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Abstract

The songs of birds are complex signals that may have several functions and vary widely among species. Different eco-
logical, behavioural and morphological factors, as well as phylogeny, have been associated as predictors of the evolu-
tion of song structure. However, the importance of differences in development, despite their relevance, has seldom
been considered. Here, we analysed the evolution of song in two families of songbirds that differ in song develop-
ment, manakins (suboscines) and cardinals (oscines), with their phylogeny, morphology, and ecology. Our results
show that song characteristics had higher phylogenetic signal in cardinals than in manakins, suggesting higher evo-
lutionary lability in the suboscines. Body mass was the main predictor of song parameters in manakins, and together
with habitat type, had a major effect on cardinals’song structure. Precipitation and altitude were also associated

with some song characteristics in cardinals. Our results bring unexpected insights into birdsong evolution, in which
non-learners (manakins) revealed greater evolutionary lability than song learners (cardinals).
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Background

Birdsong is one of nature’s most complex and interesting
behaviours and one whose evolution is strongly influ-
enced by sexual selection. Songs are used for many pur-
poses, such as attracting mates or territory defence, so
that greater intensity of sexual selection promotes the
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evolution of more exaggerated and elaborated signals
[1-3]. Besides, as songs are directly involved in repro-
duction, divergence in their structure may lead to spe-
ciation, which may result from increases or decreases in
complexity or performance since variation in complexity-
related song traits is sufficient to promote reproductive
isolation and speciation [4, 5].

Suboscines and oscines are the two major groups of
passerine birds capable of song production, and they
tend to differ in variability and elaboration of their songs
mostly due to anatomic differences in their sound pro-
duction organ, the syrinx, their brain structure, and
the type of vocal development, innate vs. learned [2, 6].
Oscine birds possess complex syringeal anatomy, while
suboscines have a simpler vocal apparatus [6—8]. Subos-
cine songs are considered innate and stereotyped, while
oscine songs are socially learned and can be extremely
variable [2, 9]. Considering these differences in develop-
ment, it is expected that a higher degree of diversification
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and faster speciation should occur in oscines since their
songs are more susceptible to variation due to copy
errors and geographical variation, both consequences
of song learning [2, 10], known as the ‘song learning’
hypothesis [5]. On the other hand, a slower and more
limited variation of songs should be expected in subos-
cines, as they are more constrained in song variation than
song learners. However, a comparison of speciation and
discrimination rates between Central American oscines
and suboscines revealed an opposite pattern, in which
suboscine species appear to be more sensitive to changes
in song structure than oscine birds [11].

Although most of the song is produced in the birds’
vocal organ, this is modulated throughout the vocal tract
and can be affected by other morphological attributes
[12, 13]. Body size is a major influence on the frequency
range of sound, in which larger birds produce narrower
bandwidths and lower frequencies [14—20]. This pattern
can be explained by the physics of sound: larger birds
tend to have larger syrinx and longer vocal tracts, result-
ing in the production of sounds with lower frequencies
[14, 17, 21, 22]. So far, research on the effects of body
size on song structure has been done predominantly on
oscine birds due to the great variation in their song struc-
ture. Still, recent studies with a wider range of passerine
species have generally confirmed the predicted relation
between body size and sound frequency, including for
suboscine species [23, 24].

Bill size and shape can also limit the characteristics
of sound production, as smaller beaks were associated
with higher-frequency songs, independently of body size
[24]. However, results have been mixed so far, with some
studies finding associations between beak size and song
structure [16, 17, 25], and others not [16, 21, 25, 26].

Both natural and sexual selection have been shown to
affect song evolution [13, 27-31]. Environmental charac-
teristics such as precipitation and vegetation cover may
be associated with sound propagation and, consequently,
influence the evolution of sound production. The ‘acous-
tic adaptation’ hypothesis predicts that species that live
in closed forests should produce lower song frequencies
than those that live in open habitats due to the impact
of vegetation on song propagation, causing attenuation,
scattering and reverberation of sounds [32-35]. Although
this hypothesis has been validated for some groups [33,
35], recent studies with a broad sample of passerine spe-
cies have shown that such prediction cannot be gen-
eralised since there was no evidence for a correlation
between sound frequency and habitat type at a wider
scale [23, 36—38]. Similar to habitat cover, precipitation
can also affect song transmission and, consequently, song
structure since it relates to environmental noise and veg-
etation density [39].
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Sexual selection has been considered to be higher in
species that inhabit or breed in high latitudes and in spe-
cies that present migratory behaviour [2, 30, 34]. In both
situations, birds experience stronger sexual selection
because of shorter mate choice periods [30, 34, 40, 41]. If
sexual selection is working on the evolution of some song
characteristics, it is expected that higher latitude and
migration will explain some of their variations. Altitude
is also related to song variables, such as syllable rate, peak
frequency, song length and song elaborateness. The asso-
ciation between elevation gradients and song character-
istics relates to differences in habitat structure, climate,
and species diversity, so birds that inhabit lower altitudes
have longer and louder songs with higher syllable rates
[42-44].

While comparative evolutionary studies on birdsong
in suboscine and oscine species are rare, the differences
between these two major groups can provide useful
insights into song’s evolution and its role in speciation
[8, 13, 31, 45]. We aim to contribute to filling this gap
and identify the factors that may drive the evolution of
birdsong and their putative dependence on neuro-ana-
tomical and developmental constraints. We analysed the
song evolution of two groups of New World passerines:
Pipridae (manakins), a group of suboscine species, and
Cardinalidae, a group of oscine birds. Manakins inhabit
mostly tropical rainforests of Central and South America
[46, 47], while cardinals have a broader distribution from
North to South America. These families vary widely in
song structure (e.g. Figure 1 and Supporting information,
Figures 4 and 5), and ecological and life-histories char-
acteristics [48, 49]. At the same time, both are speciose
monophyletic groups with a similar number of species,
and the availability of recently published molecular phy-
logenies allows for the phylogenetic testing of birdsong
evolution [46, 50, 51]. Given the enormous effort that
would be necessary for comparing all representatives of
oscines and suboscines with statistical resolution at this
level, we chose to analyse manakins and cardinals as
they differ in many aspects related to song production
and evolution as a first step for an understanding of the
weight of differences in sound motor control and devel-
opment, together with morphology, ecology, life history
and phylogeny.

By analysing these two distinct families in a com-
parative approach, we evaluated different assumptions
for song evolution: (a) Acoustic adaptation hypothesis
(AAH)—we predict that species found in closed habitats,
with highest amount of annual precipitation will produce
lower frequencies and fewer syllables per song due to dif-
ferences in song propagation between open and closed
vegetation; (b) Morphological constraints on song—we
expect to find a negative relation between body mass and
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Fig. 1 Song spectrograms of cardinal and manakin males reveal the contrast between two of the heaviest species of both families, with larger beak

sizes (above) and two of the smallest species (below), with distinct song str

high frequency and syllable rate, as vocal tract and beak
size correlates positively with body size in manakins and
cardinals, affecting sound production; (c) Sexual selec-
tion hypothesis—we predict that stronger sexual selec-
tion will occur in species with shorter breeding seasons,
that is, those breeding in higher altitudes and those that
are migratory, resulting in more complex songs; (d) Phy-
logenetic effect on song structure and AAH—we predict
that manakins should have a more limited song evolution
and as a consequence present lower evolutionary lability
in song characteristics in comparison with cardinals.

Materials and Methods

Song measurements

Recordings were obtained from the Macaulay Library
of Natural Songs, the National Sound Archive (British
Library), and the Jacques Vielliard Neotropical Music
Library of the State University of Campinas (FNJV). Only
males were considered, as the female song is present in
just a few species. We used a maximum number of 20
recordings per species (each from a different bird), and
three songs from each record were considered for meas-
uring sound parameters. Songs were defined and selected
in the recordings as being stereotyped sequences of sylla-
bles repeated in series, separated by larger time intervals.
We then averaged the results per individual and then per
species. Song parameters were measured in Raven Pro
1.6.3 [52] with an established spectrogram set: window
type Hann, Fourier transform length of 512 samples, 50%
overlap, and window overlap size of 256 samples. Each
song was selected manually, and then several acoustic
parameters were automatically extracted: peak frequency
(frequency with maximum power within the song),
bandwidth (calculated by the difference between the
log,,-transformed maximum and minimum frequencies
in a selected song) [22], and song length. The number of
syllables per song was counted manually, and they were

uctures. Images from Birds of the World

defined as vocal elements tied together in a short time
(s) window [53]. Syllable rate (number of syllables per
song/song length (s), was calculated from there. In total,
2,433 songs from 979 individuals of 89 species were ana-
lysed (1,273 songs from 542 individuals and 44 species in
Cardinalidae, and 1,160 songs from 437 individuals and
45 species in Pipridae). Peak frequency was log-trans-
formed according to Weber’s law of song perception for
both families, while song length and number of syllables
for cardinals, syllable rate, number of syllables and song
length for manakins were log-transformed to achieve
data normality (Supporting Information). We tested for
the correlation between all song variables to avoid over-
lapping or crossing information.

Molecular data and phylogenetic inference
The species selection of Pipridae and Cardinalidae was
performed according to available molecular data and
phylogenies (Pipiridae: Leite et al. 2021; Cardinalidae:
Barker et al. 2013), together with acoustic, morphologi-
cal, and ecological information for these species [46]. For
Pipridae, we used the recently published phylogenomic
topology available in Leite et al. (2021), which includes
51 species of manakins (out of the 55 species recognized
[54], and three outgroup species (Pyroderus scutatus,
Onychorhynchus coronatus, and Pachyramphus minor).
Leite et al. (2021) analysed different datasets, and for our
work, we used the consensus topology that resulted from
the Maximum Likelihood (ML) analysis of the concate-
nated dataset of UCE data with 95% complete loci [51].
This topology is available in the Supporting Information.
To obtain a topology for Cardinalidae inferred with
similar methods (ML) as the ones used for the Pipridae
dataset, we compiled a supermatrix of available DNA
sequences for 6 loci and 44 ingroup taxa (out of the 49
species currently recognized by Winkle et al. 2020) and
three outgroups (Mitrospingus oleagineus, Lamprospiza
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melanoleuca, and Orthogonys chloricterus). All molecu-
lar data were retrieved from GenBank. The complete
list of taxa, voucher information and Genbank acces-
sion numbers of all analysed samples and genes are pro-
vided in the Supporting Information. The loci comprised
segments of two mitochondrial genes: cytochrome b
(Cytb, 47 sequences) and NADH dehydrogenase subu-
nit I (ND2, 46 sequences); and segments of four nuclear
genes: recombination activating protein 1 (Ragl, 31
sequences), intron 9 of the aconitase 1 gene (ACO-19, 30
sequences), intron 5 of the beta-fibrinogen gene (FGB-I5,
31 sequences), intron 2 of the myoglobin gene (MB-I2,
30 sequences). We tried to retrieve sequences from the
same individual; when this was not possible, sequences
of a different individual from the same species were used.
We used PipeLogeny in R 4.0.2 [55, 56] to automatise
the preparation of the input files for several phyloge-
netic tools, which were then run in their separate soft-
ware applications. We aligned sequences with MAFFT
7.310 [57] and used PartitionFinder2 2.1.1 [58] on the
CIPRES Science Gateway [59] to identify the best-fit
partitioning scheme and models of sequence evolution,
which were tested under Bayesian Information Criterion
(BIC). The input configuration file included 12 parti-
tions, corresponding to one partition for every intronic
region (ACO-I9, FGB-I5, MB-12) and individual codon
positions for each of the Cytb, ND2 and Ragl markers.
This represents the most finely partitioned scheme for
our dataset. We used the ‘greedy’ algorithm (heuristic
search) with branch lengths estimated as ‘unlinked’ We
performed ML analyses using RAXMLHPC2- HYBRID-
AVX (Stamatakis 2014) in CIPRES, setting 1,000 repli-
cates of rapid bootstrap and 20 initial random trees. We
assessed nodal support via the autoMRE option to gen-
erate bootstrap replicates until convergence was reached
and to draw bipartitions onto the best-scoring ML tree.
The resulting consensus topology is available in the Sup-
porting Information.

For comparative analyses, we imported the consen-
sus trees of both families (with branch lengths based on
genetic distances) using the ape package in R [56, 60].

Ecological, life-history and morphological traits

We assembled life-history, ecological and morphological
data for each species from the literature. The predictor
variables selected were habitat cover, mean altitude (m),
midpoint latitude, precipitation, body mass and beak size
for both families and breeding latitude and migration for
cardinals [23, 54, 61-64]. Habitat cover was categorised
into (0) open, (1) semi-open, and (2) closed environ-
ments; breeding latitude was divided into (0) tropical, (1)
tropical to temperate, (2) temperate, and (3) temperate to
polar regions; migratory movements were defined as (0)
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sedentary, (1) short-distance migrant, and (2) medium/
long distances migrant [62, 65]. Annual precipitation and
midpoint latitude were obtained according to range maps
available at NatureServe and Birdlife International [66].

Body mass (g) information has been mostly retrieved
from Dunning [67] which this measurement is used for
most species and each sex. Additional data regarding the
body mass of the remaining species (four of 45 manakin
species and three of 44 cardinal species) was obtained
from three other sources [23, 62, 65]. Beak size meas-
urements consist of the first principal component score
that explains 84% of the variation of several bill meas-
urements from a Principal Component Analysis, namely
beak width and depth at the nares and two beak lengths
at the nares and culmen [61]. Since body mass and beak
size were highly correlated (Pearson coefficient (r) =0.90,
p=0.00, see Figure 6 in Supporting information), only
body mass was included as a predictor in the models
since we can account for sex differences in this trait, and
because body mass is a significant trait to consider when
analysing song characteristics in birds. Migration and
breeding latitude were not included in the analysis of
manakins since all species are sedentary, and most breed
in tropical regions. Matching information about predic-
tors and Pipridae and Cardinalidae phylogenies resulted
in a sample of 37 manakin and 38 cardinal species evalu-
ated in this study.

Phylogenetic comparative analysis

To test the association between song characteristics and
morphological, ecological and life-history parameters,
we conducted a phylogenetic generalised least-squares
(PGLS) regression [68] using the caper package [69] in
R [56]. To avoid multi-collinearity among the predic-
tors, we tested for the variation inflation factor (VIF) in
our models, using the performance package [70] which
resulted in a low correlation (VIF<1.6) between our
predictors. In each regression, we evaluated the phy-
logenetic signal, considering a maximum likelihood
estimate (Pagel’s lambda) to correct the intensity of the
phylogenetic signal in the regression model [68]. Multi-
ple PGLS regression models were performed, including
the complete dataset of predictors according to each
group (manakins and cardinals) and each song parame-
ter as the response variable. To determine the degree of
the phylogenetic signal of acoustic and morphological
parameters, individual analyses were performed to cal-
culate Pagel’s A\, measured with the package phytools,
function phylosig in R (version 4.1.3). Moreover, for
variables that presented high phylogenetic signal but no
significance (p>0.05), we performed an additional test
to compare different models of evolution (Brownian
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motion, Ornstein-Uhlenbec and Early-burst models)
using AIC Geiger package, function fitContinuous [71].

Results

Phylogenetic inference of cardinalidae

The alignment consisted of a total of 7,290 bp. The opti-
mal partitioning scheme that yielded the lowest score
for our analyses included eight partitions (see details in
the Supplementary Information). The GTR model was
determined to be the best-fitting model of substitution
for all partitions. The resulting topology largely agrees
with the phylogenetic hypothesis proposed by Barker
et al. (2013).

Phylogenetic signal

Phylogenetic signals of song (Pagel’s A—Table 1) were
significant for more variables in Cardinals than in
Manakins. Peak frequency and song length in piprids
had a high and significant phylogenetic signal. In con-
trast, the number of syllables per song and syllable rate
evolved more independently from phylogenetic history.
Although bandwidth presented a high lambda (0.891),
this parameter was not significant (p=0.066), which
led us to perform an additional test to compare differ-
ent models of evolution that revealed great evidence
for a Brownian motion model. In cardinals, five out of
six acoustic parameters had a high phylogenetic signal:
peak frequency, frequency bandwidth, number of sylla-
bles per song, and syllable rate, indicating they evolved
more following the evolutionary history of the group.
Only song length had a non-significant phylogenetic
signal, suggesting an evolution independent from phy-
logeny for this trait. This is contrary to manakins, for
which song length is precisely the trait with a higher
phylogenetic signal. The morphological traits, beak size
and body mass, revealed a high phylogenetic signal in

Table 1 Phylogenetic signal (Pagel’s A) per trait and family

Manakins Cardinals

Pagel’s A Pvalue Pagel’s A Pvalue
Peak frequency 0.900 0.013 1.000 0.000
Bandwidth 0.891 0.066 1.000 0.000
Song length 1.000 0.000 0.263 0.549
Syllable rate 0.340 0.250 0.776 0.004
N of syllables 0.130 0.140 0.694 0.001
Body mass 1.000 0.000 1.000 0.000
Beak size 1.000 0.000 1.000 0.000
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both families (Table 1, Fig. 2, and Figures 7-10 in Sup-
porting information).

Manakins

Body mass was the only significant predictor for song
parameters in manakins (Fig. 3 and Table 2), being nega-
tively associated with syllable rate (partial B, = —0.528,
P=0.005; model A=0.00) and positively associated
with song length (partial B,,=0.561, P=0.019; model
A=0.947). Thus, heavier manakin species sing longer
songs with a slower syllable rate than smaller birds. Both
peak frequency and bandwidth were not affected by body
size. There was also no effect of habitat cover, mean alti-
tude, midpoint latitude, or precipitation on any song
parameters in manakins (Supporting Information).

Cardinals

In cardinals, body mass and habitat cover were the main
predictors of song characteristics (Fig. 3 and Table 2).
Body mass was negatively associated with peak frequency
(partial B = —0.556, P=0.006; model A=1.00) and sylla-
ble rate (partial By = —0.439, P=0.012; model A=0.334)
and positively associated with song length (partial
Bs=0.442 P=0.031; model A=0.749). Smaller cardinal
species (according to body mass) tend to sing at higher
peak frequencies and with faster syllable rates and sing
shorter songs than heavier species.

Cardinals inhabiting closed environments showed
lower peak frequencies (partial B,= —0.427, P=0.008;
model A=1.00), slower syllable rates (partial B, = —0.381,
P=0.018; model A=0.344), and longer songs (partial
B=0.513, P=0.004; model A=0.749) than species living
in open and semi-open habitats. Moreover, the mean alti-
tude showed a significant positive effect on syllable rate
(partial B, =0.367, P=0.012; model A =0.344), while pre-
cipitation was positively related to peak frequency (par-
tial B, =0.284, P=0.046; model A=1.00), and negatively
associated with bandwidth (partial B, =-0.336, P=0.022;
model A=1.00). Cardinal species that inhabit areas with
lower rain rates sing at lower peak frequencies and wider
bandwidths than cardinals living in areas with higher
rain rates. Migratory movements and breeding latitude
did not show significative results as predictors of song
parameters in cardinals.

Discussion

Various evolutionary forces can influence bird song
evolution in diverse ways. The Pipridae and Cardi-
nalidae constitute two speciose families represent-
ing suboscine and oscine birds, which greatly differ in
their ability to evolve and produce songs. We found
that the evolution of song characteristics had a higher
phylogenetic signal in cardinals than in manakins. The
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Fig. 2 Phylogenetic trees of manakins (above) and cardinals (below) represent a strong phylogenetic signal (\) of body mass (left) and beak size
(right) in both families. Colour gradients represent the trait values. Images and taxonomic nomenclature from Birds of the World
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Table 2 Multiple PGLS results between body mass, life history, and ecological predictors and song parameters in manakins (37 spp)

and cardinals (38 spp)

Manakins

Peak frequency
Predictors By SE tvalue
(Intercept) -0.018 0.186 18414
Body mass 0.168 0.007 0.771
Habitat cover 0.007 0.044 0.051
Mean altitude -0.123 0.000 -0.856
MidpointLat -0.095 0.002 -0.600
Precipitation 0.131 0.000 0.797

Model A=1.00 R? ,;=-0.082

Syllable rate
Predictors By SE tvalue
(Intercept) -0.006 0.489 2.535
Body mass -0.528 0.013 -2.988
Habitat cover -0.182 0.133 -1.058
Mean altitude 0.063 0.000 0.343
MidpointLat -0.206 0.006 -1.003
Precipitation -0.014 0.000 -0.063

Model A=0.00 R ,;=0.129
Cardinals

Peak frequency
Predictors By SE tvalue
(Intercept) -0.018 0.088 42.363
Body mass -0.556 0.002 -2.967
Habitat cover -0427 0.032 -2.822
Mean altitude 0.110 0.000 0.885
MidpointLat -0.034 0.001 -0.232
Precipitation 0.284 0.000 2.082
Migration -0.006 0.024 -0.031
Breeding latitude 0.019 0016 0.111

Model A=1.00R? ,;=0.026

Syllable rate
Predictors By SE tvalue
(Intercept) -0.011 1.139 4302
Body mass -0439 0.018 -2.682
Habitat cover -0.381 0421 -2496
Mean altitude 0.367 0.000 2679
MidpointLat -0.119 0.010 -0.751
Precipitation 0218 0.000 1.203
Migration 0.140 0.352 0.673
Breeding latitude -0.058 0.248 -0.294

Model A=0.344 R? _;=0.259

Bandwidth
Pvalue By SE tvalue P value
0.000 -0.267 0.229 1.631 0.113
0.447 -0.069 0.008 -0.277 0.783
0.960 -0.034 0.057 -0.200 0.842
0.398 0.018 0.000 0.104 0.918
0.553 -0.330 0.003 -1.711 0.097
0432 0.126 0.000 0.608 0.548

Model A=0.923 R? . =-0.055

Song length
Pvalue By SE tvalue Pvalue
0.016 0.266 0.380 -1.090 0.284
0.005 0.561 0.013 2479 0.019
0.298 0.066 0.094 0440 0.663
0.734 -0.150 0.000 -0.945 0.352
0.324 0.179 0.004 1.036 0.308
0.950 -0.093 0.000 -0.504 0.618

Model A=0947 R* ,;=0.042

Bandwidth
Pvalue By SE tvalue Pvalue
0.000 -0.054 0.085 6.408 0.000
0.006 0.244 0.001 1273 0213
0.008 0.000 0.031 0.001 0.999
0383 0.100 0.000 0.792 0435
0.818 0.069 0.001 0.464 0.646
0.046 -0.336 0.000 -2414 0.022
0975 0.062 0.024 0322 0.750
0912 0.106 0.016 0.605 0.550

Model A=1.00 R* ,;=0.227

Song length
Pvalue By SE tvalue Pvalue
0.000 -0.039 0.174 0.195 0.847
0.012 0442 0.003 2.262 0.031
0.018 0513 0.063 3.134 0.004
0.012 -0.220 0.000 -1.555 0.130
0458 0.044 0.001 0270 0.789
0.239 -0.254 0.000 -1.465 0.153
0.506 0.139 0.051 0.645 0.524
0.771 0.120 0.035 0.608 0.548

Model A=0.749 R? ,;;=0.230

evolution of manakins’ songs was not influenced by
ecological factors, with body weight being the only fac-
tor explaining the existing variation. In cardinals, both
body size and several ecological factors were predictors
of the evolution of their songs.

Effects of phylogeny on song evolution

We found that phylogenetic relationships explain a con-
siderable amount of song characteristic variation in both
groups. That was more the case for cardinals, where
peak frequency, bandwidth, number of syllables, and
syllable rate all had high phylogenetic signal, meaning
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songs evolved following phylogeny. Two evaluated song
parameters had a significantly high phylogenetic signal in
manakins: peak frequency and song length, while sylla-
ble rate, bandwidth, and number of syllables in song did
evolve more independently from phylogeny. If natural or
sexual selection acts strongly upon song, then the phylo-
genetic signal is expected to be high [72].

It is not possible to discern whether song contributed
to speciation, as would be required for testing the song
learning hypothesis [73], which proposes a major role of
song in speciation in oscine species due to being learnt.
Still, our findings do not align with what one would
expect from the song learning hypothesis [67], which
proposes that song should have a major role in specia-
tion in oscine species due to being learnt. If that was the
case, a lower phylogenetic signal should be observed in
oscines (resulting from higher evolutionary lability) com-
pared to suboscines since [1] song can diverge in several
directions (speed, frequency, complexity) in song learn-
ers and [2] a significant divergence is needed for the pre-
mating isolation processes of speciation [2, 10]. However,
mixed results have been found regarding the strength of
phylogenetic signal in song parameters in oscines and
suboscines [11, 74-78]. Recent findings considering
song learners and vocal non-learners indicate that high
phylogenetic signals exist for both song and call struc-
ture [74]. Moreover, shared ancestry is reflected in other
determinant components of song production, such as the
syringeal constitution and vocal tract. Our results rein-
force the argument that oscines and suboscines can have
high phylogenetic signals in song structure besides being
learned or innate.

Song constrained by morphology (Magic Traits)
We found that body mass is strongly associated with song
characteristics in manakins and cardinals. This finding
aligns well with other studies that report an association
between body mass and song characteristics, particularly
in the frequency domain [16, 22—24, 79, 80]. In both fam-
ilies, syllable rate and song length were related to body
mass, and heavier birds sang longer songs with a slower
syllable rate, concordant with previous findings for other
groups of birds [14, 20, 25, 80]. Also, the relation between
syllable rate and body mass might reflect the association
between beak size and syllable rate, as both morphologi-
cal parameters are positively related in manakins and car-
dinals. The limitation imposed by beak size in song has
been shown for other groups, as larger beaks will face a
trade-off between force and speed at the skeleton and
muscle levels, and so larger beaks are associated with
slower frequency changes and trill rates [12, 14, 18-20].
In cardinals, body mass was also negatively related to
peak frequency. Smaller and less heavy species sing at

Page 9 of 13

higher frequencies than heavier ones. This is expected
considering the physical properties of resonator size
and frequency output. Also, larger birds with longer and
wider vocal tract may have difficulty reaching high fre-
quencies or, simply, those are not the frequencies for an
optimal use of the energy they can produce vocally [80,
81]. It is also worth mentioning that body mass was not
related to peak frequency in manakins. The range of fre-
quencies is very similar between the two groups despite
the different structural morphology of their syrinxes
[82, 83]. Two complementary explanations can be given
for this. It is possible that frequency modulation is not
dependent on the syrinx in suboscines. However, it is
unknown how the variation in the air sac pressure is con-
trolled [84, 85], which can be less dependent on body size
than in oscines. Besides, the range of body mass variation
is very small in manakins compared with cardinals, which
can prevent a possible tendency to be discernible. Our
results support the importance of considering diverse
groups such as oscine and suboscine birds to understand
better the constraints of distinct song development on
birdsong evolution [23, 86].

Ecology and behaviour (AAH hypothesis & Sexual
selection)

The ecological and behavioural predictors we considered
were only associated with song characteristics in cardi-
nals. Habitat cover significantly predicted peak frequency,
in which species living in closed habitats with lower peak
frequencies than those inhabiting open or semi-open
areas. This agrees with the sensory drive (acoustic adap-
tation) hypothesis [32, 35, 37, 87] and aligns with findings
from other studies on the environmental effects of sound
propagation and animal communication [34, 88, 89].
Also, cardinals living in open habitats had higher syllable
rates and sang shorter songs. Species that inhabit closed
forests face greater signal transmission challenges due
to physical obstacles, being more efficient in those con-
ditions to sing at lower frequencies, with slower syllable
rates, and longer songs. In manakins, there is no suffi-
cient variation in habitat cover when considering the type
of habitat (open and closed) to allow for an effective test
of its effect on song evolution [62].

Precipitation also influenced cardinals’ songs. Species
living in rainier areas sang with narrower bandwidths and
higher peak frequencies. These results also agree with the
acoustic adaptation hypothesis since species inhabiting
areas with more noise (rain) face greater challenges for
signal transmission [34]. Cardinals may have facilitated
song transmission in these environments by singing with
higher peak frequencies and narrower bandwidths.

In birds, shorter breeding periods were associated with
more intense sexual selection due to greater breeding
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synchrony, and it was predicted that sexual selection
would increase with latitude and elevation [90, 91]. Fol-
lowing this hypothesis, a positive relation was found
between elevation and sexual selection in several studies
[91-93], while the opposite was revealed in cardueline
finches [44, 94]. Our results for Cardinals agree with the
above hypothesis since species that inhabit higher alti-
tudes sing with faster syllable rates. Species breeding at
higher altitudes will also experience shorter breeding
seasons, which could explain its effects on song structure.

This association of elevation and latitude could not be
tested in manakins, as most of the species breed in low-
land tropical regions. The absence of significant effects
of ecological factors associated with song structure in
manakins may be due to the reduced variation in ecology
since all members are tropical species. It would be inter-
esting to widen this analysis by considering suboscines
with broader distribution and varied ecology and life his-
tories, as it has rarely been attempted for suboscine spe-
cies [26, 95].

Conclusion

We found that the evolution of song in manakins and
cardinals was strongly influenced by body weight, indi-
cating that size is a major constraining factor in song
production [20, 38, 96]. Peak frequency decreased with
size in cardinals; syllable rate also decreased with size in
both groups, while song length increased with body mass
in manakins and cardinals. A different pattern is appar-
ent when we consider ecological variables. The cardinal’s
song evolution was also influenced by several ecological
factors, which was not the case for manakins’ whose song
was not affected by ecology. Habitat cover and precipita-
tion affected the frequency characteristics of songs. Syl-
lable rate decreased with habitat cover, as an adaptive
response to scattering and reverberation, and increased
with altitude. This increase of a performance variable
with altitude agrees with previous findings for eleven
species of island birds [42]. Both migration and breed-
ing latitude had no influence on song characteristics,
indicating that cardinals’ songs appear not to have been
affected by sexual selection, at least for the variables we
considered.

Cardinals’ songs were influenced by ecological factors,
but not manakins, which may be explained by the greater
ability to adjust sounds to better transmission conditions
in song learners compared with sub-oscine species with
no or very limited learning [97]. Suboscines are also more
responsive to slight variations in songs, which may be
important for species recognition [33].

In addition, manakins have particularly elaborated
dances and colouration, while songs are comparatively
much simpler, so it is possible that sexual selection
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acted more in traits that could suffer greater elabora-
tion. Supporting this, brain size has been associated
with display complexity in manakins [98, 99]. It would
be worth widening the research on the evolution of
song in groups of birds differing in song development
to better understand vocal constraints in oscine and
suboscine species [100, 101]. Besides ecological and
morphological traits, the phylogenetic relationship also
determines song structure in manakins and cardinals.
Opposite from what would be expected according to
the learning hypothesis, cardinals, as representative
of song-learning species, showed higher phylogenetic
signal among their song structure traits compared to
manakins with innate songs.

Our findings show the importance of evaluating evo-
lutionary constraints and modulators at a smaller taxo-
nomic scale in parallel to wider research. More extensive
studies can hide patterns that exist in some taxonomic
groups, which may have specific and unique evolution-
ary histories that would be overridden by large-scale pat-
terns. Furthermore, we highlight that more studies on
the evolution of song in suboscines are needed since they
constitute a very diverse and poorly studied group.
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