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abstract: Theory predicts that allometric constraints on sound
production should be stronger for the lower frequencies of vocal-
izations than for the higher frequencies, which could originate from
an allometry for sound frequency bandwidth. Using song recordings
of approximately 1,000 passerine species (from 175% passerine gen-
era), we show a significantly steeper allometry for the lower song fre-
quencies than for the higher song frequencies, resulting in a positive
allometry of frequency bandwidth: larger species can use wider band-
widths than smaller species. The bandwidth allometry exists in song-
birds (oscines) but not in nonoscine passerines, indicating that it
emerges from a combination of constraints to sound frequency pro-
duction or transmission and the evolved behavior of oscines: unlike
the narrow bandwidths of most nonoscine songs, the learned songs
of oscines often use wide bandwidths that can be limited by both lower
and upper constraints to sound frequency. This bandwidth allometry
has implications for several research topics in acoustic communication.

Keywords: acoustic communication, allometry, birdsong, sound
frequency bandwidth.

Introduction

Allometry, the scaling of phenotypic traits with body size,
is an important guiding principle for understanding phe-
notypic biodiversity (Brown et al. 2000), since a great va-
riety of behavioral, morphological, physiological, and eco-
logical traits covary with body size across species (Calder
1984; Demment and Van Soest 1985). It is well docu-
mented that the peak or dominant sound frequency of
vocalizations is negatively related to body size across spe-
cies (birdsong:Wallschläger 1980; Fletcher 2004; vocaliza-
tions of other taxa: Moradian and Walker 2008; Gingras
et al. 2013; Martin et al. 2017). This sound frequency al-
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lometry is explained because, all else kept equal, larger vo-
cal organs and vocal tracts produce and resonate low fre-
quencies more efficiently, and larger body sizes suffer less
acoustic short-circuiting when transmitting low frequen-
cies to the surrounding medium (Bradbury and Vehren-
camp 2011). It is not known whether allometric principles
also affect the extent of sound frequency modulation, or
frequency bandwidth, which is a theoretically sensible hy-
pothesis and would have implications for several research
areas in animal communication.
Theory predicts stronger size-related constraints on

the lower than the upper frequencies of vocalizations be-
cause the upper limit of sound frequency production may
be actively increased, either by applying greater force to
vibrating structures in vocal organs to increase the funda-
mental frequency of sound (Titze and Martin 1998; Ele-
mans et al. 2009) or by reducing the volume of vocal tracts
by muscular contraction to increase their resonant fre-
quencies (Bradbury and Vehrencamp 2011; Goller and
Riede 2013). The opposite—reducing tension of vibrating
structures below resting tension and enlarging vocal tract
volume—is physically more limited, and small-bodied
species may be unable to evolve large vocal organs, which
should result in a stronger allometric constraint for the
lower frequencies of vocalizations. In line with this, pre-
vious work found stronger allometries for minimum fre-
quencies than for maximum frequencies across aquatic
mammal species (although not in terrestrial mammals;
Martin et al. 2017). Although size differences are often
small and frequency allometries are therefore rarer within
species (Patel et al. 2010), work on purple-crowned fairy
wrens found a stronger allometry for the sound frequency
of the lowest trill than for that of average trills in adver-
tisement songs (Hall et al. 2013). If these differences in al-
lometric slopes are sufficiently widespread, they could re-
sult in larger species being able to use a wider frequency
bandwidth (encompassing both low and high frequen-
cies) than smaller species (restricted to high frequencies;
Podos and Patek 2015).
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Here, for the first time, we test for allometry in sound
frequency bandwidth, predicting that larger species should
be able to use wider bandwidths. We used the citizen sci-
ence repository of acoustic recordings xeno-canto (2010)
to measure sound frequency in passerine songs. We mea-
sured advertisement songs (also termed “advertisement
calls,” especially in suboscines and basal oscine families),
which in most cases would have been selected for long-
range communication. Hereafter, we refer to these long-
range advertisement songs simply as “songs.” We mea-
suredmultiple good-quality song recordings of one species
per genus for all available genera in xeno-canto and cov-
ered 175% of genera in the order Passeriformes (742 os-
cine genera and 285 genera of nonoscine passerines). This
data set, comprising more than 1,000 species evenly dis-
tributed across the passerine phylogeny (fig. 1A), allows
us to robustly (1) test allometries for the lower and upper
song frequencies, (2) compare the strength of those two
allometries, (3) test for an allometry of frequency band-
width, and (4) test whether the bandwidth allometry dif-
fers between oscines (i.e., songbirds, characterized by a
complex syrinx and the ability of song learning) and non-
oscine passerines (who generally have simpler songs; Nel-
son et al. 1997; Beecher and Brenowitz 2005; Touchton
et al. 2014).

Material and Methods

Sound Frequency Measurements

We investigated the relation between sound frequency
bandwidth and body size across the Passeriformes, using
song recordings from the citizen science repository xeno-
canto (2010). For each genus, we searched xeno-canto for
the species with the most recordings; if that species did
not have sufficient good-quality recordings, we searched
the second-most recorded species, and so on. If no species
in a genus had good-quality recordings, then the genus
was not included. For each species, we selected up to three
recordings of songs and checked whether those record-
ings matched the verbal descriptions of songs in the
“voice” entry for the species in Handbook of the Birds of
the World Alive (HBW; del Hoyo et al. 2018). We prior-
itized recordings with little background noise and no over-
lapping transient noise and that were made at different
times and locations. Species that had recordings of only an-
tiphonal (duet) singing were not used when pairs could not
be separated, and species that had recordings of only cho-
rus songs were also not used.
We downloaded audio files from xeno-canto in com-

pressed MP3 format and converted them toWAV format
with a sample rate of 44 kHz using the warbleR package
(Araya-Salas and Smith-Vidaurre 2017) in R (ver. 3.5.1;
R Development Core Team 2014) or the audio converter
fre:ac (https://www.freac.org) and then analyzed each re-
cording with the software Avisoft-SasLab Pro (Specht 2004).
MP3 compression does not cause bias in sound frequency
measurements, but it reduces the precision of measure-
ments, usually by a small degree and in the worst-case sce-
narios by less than 1 kHz (Araya-Salas et al. 2017). These
are small inaccuracies compared with the large differences
in sound frequency across species in our data set (fig. 2), and
we increased precision by averaging measurements across
several songs (up to five) per recording and across several
recordings (up to three) per species. We first identified in-
dividual songs according to their descriptions in HBW and
chose up to five songs from each recording for measure-
ments on the basis of sound quality (i.e., signal-to-noise ra-
tio). We then marked each song, from onset to end, in the
spectrogram view of Avisoft for measurements (spectro-
gram fast Fourier transform length of 512, flat top window,
and 50% window overlap, corresponding to time and fre-
quency resolutions of 5.8 ms and 86 Hz). For species where
HBW did not contain a detailed description of song, we
identified individual songs as separated from others bymore
than 1 s. In species with continuous singing, which can be
very long and uninterrupted, we trimmed songs at the max-
imumduration of 60 s formeasurements, as very few species
sang songs this long. In cases with a high-amplitude song
interspersed with noticeably lower-amplitude singing or vo-
calizations, we marked only the long-range, high-amplitude
part of the song for measurement. We applied a high-pass
filter of 1 kHz to discard low-frequency noise, as most pas-
serine vocalizations are above this range, unless the spectro-
gram showed parts of the song below 1 kHz.
We measured song frequency bandwidth using two al-

ternativemetrics: quartile bandwidth andmaximumminus
minimum bandwidth (hereafter, “MaxMin bandwidth”).
Quartile bandwidth focuses on the frequency interval con-
taining most of the sound energy in the songs and is cal-
culated as the difference between the 75th and the 25th en-
ergy quartiles. MaxMin bandwidth focuses on the upper
and lower extremes of sound frequency, and we calculated
it as the difference between the maximum and minimum
frequencies, defined as the frequencies at which cumula-
tive amplitude along the song falls 10 dB below that of
the song peak frequency (i.e., the frequency with highest
cumulative amplitude). We chose a threshold of 210 dB
because it consistently captured the vast majority of sound
energy in songs (more so than quartile bandwidth; fig. 1B,
1C) while still being resilient to interfering noise in the
recordings. All frequency measurements were made on
the power spectra of each song using the automatic mea-
surement tool in Avisoft. We manually curated all mea-
surements by overlaying them on the song spectrograms
and checking whether any was affected by noise. If a fre-
quency measurement was affected by noise (e.g., it fell

https://www.freac.org
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on an extraneous burst of noise or on the 1-kHz high-pass
filter boundary), then the affected acoustic parameters
were removed from the data, or if possible, the source of
error was removed (e.g., deleting a discrete burst of noise
not overlapping in frequency with song). All frequency
measurements were log10 transformed before computing
bandwidth and before averaging measurements because
logarithmic (i.e., ratio) scales of sound frequency conform
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Figure 1: Phylogenetic tree and distribution of bandwidth measurements in oscines and nonoscine passerines. A, Example phylogenetic tree
of the 1,000 trees used to account for shared ancestry (Barker et al. 2004; Jonsson and Fjeldsa 2006). All analyses used Akaike's information
criterion model averaging across phylogenetic generalized least squares model outputs from these 1,000 trees. B, C, Dot- and boxplots show-
ing the distribution of quartile bandwidth and maximum minus minimum (MaxMin) bandwidth, respectively, for oscines and nonoscine
passerines. Bandwidths of 0.3 and 0.6 log10 Hz correspond approximately to one and two octaves (an octave is a doubling of frequency, or a
difference of 0.301 log10 Hz).
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to how animals perceive and modulate sound frequency
(Cardoso 2013). Frequency measurements were averaged
by recording and then averaged across all recordings of
each species, resulting in a single data point per species.
Complete Data Set and Phylogenies

The final data set comprised 175% of all genera in the or-
der Passeriformes, spanning 116 of the 147 families rec-
ognized in HBW. For quartile bandwidth, we could mea-
sure 992 species (717 oscine genera and 275 nonoscine
genera), and for MaxMin bandwidth, we could measure
1,014 species (730 oscines genera and 284 nonoscine gen-
era). The complete data set is available online.
We took the body mass of each species from Wilman

et al. (2014) and log10 transformed it because theory pre-
dicts a linear relation between log body mass and log fre-
quency of acoustic signals (Fletcher 1993, 2004). We used
phylogenetic trees from https://birdtree.org (Jetz et al.
2012) including all 1,027 species in the final data set. These
phylogenies were constructed on the Hackett backbone
(Hackett et al. 2008), using available molecular informa-
tion in a Bayesian framework to obtain a large number
of probable trees (Jetz et al. 2012). An example phyloge-
netic tree is shown in figure 1A. We based all analyses
on 1,000 different phylogenetic trees in order to account
for phylogenetic uncertainty as recommended by Rubolini
et al. (2015).
Analyses

We ran separate analyses for frequency measurements
based on energy quartiles or based on maximum and
minimum frequencies. Results were equivalent using ei-
ther type of measurements, so we report only the former
in the main text and the latter in the supplemental PDF
(tables S1–S4, available online).
First, we tested allometries for the 75th or the 25th fre-

quency quartile with phylogenetic generalized least squares
(PGLS) regressions of sound frequency on body size. The
parameter lwas estimated in these PGLS regression mod-
els to adjust the phylogenetic correction to the degree of
phylogenetic signal in the model (Freckleton et al. 2002).
We ran all PGLS models in R using the package caper
(ver. 1.0.1; Orme et al. 2018). Following Garamszegi and
Mundry (2014), we averaged PGLS regression results from
each of the 1,000 phylogenetic trees, weighting results ac-
cording to Akaike’s information criterion (AIC) of each
tree’s model output. AIC-weighted averaging takes into
account phylogenetic uncertainty and the parsimony of
models from each tree (Garamszegi and Mundry 2014;
Rubolini et al. 2015). The weighted average of b (partial re-
gression coefficient) was standardized (bst) by multiplying
by the standard deviation of the predictor trait (log10 body
mass) and dividing by the standard deviation of the depen-
dent trait (either the 75th or the 25th frequency quartile).
Second, we compared the allometric slopes of the 75th

and the 25th frequency quartiles using a Student’s t-test
on the two bst’s following Paternoster et al. (1998). This
was done using the AIC weight–averaged values of bst and
their standard errors from the above PGLS regressions
models.
Third, to test whether different allometric slopes of the

upper and lower song frequencies resulted in a significant
allometry of sound frequency bandwidth, we ran a PGLS
regression of frequency bandwidth on body size. As be-
fore, l of the PGLS model was estimated, and results were
AIC weight averaged across 1,000 phylogenetic trees.
Fourth, we tested whether the allometry of frequency

bandwidth differed between oscines and nonoscine passerines
because oscines (songbirds) have highly specialized sing-
ing abilities. Namely, oscines have a complex syrinx (Dür-
ing et al. 2013) and can learn songs (Beecher and Breno-
witz 2005), and as shown in figure 1B and 1C, frequency
bandwidth in their songs is often very wide (e.g., surpass-
ing an octave), which is less common in nonoscine pas-
serines. We used a multiple PGLS regression with fre-
quency bandwidth as dependent variable and body mass
(log10 g), a binomial variable distinguishing nonoscines (0)
from oscines (1), and the interaction of these two pre-
dictors as independent variables. The result of interest is
the interaction effect, as this shows whether the allom-
etry (i.e., the relation between frequency bandwidth and
body mass) differs between oscine and nonoscine passer-
ines. We report single PGLS regressions of frequency
bandwidth on body mass separately for oscines and non-
oscines as post hoc tests to interpret this interaction. As
before, l was estimated for these PGLS models, and re-
sults were AIC weight averaged across 1,000 phylogenetic
trees.
Results and Discussion

We found significant allometries, both for the lower fre-
quencies of song (PGLS of 25th quartile frequency on
body mass: bst p 20:504, P ! :001, model l p 0:674;
fig. 2A) and for the higher frequencies of song (PGLS of
75th quartile frequency on body mass: bst p 20:370, P !

:001, model l p 0:740; fig. 2B), whereby larger body size
is associated with lower sound frequencies. The allometry
for the lower frequencies was stronger than the allometry
for the higher frequencies (t-test: Z p 22:794, one-tailed
P p :008, two-tailed P p :016). Results were equivalent
when analyzing maximum and minimum frequencies
(tables S1, S2; fig. S1; figs. S1, S2 are available online). In
line with previous findings within species (purple-crowned

https://birdtree.org
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fairy wren; Hall et al. 2013) and among species (aquatic
mammals; Martin et al. 2017), these results corroborate
the theoretical prediction that the allometry of sound fre-
quency should be stronger for the lower frequencies than
for the higher frequencies of vocalizations. This difference
is likely due to stronger physical limits for actively reducing
sound frequency (lowering the tension of vibrating struc-
tures, enlarging vocal tract volume, or evolving larger vocal
organs) than for increasing it (increasing tension of vibrat-
ing structures, compressing vocal tract volume).
If sufficiently strong, this difference in allometric slopes

could cause frequency bandwidth to also change with
body size. Consistent with this expectation, we report a
significant allometry of frequency bandwidth (PGLS of
quartile bandwidth on body mass: bst p 0:265, P ! :001,
model l p 0:366) in the predicted direction, whereby
larger species on average sing over larger bandwidths than
smaller species (fig. 3A; see also table S1 and fig. S2A for
an identical result with MaxMin bandwidth). This band-
width allometry indicates that smaller species, which are
less able to use low-frequency sounds, also do not modu-
late song frequency sufficiently upward to achieve very
wide bandwidths. There are at least two reasons for this.
First, birds generally have the greatest auditory sensitivity
in the 1–5-kHz range (approximately 3–3.7 log10 Hz), and
although species with higher-frequency songs may have
extended sensitivities for high frequencies (reviewed in
Dooling 1992; Henry et al. 2016), sensitivity is typically
very low above 10 kHz (4 log10 Hz; Dooling 1982, 2004;
Henry and Lucas 2008; Gall et al. 2011; Wong and Gall
2015). Second, higher frequencies attenuate faster during
propagation as a result of medium attrition and degrade
faster as a result of scattering by vegetation (Bradbury
and Vehrencamp 2011), making them increasingly ineffi-
cient in long-range communication signals, such as adver-
tisement songs (Morton 1975; Dabelsteen et al. 1993;
Nemeth et al. 2001; Piza and Sandoval 2016). Therefore,
passerines should have a limited frequency window for ef-
ficient long-range communication, and by not being able
to sing efficiently in the lower frequencies, smaller species
use only the upper range of that window. Theory does not
predict an optimal frequency bandwidth for a given body
size but predicts only that smaller body size reduces the
maximum frequency bandwidth that can be efficiently ex-
ploited. Therefore, there should be much scope for adap-
tive evolution of frequency bandwidth unencumbered
by this allometric constraint, which is consistent with the
allometric slopes that we found being well below unity
(quartile bandwidth: bst p 0:265; MaxMin bandwidth:
bst p 0:223; table S1).
The bandwidth allometry reported here implies that

many passerine species modulate song frequency exten-
sively enough that it becomes constrained by proximity
to both the lower andupper limits for sound frequency pro-
duction or for efficient long-range communication. Since
oscines (songbirds) often have more elaborate songs than
nonoscine passerines, we tested whether the bandwidth al-
lometry differs between them.We found a significant inter-
action between taxonomy (oscine vs. nonoscine) and body
mass (multiple PGLS regression of quartile bandwidth; in-
teraction effect: bst p 0:538, P ! :001; effect of oscine vs.
nonoscine: bst p 20:470, P p :012; effect of body mass:
bst p 0:072, P p 0:283;model l p 0:327; table S3), indi-
cating that the strength of the bandwidth allometry differs
between oscines and nonoscines. Post hoc tests indicated
that the bandwidth allometry exists across the oscines
(PGLS of quartile bandwidth on body mass: bst p 0:347,
P ! :001, model l p 0:333; N p 717 oscine species; ta-
ble S4; fig. 3B) but not across the nonoscine passerines
(bst p 0:056, P ! :377, model l p 0:076; N p 275
10g 30g 100g 1000g

3.0

3.5

4.0

1kHz

3kHz

10kHz

1.0 1.5 2.0 2.5 3.0

25
th

 Q
ua

rti
le

 (l
og

10
H

z)

A 10g 30g 100g 1000g

3.0

3.5

4.0

1kHz

3kHz

10kHz

1.0 1.5 2.0 2.5 3.0

75
th

 Q
ua

rti
le

 (l
og

10
H

z)

B

Body mass (log10g)

Figure 2: Scatterplots of the 25th (A) and 75th (B) frequency quartile on body mass for all passerine species studied.
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nonoscine species; table S4; fig. 3C). Results were statistically
equivalent when bandwidth was analyzed as the difference
between maximum and minimum frequencies (tables S3,
S4; fig. S2B, S2C). This taxonomic difference indicates that
the allometry in frequency bandwidth results from a com-
bination of physical constraint and the evolved behavior of
oscines. Unlike most nonoscine passerine species, whose
songs rarely use wide frequency bandwidths, oscines have
a more complex syringeal morphology and better control
of frequency modulation (Goller and Riede 2013), so that
their learned songs more often use wide bandwidths
(fig. 1B, 1C). Therefore, oscine songs may more often ap-
proach both the lower and upper limits for sound frequency
production or efficient transmission, resulting in the ob-
served bandwidth allometry.
We note that the bandwidth allometry demonstrated

here is likely contingent on the correct measurement of
sound frequency and frequency bandwidth on a logarith-
mic scale (i.e., a ratio scale), which corresponds to how
animals perceive sound frequency and to aspects of sound
frequency modulation during phonation (Cardoso 2013).
Despite the psychoacoustics literature using logarithmic
scales of sound frequency (e.g., Weary and Weisman 1991;
Levitin and Rogers 2005), the majority of work in animal
behavior measures frequency bandwidth on a linear scale
(i.e., in hertz or kilohertz). This practice likely delayed the
discovery of the bandwidth allometry reported here. For
example, while we showed that larger species, which on
average use lower-frequency sounds, can use wider fre-
quency bandwidths, previous large-scale comparative stud-
ies did not find the expected negative association between
song peak frequency and frequency diversity (Pearse et al.
2018) or have even reported positive covariation of peak fre-
quency and frequency bandwidth (Derryberry et al. 2018).
This could be an artifact of analyzing sound frequency on
a linear scale, thus overestimating frequency differences in
species using high frequencies relative to species using low
frequencies. As argued earlier (Cardoso 2013), we encour-
age analyzing log-transformed sound frequency in behav-
ioral and evolutionary studies of animal communication.
The bandwidth allometry documented here has impor-

tant research implications because frequency bandwidth
is used to study several aspects of acoustic communica-
tion. For example, frequency modulation or bandwidth
are important components of birdsong motor perfor-
mance (reviewed in Podos and Sung 2020), and species
with larger bills are predicted to sing under stronger per-
formance constraints (Podos 2001) because large bills and
associated muscle adaptations can limit the speed of bill
movements (Herrel et al. 2009) that help modulate sound
frequency (Nowicki 1987; Podos et al. 1995, 2004; Riede
et al. 2006). But large-billed species are often large bodied,
and our finding that large-bodied species can use wider
frequency bandwidths, while small-bodied species (often
small billed) often use narrower bandwidths, may cause
deviations to the above prediction. Another example re-
lates to explaining the evolution of song complexity in
birds. Frequency bandwidth has often been regarded as
an aspect of song complexity (reviewed in Benedict and
Najar 2019), although the diversity of frequencies has been
criticized as ametric of song complexity because it does not
appear correlated with species differences in the diversity
of syllables (Mikula et al. 2018; Cardoso et al. 2020). Using
such a metric (the diversity of frequencies in song), it was
possible to show several putative biogeographical andmacro-
ecological patterns for song complexity across passerines
(Pearse et al. 2018), but our finding that larger species can
evolve larger bandwidths may change interpretations for
some of those patterns.
In conclusion, we report a novel type of sound fre-

quency allometry that is consistent with principles of
sound production. Within the passerines, we found that
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the bandwidth allometry exists across oscines (songbirds)
but not nonoscines, indicating that this allometry is influ-
enced by the fact that many oscines, perhaps because of their
elaborate syrinx and song-learning ability, use wide band-
widths that may be constrained both at lower and upper
limits. Awareness of this bandwidth allometry should help
design comparative research on various topics in animal
acoustic communication.
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