtained from
Dunning (2008) and Forshaw (2006). For 15 species for
which body mass was not available, we extrapolated a
mass from congeners of similar body length for which
body mass data were available. Bill sizes were obtained
from Forshaw (2006).
We used the enhanced vegetation index (hereafter
‘vegetation index’), which represents habitat characteristics as biomass and leaf area index, as a proxy for
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habitat structure. We obtained vegetation indices from
global climate modelling grids (MOD13C2 MODIS
layers) taken monthly at a 5600 m (0.05 degrees) resolution (available at https://lpdaac.usgs.gov/dataset_discovery/modis/modis_products). A single vegetation
index layer was calculated by averaging five randomly
selected years (60 months) from the available period
(2001–2012). Unsuitable habitats (e.g. cities, water bodies) were excluded to ensure the index reflected the
structure of the natural habitat of the species. From the
average vegetation index layer, we removed the grid
cells categorized as ‘artificial surfaces’, ‘bare areas’, ‘inland water bodies’ and ‘irrigated croplands’ based on
the 2009 ESA global land cover map (Bontemps et al.,
2011). Finally, we obtained an average vegetation
index for each species by extracting the vegetation
index across the entire distribution range. Distribution
maps were obtained from http://www.birdlife.org (BirdLife International and NatureServe, 2012). These maps
reflect range updates from the American Ornithological
Union (Chesser et al., 2011) and the South American
Checklist Committee through 1 May 2012. We validated this vegetation index by comparing the values for
a subset of species that exclusively occupy ‘wet forest’
against those that only occupy ‘dry forest’, while
accounting for latitude (covariate). Habitats descriptions
used for this analysis were obtained from http://
www.birdlife.org. As expected, we found that species
from ‘wet forest’ presented significantly higher vegetation index values than those from ‘dry forest’
(F = 8.04, d.f. = 2/13, P = 0.0053).
Phylogenetic analyses and estimation of
evolutionary rate
We used phylogenetic trees for the tribe Arini that were
derived as part of a larger investigation of the relationships within the Neotropical parrots (Subfamily Arinae)
by Schirtzinger (2011) that is the most comprehensive
phylogeny to date for this group. The larger phylogeny
sampled 129 parrot species, including representatives of
31 of 32 extant genera and all 55 currently recognized
extant species of the tribe Arini. Four gene regions
were sampled: 2 mitochondrial coding genes
(cytochrome c oxidase I (COI) and nicotinamide adenosine dehydrogenase subunit 2 (ND2) and 2 nuclear
introns (tropomyosin intron 5 (Trop) and transforming
growth factor beta 2 intron 1 (TGFB2) for a total of
2789 base pairs sequenced. Sequences were aligned
with Clustal W and gaps within introns coded with the
simple indel coding method. Initial analyses were conducted to determine the most effective partitioning
scheme for protein coding genes using partition-specific
models determined by MRMODELTEST2.2 (Posada & Crandall, 1998) and then comparing trees recovered in a
partitioned Bayes analysis for each separate strategy.
Separate tree searches for each partitioning scheme
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were conducted in MRBAYES 3.1.2 (Ronquist & Huelsenbeck, 2003), each with two parallel runs, each with
one cold chain and three heated chains run with
default parameters for 13 million generations. The
resulting trees were compared by calculating the Bayes
factor (Kass & Rafferty, 1995). This analysis determined
that the best partitioning model was the most complex
one, which partitioned the two coding regions by coding position, treated the two introns as separate partitions, and included alignment gaps in the introns
created by insertions and deletions as the ninth partition. The best fit models for most mitochondrial partitions were GTR + I + G; COI first codon positions were
best fit by a SYM + I + G model, whereas COI second
codon positions were fit by an F81 model. The two
introns were best fit by GTR + R models and the gaps
with a restriction data with variable rates model. The
best tree from this nine-partition search had a likelihood of lnL = 44165.9, and the 50% majority consensus tree from the 19 500 trees in the posterior
distribution had high nodal support in general and for
the monophyly of Arini in particular. Its topology was
generally congruent with a maximum likelihood analysis of the same data and with previous genus-level phylogenies of parrots that included Neotropical parrots
(Schirtzinger, 2011). Trees for subsequent analyses
were drawn from the set of 3017 trees with the highest
posterior probabilities in the nine-partition Bayes analysis. The subtree for Arini pruned from this tree is
shown in Figure S1.
We tested whether the level of phylogenetic signal
(k) in acoustic parameters differed from 0 (no-phylogenetic signal) and 1 (pure Brownian process). Phylogenetic signal measures the similarity of a trait among
species that is due to common ancestry (Pagel, 1999).
We evaluated correlated evolution between single
acoustic parameters and the morphology and habitat
structure predictors using phylogenetic generalized least
squares (PGLS) comparative method (Freckleton, 2000,
2002) to control for relatedness among species. This
method estimates associations between variables while
accounting for the phylogenetic signal in the data. We
used restricted maximum likelihood estimation with an
initial k value of 0.5 for regression models. For all statistical analyses, both the response variable and the predictors were natural log-transformed. We used four
models of trait evolution to select the best fit for regressions: Blomberg’s accelerated/decelerated (ACDC)
model (Blomberg et al., 2003), Brownian motion
(Felsenstein, 1985), Ornstein-Uhlenbeck (OU) process
with a single optimum (Hansen, 1997) and Pagel’s
Lambda model (Pagel, 1999).
We used the biased-corrected version of the Akaike
information criteria for small samples as a measure of
model fit (AICc, Akaike, 1974; Hurvich & Tsai, 1989).
Most plausible models were identified as the lowest
AICc model and any differing by less than 2 units from

this one (Burnham & Anderson, 2002). We used the R
packages ‘ape’ (Paradis et al., 2004) and ‘nlme’ (Pinheiro et al., 2010) for phylogenetic analyses and ‘pgirmess’ for model selection (Giraudoux, 2013).
We measured the rate of evolution for both acoustic
parameters and ecological/morphological predictors
using a recently developed statistical method (Adams,
2013). This method compares the likelihood of a model
where each trait evolves at a distinct evolutionary rate
to the one of a model where all traits are constrained
to evolve at a common evolutionary rate. Pairwise tests
were run between all combinations of log-transformed
acoustic parameters and predictors. This log-transformation provides a scale-free estimate of evolutionary rates,
potentially allowing the comparison of traits that were
originally measured in different units (Gingerich, 2009;
Adams, 2013), a point that is discussed in further detail
below.
All analyses were replicated on different trees to
account for phylogenetic uncertainty. Each test was
replicated 100 times, each time with a different subtree for Arini that was randomly sampled from the
3017 trees with the highest posterior probability from
the Bayes search. The proportion of tests that reached
statistical significance (P < 0.05 or DAICc < 2) was
used as the associated probability. The calculation of
phylogenetic signal, the PGLS analyses, and the estimation of evolutionary rates all require the use of
ultrametric trees. We used the correlated model of
substitution (Paradis, 2013) to generate ultrametric
trees.
Evaluating call divergence by character
displacement
We investigated the role of character displacement in
the divergence of flight calls by evaluating the relationship between degree of sympatry and the acoustic
divergence of flight calls while controlling for phylogenetic relationships. We calculated the proportion of the
geographic range in which species pairs are sympatric.
For each pair, we calculated two measures of geographic overlap: (i) proportion of species A range
within species B range and (ii) proportion of species B
range within species A range. The two values were
averaged to produce a single proportion of pairwise
geographic overlap.
Acoustic dissimilarity was calculated as the species
pairwise Euclidean distance derived from a PCA on the
acoustic parameters. A matrix of phylogenetic pairwise
distances between species derived from our phylogenetic hypothesis was used to account for acoustic similarity due to common ancestry. We applied a partial
Mantel test (10 000 permutations) to assess the influence of pairwise geographic overlap in the divergence
of acoustic signals, while accounting for phylogenetic
distance.
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Results
Audio file compression had a significant effect on three
acoustic parameters: dominant frequency, frequency
range and modulation index (P < 0.05 in all cases).
These parameters were excluded from further analysis.
Skewness and mean frequency were also excluded due
to collinearity with other parameters (r > 0.7). Values
of the acoustic parameters for each species are provided
in Table S2.
Most acoustic parameters showed significant phylogenetic signal (k > 0); only frequency range and peak frequency did not show phylogenetic signal (Table 1).
Likewise, morphological traits and vegetation index had
significant phylogenetic signal. On the other hand, only
the phylogenetic signal of morphological traits and
spectral entropy did not differ significantly from that
expected under a Brownian process (k = 1).
Three acoustic parameters (duration, peak frequency
and fundamental frequency) showed correlated evolution to body mass. Fundamental frequency was also
correlated to bill length (Fig. 1). The best regression
models are shown in Table 2: in all cases, the Pagel’s
lambda model of trait evolution was the best fit model
of those tested (Table S3). In addition, we conducted
generalized least squared regressions accounting for
phylogeny among morphological predictors (i.e. body
mass and bill length) and the vegetation index. Body
mass and bill length were strongly associated (pseudo
R2 = 0.95, P < 0.00001). Body mass was not significantly correlated to vegetation index (pseudo
R2 = 0.042, P = 0.999), nor was bill length (pseudo
R2 = 0.037, P = 0.98).
Evolutionary rates of acoustic parameters did not differ from those of morphological traits and vegetation
index, except for spectral entropy, which had an estimated evolutionary rate lower than the other acoustic
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parameters and the predictor variables (Fig. 2). See
Table S4 for results of pairwise analyses for all traits.
Pairwise acoustic distance was calculated using the
first three principal components of the PCA performed
on acoustic parameters (Table S2), which explained
75.7% of the variation in the acoustic parameters. A
partial Mantel test showed no correlation between species sympatry and acoustic distance while controlling
for genetic distance (r = 0.73, P = 0.86). Acoustic and
phylogenetic distances were significantly correlated
(r = 0.28, P < 0.0001), further supporting a strong phylogenetic effect on call evolution in this clade.

Discussion
Our results indicate that learned contact calls in
Neotropical parrots contain significant levels of phylogenetic signal. On the other hand, although habitat
structure did show a significant degree of phylogenetic
signal, it did not show a general pattern of association
with acoustic call parameters. Our results further suggest that character displacement is not an important
factor on acoustic divergence of Neotropical parrots
contact calls, although further analysis taking into
account evolutionary time are warranted (e.g. Tobias
et al., 2014). Most importantly, our results suggest that
life-long learned contact calls might have evolved at a
similar rate to morphological traits. To our knowledge,
this is the first study to show that traits acquired
through life-long learning might evolve at comparable
rates to morphological traits.
Phylogenetic signature and evolutionary rate of
learned contact calls and other traits
All acoustic parameters, except for frequency range and
peak time, exhibit a significant degree of phylogenetic

Table 1 Phylogenetic signal (k) of acoustic parameters, vegetation index, body mass and bill size. Associated probability (Assoc. P) is
indicated as the percentage of tests that reached statistical significance (P < 0.05) for k = 0 and k = 1, respectively. k = 0 indicates loss of
phylogenetic signal and k = 1 indicates that the trait has evolved following a pure Brownian motion in the phylogeny. 0 < k < 1 indicates
partial dependence of the phylogeny.
k=0
Acoustic Parameter/
Predictor

k

Duration
Peak freq.
Kurtosis
Spectral Entropy
Fund. freq.
Freq. range
Peak time
Vegetation index
Body Mass
Bill length

0.746
0.634
0.815
0.927
0.613
0.236
0.224
0.604
0.981
0.965

Log-likelihood
218.369
300.452
393.641
159.421
278.009
284.538
192.461
191.439
417.934
375.725

k=1
Log-likelihood
ratio

% tests with
P < 0.05

28.134
14.192
13.320
29.952
16.587
2.434
3.213
7.910
77.495
28.134

100
100
100
100
100
0
1
100
100
100

Log-likelihood
220.309
304.477
392.710
148.749
276.023
291.793
206.475
200.168
381.415
344.004
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Log-likelihood
ratio

% tests with
P < 0.05

32.472
22.695
11.536
8.145
12.457
16.951
31.396
25.498
4.820
32.472

100
100
100
88
97
100
100
100
32
11

6

A . M E D I N A - G A R CIA E T A L .

Fig. 1 Associations between logtransformed body mass and bill length
(a–d) and log-transformed acoustic
parameters. Grey lines indicate best fit
lines for different phylogenetic trees.
The black line indicates the average fit
for the 100 phylogenetic trees.

Table 2 Best regression models of acoustic parameters with body mass, bill length and vegetation index (n = 51 taxa) controlling for
phylogenetic effects. AIC and AICc values, AIC and AICc differences (D), and Akaike weights (w) are shown. The mean slope and intercept
for the regression models are reported along with the number of tests in which DAICc < 2 and P < 0.05.
Acoustic Parameter

Predictor

Duration
Peak freq.
Kurtosis
Spectral Entropy
Fund. freq.

Body mass
Body mass
Body mass
Body mass
Body mass
Bill length
Body mass
Body mass

Freq. range
Peak time

AICc
282.863
118.189
74.730
391.985
163.393
162.733
124.429
302.100

DAICc

w (ic)

Tests (P < 0.05)

0
0
0
0
0
0.661
0
0

0.385
0.359
0.643
0.638
0.158
0.110
0.615
0.823

100
100
0
0
100
100
1
0

signal (Table 1) . These results indicate that some portion of the variation in the components of the learned
contact calls of Neotropical parrots is due to common
ancestry; however, there may also be additional variation that cannot be attributed to common ancestry. The
results also indicate that some components of these
contact calls (e.g. frequency range and peak time) are
more labile than others with lambdas that did not differ
from zero. The lambdas associated with body mass and
bill length were not statistically different than 1, which
suggests that these two traits evolved following a pure
Brownian motion in the phylogeny. On the other
hand, the vegetation index showed a partial independence of the phylogeny (0 < k < 1). Taken together,
these results suggest that closely related species show
similarities in certain acoustic parameters of their contact calls as well as similar morphological traits (body
size and bill length) and habitats (vegetation index).

Slope
0.013
0.070
0.017
0.001
0.048
0.107
0.019
0.002

Intercept

Tests (DAIC < 2)

2.017
2.736
3.507
2.155
2.470
2.601
2.442
2.100

100
100
100
100
100
99
100
100

The similarities in evolutionary rates found between
acoustic parameters of contact calls and morphological
traits (e.g. body mass and bill length) indicate that lifelong learned behaviours may not evolve as rapidly as
often assumed. Surprisingly, one acoustic trait, spectral
entropy, had an evolutionary rate lower than that of
body mass and bill length. Although here we use a
recently developed statistical tool designed to compare
evolutionary rates across multiple traits (Adams, 2013),
these comparisons must be interpreted cautiously particularly when comparing traits that were originally
measured in different units (e.g. fundamental frequency in KHz vs. body mass in g). Here, we used the
approach advocated by several authors (e.g. Gingerich,
2009; Adams, 2013; L. Revell, pers. comm.) of using
log-transformed variables for comparing evolutionary
rates, because after log-transformation the comparison
is based on relative change of scale-free variables.
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Fig. 2 Mean evolutionary rates and
pairwise comparisons between logtransformed body mass, bill length,
vegetation index and acoustic
parameters. Confidence intervals are
based on standard error of evolutionary
rate estimates from different
phylogenetic trees. Different letters
indicate significantly different
evolutionary rates after pairwise
comparisons between traits.

However, the biological meaning of the direct comparison of evolutionary rates of traits originally measured in
different units is still under debate. Taking this caveat
into consideration, overall the evolutionary rates
observed across morphological, acoustic and habitat traits
lie within a similar range (Fig. 2), which indicates that
acoustic signals might be as conserved as morphological
traits. We expected to see similar evolutionary rates
between morphological traits and acoustic traits that are
strongly associated with morphology (e.g. peak and fundamental frequency and duration); however, we did not
expect to see these similarities between morphological
traits and acoustic parameters unrelated to morphology
such as frequency range and spectral entropy. It remains
unclear which factors might control the pace of evolution of such acoustic parameters as they did not show a
strong association with either morphology or the vegetation index (discussed below).
We can conclude that acoustic parameters of the
learned contact calls of Neotropical parrots are highly
conserved, which is consistent with the slow evolutionary rate found in acoustic signals of tropical songbirds
compared with those in temperate latitudes (Weir &
Wheatcroft, 2011). Some authors have suggested that
phenotypic diversification promoted by song learning
could increase speciation (Baptista et al., 1992;
Danchin et al., 2011; Gill, 2014). If learning does not
generate signal diversification by accelerating the pace
of evolution, then the link between learning and
speciation likely would be weak. Further research is
necessary to understand the implications of low
evolutionary rates of learned vocalizations for diversification rates.
Relationships between morphological predictors
and acoustic parameters
We found that body mass is negatively related to peak
frequency, and fundamental frequency and positively

related to the duration of the call (Fig. 1). Larger birds
may have larger lung capacity and longer vocal tracts
than smaller birds and therefore are able to produce
longer calls (Bradbury & Vehrencamp, 2011). This relationship has been reported for caciques and oropendolas (Price & Lanyon, 2004), Phylloscopus and Hippolais
warblers (Badyaev & Leaf, 1997), and Asian barbets
(Gonzalez Voyer et al., 2013). Larger parrots typically
have larger bills, as we demonstrate here; therefore, the
positive correlation seen between bill length and fundamental frequency can be explained the same way as
the relationship between body mass and fundamental
frequency. Larger birds are also likely to have a larger
syrinx (the avian sound production organ) than smaller
birds. The avian vocal tract, including the bill, is
thought to function as an acoustic resonance filter during sound production, with the size of the tract constraining the length of the wavelengths produced
(Nowicki, 1987; Podos & Nowicki, 2004; Bradbury &
Vehrencamp, 2011). As a consequence, larger parrots,
with larger bills, are able to produce lower fundamental
frequencies with longer wavelengths than smaller
parrots.
We did not observe a significant association between
call frequency range and bill length. Podos (2001)
found that larger Darwin’s finches produce songs with
narrower frequency range than smaller finches and
several studies have found a general trade-off between
frequency range and speed of the repeated notes of
trills (Podos, 1997; Podos et al., 2009; Derryberry et al.,
2012) which is also largely influenced by bill length
(Derryberry et al., 2012). However, emberizids and
other avian taxa face trade-offs between frequency
bandwidth and trill speed that psittacines do not necessarily face because the latter typically do not produce
calls with the rapidly repeated frequency sweeps that
characterize the trills of these songbird taxa.
Brittan-Powell et al. (1997) found no evidence for
suprasyringeal control by beak opening of calls in a
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small parrot, the budgerigar (Melopsittacus undulatus),
which is consistent with our findings. These contrasting
results illustrate the importance of taking into account
differences in vocal production across different avian
taxa when predicting the effects of morphology on signal structure.
Relationships between habitat and acoustic
parameters
We found no effects of habitat structure on body size
or bill length; thus, we can rule out a potential indirect
effect of ecology on parrot call evolution through morphological factors. We did not find any significant associations between habitat and acoustic parameters. These
results stand in contrast to the negative association
between frequency and vegetation density predicted by
the acoustic adaptation hypothesis and demonstrated in
several bird species (Seddon, 2005; Derryberry, 2009;
Ey & Fischer, 2009; Tobias et al., 2010; Weir et al.,
2012). This contrast could be explained by interspecific
variation in habitat usage. Parrot species often differ in
the height at which they fly and broadcast their contact
calls relative to the forest canopy. For instance, Ara and
Forpus species that are found in the dense tropical forests of the Manu National Park in Peru typically fly
5 m or more above the canopy (Gilardi & Munn,
1998); these genera contain species with the largest
and smallest body sizes, respectively, in the Neotropics.
In contrast, species in the genera Pyrhurra and Pionopsitta found at the same site typically fly below the
canopy and thus would be more subject to selection
from the habitat on acoustic signal form (Gilardi &
Munn, 1998). Unfortunately, a lack of comprehensive
data on habitat usage by species in Arini precludes a
more in-depth analysis at this point.
A further explanation for the general lack of association found between call acoustic parameters and the
vegetation index is the use of multiple habitats by
many Neotropical parrots. For instance, Amazona
auropalliata is commonly found in both savannahs and
forests and may move between these habitats in the
course of a single day (Salinas-Melgoza et al., 2013).
Other species, like Ara ararauna, moves seasonally
between different habitats (Forshaw, 2006). Furthermore, many parrot species studied here exhibit regional
variation in habitat use occupy different habitats in
different geographic areas (Forshaw, 2006). For all
of these species, the use of multiple habitat types likely
precludes the opportunity for habitat structure to
exert consistent selective pressure on the evolution of
their calls.
More generally, this study does illustrate the usefulness of remote sensing imagery in the study of ecological factors driving signal evolution. In most cases, the
collection of habitat data is not feasible across multiple
taxa or availability of pre-existing habitat descriptions is

limited and does not offer an objective measure of habitat structure.
Character displacement and signal evolution
We did not find an effect of species interactions on
acoustic call parameters. Pairs of closely related species
found in sympatry did not show greater difference in
their calls that those in allopatry. Tobias et al. (2014)
recently showed in ovenbirds that the absence of the
predicted pattern by character displacement across large
radiations is due to the influence of evolutionary time
through processes of genetic drift or adaptation rather
than species interactions. It would be interesting to test
the influence of lineage age on the evolution of
Neotropical parrot contact calls, but doing so would
require a larger sample of lineages than found in the
present study.

Conclusions
This study shows strong support for the influence of
morphological traits shaping acoustic signals in parrots.
We found common general patterns of association
between morphology and call structure found in previous studies. However, some generalizations on the
influence of morphology on song evolution derived
from other avian taxa, such as an effect of bill length
on frequency range, were not supported in parrots. Our
results further suggest that habitat structure has not
been a uniformly important selective pressure in the
evolution of parrot contact calls, although further
investigation is warranted. More importantly, our
results suggest that life-long learned acoustic signals
can evolve at a similar pace to morphological traits.
These results show that cultural evolution does not
necessarily accelerate the pace of evolutionary change
of behavioural traits such as acoustic signals.

Acknowledgments
We thank Esteban Lucero for helping with the collection and preparation of sound files for analysis and Erin
Schirtzinger for producing the phylogenetic tree of the
tribe Arini used in the analyses. We also thank Anna
Young, Alejandro Salinas and Elizabeth Hobson for
their contributions to earlier versions of this study,
Dean C. Adams and Liam Revell for advice on data
analysis, and Christoph Haag, Gavin Thomas and one
anonymous reviewer for their thoughtful comments on
earlier versions of the manuscript.

Author contribution
AMG and MAS contributed equally to this paper; all
authors contributed to the data collection, analysis,
writing and reviewing of the manuscript.

ª 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. doi: 10.1111/jeb.12694
JOURNAL OF EVOLUTIONARY BIOLOGY ª 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY

Call evolution in neotropical parrots

References
Adams, D.C. 2013. Comparing evolutionary rates for different
phenotypic traits on a phylogeny using likelihood. Syst. Biol.
62: 181–192.
Akaike, H. 1974. A new look at statistical model identification.
IEEE Trans. Auto. Control 19: 716–723.
Araya-Salas, M., Smith, G. & Zhong, H. 2015. warbleR: an R
package to streamline bioacoustic analysis. https://github.com/maRce10/warbleR.
Araya-Salas, M. & Wright, T. 2013. Open-ended song learning
in a hummingbird. Biol. Lett. 9: 20130625.
Badyaev, A.V. & Leaf, E.S. 1997. Habitat associations of song
characteristics in Phylloscopus and Hippolais warblers. Auk
114: 40–46.
Baker, M.C. 1975. Song dialects and genetic differences in
white-crowned sparrows (Zonotrichia leucophrys). Evolution
29: 226–241.
Baptista, L.F., Bell, D.A. & Trail, P.W. 1992. Song learning and
production in the white-crowned sparrow: parallels with
sexual imprinting. Neth. J. Zool. 43: 17–33.
Berg, K.S., Delgado, S., Cortopassi, K.A., Beissinger, S.R. &
Bradbury, J.W. 2011. Vertical transmission of learned signatures in a wild parrot. Proc. R. Soc. B 279: 585–591.
BirdLife International and NatureServe. 2012. Bird Species
Distribution Maps of the World. Version 2.0. BirdLife International, Cambridge, UK and NatureServe, Arlington, USA.
Blomberg, S.P., Garland, T. & Ives, A.R. 2003. Testing for phylogenetic signal in comparative data: behavioral traits are
more labile. Evolution 57: 717–745.
Bond, A. & Diamond, J. 2005. Geographic and ontogenetic
variation in the contact calls of the kea (Nestor notabilis). Behaviour 142: 1–20.
Bontemps, S., Defourny, P., Bogaert, E.V., Arino, O., Kalogirou, V. & Perez, J.R. 2011. GLOBCOVER 2009 Products
Description and Validation Report (ESA and UCLouvain)
(available online at http://due.esrin.esa.int/files/GLOBCOVER2009_Validation_Report_2.2.pdf).
Bosch, J. & De la Riva, I. 2004. Are frog calls modulated by
the environment? An analysis with anuran species from
Bolivia. Can. J. Zool. 82: 880–888.
Bradbury, J.W. 2003. Vocal communication in wild parrots. In:
Animal Social Complexity: Intelligence, Culture and Individualized
Societies (F.B.M. de Waal, P.L. Tyack, eds), pp. 293–316. Harvard University Press, Cambridge, MA.
Bradbury, J.W. & Vehrencamp, S.L. 2011. Principles of Animal
Communication, 2nd edn. Sinauer Associates, Sunderland,
MA.
Brittan-Powell, E.F., Dooling, R.J., Larsen, O.N. & Heaton, J.T.
1997. Mechanisms of vocal production in budgerigars
(Melopsittacus undulatus). J. Acoust. Soc. Am. 101: 578–589.
Brown, C.H., Gomez, R. & Waser, P.M. 1995. Old world monkey vocalizations: adaptation to the local habitat? Anim.
Behav. 50: 945–961.
Burnham, K.P. & Anderson, D.R. 2002. Model Selection and
Multi-Model Inference: A Practical Information-Theoretic Approach,
2nd edn. Springer, New York.
Cardoso, G.C., Hu, Y. & Mota, P.G. 2012. Birdsong, sexual
selection, and the flawed taxonomy of canaries, goldfinches
and allies. Anim. Behav. 84: 111–119.
Chesser, R.T., Banks, R.C., Barker, F.K., Cicero, C., Dunn, J.L.,
Kratter, A.W. et al. 2011. Fifty-second supplement to the

9

American ornithologists’ union check-list of North American
birds. Auk 128: 600–613.
Cortopassi, K.A. & Bradbury, J.W. 2006. Contact call diversity
in wild orange-fronted parakeet pairs, Aratinga canicularis.
Anim. Behav. 71: 1141–1154.
Couldridge, V. & van Staaden, M.J. 2004. Habitat-dependent
transmission of male advertisement calls in bladder
grasshoppers (Orthoptera; Pneumoridae). J. Exp. Biol. 207:
2777–2786.
Dahlin, C.R., Young, A.M., Cordier, B., Mundry, R. & Wright,
T.F. 2013. A test of multiple hypotheses for the function of
call sharing in female budgerigars, Melopsittacus undulatus. Behav. Ecol. Sociobiol. 68: 145–161.
Danchin, E., Charmantier, A., Champagne, F.A., Mesoudi, A.,
Pujol, B. & Blanchet, S. 2011. Beyond DNA: integrating
inclusive inheritance into an extended theory of evolution.
Nat. Rev. Genet. 12: 475–486.
Derryberry, E.P. 2009. Ecology shapes birdsong evolution: variation in morphology and habitat explains
variation in white-crowned sparrow song. Am. Nat. 174:
24–33.
Derryberry, E.P., Seddon, N., Claramunt, S., Tobias, J.A.,
Baker, A., Aleixo, A. et al. 2012. Correlated evolution of
beak morphology and song in the Neotropical woodcreeper
radiation. Evolution 66: 2784–2797.
Dormann, C.F., Elith, J., Bacher, S., Buchmann, C., Carl, G.,
Carre, G. et al. 2012. Collinearity: a review of methods to
deal with it and a simulation study evaluating their performance. Ecography 36: 27–46.
Dunning, J.B. 2008. CRC Handbook of Avian Body Masses, 2nd
edn. Taylor & Francis, Boca Raton, FL.
Endler, J.A. 1992. Signals, signal conditions, and the direction
of evolution. Am. Nat. 139: S125–S153.
Ey, E. & Fischer, J. 2009. The “acoustic adaptation hypothesis”—a review of the evidence from birds, anurans and
mammals. Bioacoustics 19: 21–48.
Felsenstein, J. 1985. Phylogenies and the comparative method.
Am. Nat. 125: 1–15.
Forshaw, J.M. 2006. Parrots of the World: An Identification Guide.
Princeton University Press, Princeton, NJ.
Freckleton, R.P. 2000. Phylogenetic tests of ecological and evolutionary hypotheses: checking for phylogenetic independence. Funct. Ecol. 14: 129–134.
Freckleton, R.P. 2002. On the misuse of residuals in ecology:
regression of residuals vs. multiple regression. J. Anim. Ecol.
71: 542–545.
Gilardi, J.D. & Munn, C.A. 1998. Patterns of activity, flocking,
and habitat use in parrots of the Peruvian Amazon. Condor
100: 641–653.
Gill, F.B. 2014. Species taxonomy of birds: which null hypothesis? Auk 131: 150–161.
Gingerich, P.D. 2009. Rates of evolution. Annu. Rev. Ecol. Evol.
Syst. 40: 657–675.
Giraudoux, P. 2013. Package ‘pgirmess’: Data Analysis in Ecology.
http://cran.mtu.edu/web/packages/pgirmess/pgirmess.pdf.
Gonzalez Voyer, A., Tex den, R.J., Castell
o, A. & Leonard, J.A.
2013. Evolution of acoustic and visual signals in Asian barbets. J. Evol. Biol. 26: 647–659.
Grant, B.R. & Grant, P.R. 2010. Songs of Darwin’s finches
diverge when a new species enters the community. Proc.
Natl. Acad. Sci. USA 107: 20156–20163.

ª 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. doi: 10.1111/jeb.12694
JOURNAL OF EVOLUTIONARY BIOLOGY ª 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY

10

A . M E D I N A - G A R CIA E T A L .

Hansen, T.F. 1997. Stabilizing selection and the comparative
analysis of adaptation. Evolution 51: 1341–1351.
Hile, A.G., Plummer, T.K. & Striedter, G.F. 2000. Male vocal
imitation produces call convergence during pair bonding in
budgerigars, Melopsittacus undulatus. Anim. Behav. 59: 1209–
1218.
Hurvich, C.M. & Tsai, C.-L. 1989. Regression and time series
model selection in small samples. Biometrika 76: 297–307.
Jenkins, P.F. 1978. Cultural transmission of song patterns and
dialect development in a free-living bird population. Anim.
Behav. 26: 50–78.
Joseph, L., Toon, A., Schirtzinger, E.E., Wright, T.F. &
Schodde, R. 2012. A revised nomenclature and classification
for family-group taxa of parrots (Psittaciformes). Zootaxa
3205: 26–40.
Kass, R.E. & Rafferty, A.E. 1995. Bayes factor. J. Am. Stat.
Assoc. 90: 773–795.
Kime, N.M., Turner, W.R. & Ryan, M.J. 2000. The transmission of advertisement calls in Central American frogs. Behav.
Ecol. 11: 71–83.
Kirschel, A.N., Blumstein, D.T. & Smith, T.B. 2009. Character
displacement of song and morphology in African tinkerbirds.
Proc. Natl. Acad. Sci. USA 106: 8256–8261.
Lachlan, R.F. & Servedio, M.R. 2004. Song learning accelerates
allopatric speciation. Evolution 58: 2049–2063.
Manabe, K., Dooling, R.J. & Brittan-Powell, E.F. 2008. Vocal
learning in Budgerigars (Melopsittacus undulatus): effects of an
acoustic reference on vocal matching. J. Acoust. Soc. Am. 123:
1729–1736.
Martin, J.P., Doucet, S.M., Knox, R.C. & Mennill, D.J. 2011. Body
size correlates negatively with the frequency of distress calls
and songs of Neotropical birds. J. Field Ornithol. 82: 259–268.
Mitani, J.C. & Stuht, J. 1998. The evolution of nonhuman primate loud calls: acoustic adaptation for long-distance transmission. Primates 39: 171–182.
Morton, E.S. 1975. Ecological sources of selection on avian
sounds. Am. Nat. 109: 17–34.
Nowicki, S. 1987. Vocal tract resonances in oscine bird sound
production: evidence from birdsongs in a helium atmosphere. Nature 325: 53–55.
Pagel, M. 1999. Inferring the historical patterns of biological
evolution. Nature 401: 877–884.
Paradis, E. 2013. Molecular dating of phylogenies by likelihood
methods: a comparison of models and a new information
criterion. Mol. Phylogenet. Evol. 67: 436–444.
Paradis, E., Claude, J. & Strimmer, K. 2004. APE: analyses of
phylogenetics and evolution in R language. Bioinformatics 20:
289–290.
Peters, G. & Peters, M.K. 2010. Long-distance call evolution in
the Felidae: effects of body weight, habitat, and phylogeny.
Biol. J. Linn. Soc. 101: 487–500.
Pinheiro, J., Bates, D., DebRoy, S. & Sarkar, D. 2010. The R
Core Team (2009) Nlme: Linear and Nonlinear Mixed Effects Models. R package version 3.1-96. R Foundation for Statistical
Computing, Viena.
Podos, J. 1997. A performance constraint on the evolution of
trilled vocalizations in a songbird family (Passeriformes:
Emberizidae). Evolution 51: 537–551.
Podos, J. 2001. Correlated evolution of morphology and vocal signal structure in Darwin’s finches. Nature 409: 185–188.
Podos, J. & Nowicki, S. 2004. Beaks, adaptation, and vocal
evolution in Darwin’s finches. Bioscience 54: 501–510.

Podos, J., Lahti, D.C. & Moseley, D.L. 2009. Vocal performance
and sensorimotor learning in songbirds. Adv. Study Behav. 40:
159–195.
Posada, D. & Crandall, K.A. 1998. Modeltest: testing the model
of DNA substitution. Bioinformatics 14: 817–818.
Price, T.D. 2008. Speciation in Birds, 1st edn. Roberts and Company Publishers, Greenwood Village, Colorado.
Price, J.J. & Lanyon, S.M. 2002. Reconstructing the evolution
of complex bird song in the oropendolas. Evolution 56: 1514–
1529.
Price, J.J. & Lanyon, S.M. 2004. Patterns of song evolution
and sexual selection in the oropendolas and caciques. Behav.
Ecol. 15: 485–497.
Ribot, R.F.H., Buchanan, K.L., Endler, J.A., Joseph, L., Bennett, A.T.D. & Berg, M.L. 2012. Learned vocal variation is
associated with abrupt cryptic genetic change in a parrot
species complex. PLoS ONE 7: e50484.
Ronquist, F. & Huelsenbeck, J.P. 2003. MRBAYES 3: Bayesian
phylogenetic inference under mixed models. Bioinformatics
19: 1572–1574.
Rothstein, S.I. & Fleischer, R.C. 1987. Vocal dialects and their
possible relation to honest status signalling in the brownheaded cowbird. Condor 89: 1–23.
Ryan, M.J. & Brenowitz, E.A. 1985. The role of body size,
phylogeny, and ambient noise in the evolution of bird song.
Am. Nat. 126: 87–100.
Salinas-Melgoza, A. & Wright, T.F. 2012. Evidence for vocal
learning and limited dispersal as dual mechanisms for dialect
maintenance in a parrot. PLoS ONE 7: e48667.
Salinas-Melgoza, A., Salinas-Melgoza, V. & Wright, T.F. 2013.
Behavioral plasticity of a threatened parrot in human-modified landscapes. Biol. Conserv. 159: 303–312.
Schirtzinger, E.E. 2011. Phylogeny, Biogeography and Molecular
Evolution of Parrots (Aves: Psittaciformes). PhD Dissertation
in Biology, New Mexico State University, Las Cruces, NM.
Schodde, R., Remsen, J.V. Jr, Schirtzinger, E.E., Joseph, L. &
Wright, T.F. 2013. Higher classification of New World parrots
(Psittaciformes; Arinae), with diagnoses of tribes. Zootaxa
3691: 591–596.
Seddon, N. 2005. Ecological adaptation and species recognition
drives vocal evolution in neotropical suboscine birds. Evolution 59: 200–215.
Seddon, N., Botero, C.A., Tobias, J.A., Dunn, P.O., MacGregor,
H.E.A., Rubenstein, D.R. et al. 2013. Sexual selection accelerates signal evolution during speciation in birds. Proc. R. Soc.
B 280: 20131065.
Sueur, J., Aubin, T. & Simonis, C. 2008. Equipment reviewseewave, a free modular tool for sound analysis and synthesis. Bioacoustics 18: 213–226.
Tobias, J.A., Aben, J., Brumfield, R.T., Derryberry, E.P., Halfwerk, W., Slabbekoorn, H. et al. 2010. Sond divergence by
sensory drive in Amazonian birds. Evolution: 2820–2839.
Tobias, J.A., Cornwallis, C.K., Derryberry, E.P., Claramunt, S.,
Brumfield, R.T. & Seddon, N. 2014. Species coexistence and
the dynamics of phenotypic evolution in adaptive radiation.
Nature 506: 359–363.
Wanker, R. & Fischer, J. 2001. Intra-and interindividual variation in the contact calls of spectacled parrotlets (Forpus conspicillatus). Behaviour 138: 709–726.
Weir, J.T. & Wheatcroft, D. 2011. A latitudinal gradient in
rates of evolution of avian syllable diversity and song length.
Proc. R. Soc. B 278: 1713–1720.

ª 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. doi: 10.1111/jeb.12694
JOURNAL OF EVOLUTIONARY BIOLOGY ª 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY

Call evolution in neotropical parrots

11

Weir, J.T., Wheatcroft, D.J. & Price, T.D. 2012. The role of ecological constraint in driving the evolution of avian song frequency across a latitudinal gradient. Evolution 66: 2773–2783.
West-Eberhard, M.J. 1983. Sexual selection, social competition, and speciation. Q. Rev. Biol. 58: 155.
Whitney, B.M., Parker, T.A. III, Budney, G.F., Munn, C.A. &
Bradbury, J.W. 2002. Voices of New World Parrots CD. Macaulay Library of Natural Sounds, Ithaca, New York.
Wilkins, M.R., Seddon, N. & Safran, R.J. 2013. Evolutionary
divergence in acoustic signals: causes and consequences.
Trends Ecol. Evol. 28: 156–166.
Wright, T.F. 1996. Regional dialects in the contact call of a
parrot. Proc. R. Soc. B 263: 867–872.
Zimmerman, B.L. 1983. A comparison of structural features of
calls of open and forest habitat frog species in the Central
Amazon. Herpetologica 39: 235–246.

(2011) generated by a correlated model of substitution
(Paradis, 2013).
Table S1 Source, catalogue number, date, recordist,
and country of contact call recordings used in the
study.
Table S2 Mean measurements of all acoustic parameters, vegetation index (EVI), body mass, and bill length
for each species.
Table S3 Regression models of acoustic parameters
with body mass, bill length, and vegetation index
(n = 51 taxa) controlling for phylogenetic effects.
Table S4 Results of pairwise comparisons of evolutionary rates for acoustic parameters, body mass, bill length,
and vegetation index for 51 species of the tribe
Arini.

Supporting information

Data deposited at Dryad: doi: 10.5061/dryad.qv565

Additional Supporting Information may be found in the
online version of this article:
Figure S1 Ultrametric tree of the 51 species included
in the study from the tribe Arini from Schirtzinger

Received 8 May 2015; revised 4 July 2015; accepted 10 July 2015

ª 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY. J. EVOL. BIOL. doi: 10.1111/jeb.12694
JOURNAL OF EVOLUTIONARY BIOLOGY ª 2015 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY

