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Most birds vocalize with an open beak, but vocalization with a closed beak into an inflating cavity occurs in territorial or courtship

displays in disparate species throughout birds. Closed-mouth vocalizations generate resonance conditions that favor low-frequency

sounds. By contrast, open-mouth vocalizations cover a wider frequency range. Here we describe closed-mouth vocalizations of

birds from functional and morphological perspectives and assess the distribution of closed-mouth vocalizations in birds and related

outgroups. Ancestral-state optimizations of body size and vocal behavior indicate that closed-mouth vocalizations are unlikely

to be ancestral in birds and have evolved independently at least 16 times within Aves, predominantly in large-bodied lineages.

Closed-mouth vocalizations are rare in the small-bodied passerines. In light of these results and body size trends in nonavian

dinosaurs, we suggest that the capacity for closed-mouth vocalization was present in at least some extinct nonavian dinosaurs.

As in birds, this behavior may have been limited to sexually selected vocal displays, and hence would have co-occurred with

open-mouthed vocalizations.
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Vocal signals are important in the communication systems

of animals, particularly insects, anurans, mammals, and birds

(Catchpole and Slater 2008; Bradbury and Vehrencamp 2011). In

songbirds, hummingbirds, parrots, and some suboscines, vocal

characteristics are acquired through a complex learning process

(Zeigler and Marler 2008). For the normal expression of these

signals, the central nervous system coordinates a sound source,

the syrinx, and a vocal-tract filter. Syringeal anatomy and function

have received attention for more than 150 years (Müller 1847;

King 1989; Elemans 2014), but the importance of movements of

the vocal tract (e.g., trachea, larynx, oropharyngeal-esophageal

cavity, beak) to vocal production in many groups was recognized

only recently (Hersch 1966; Nowicki 1987; Goller et al. 2004;

Podos et al. 2004). Moreover, neither interspecific variation nor

evolution of vocal-tract dynamics has been studied explicitly.

Most birds vocalize with the beak open, accompanied by con-

spicuous and complex movements of the neck and beak (Westneat

et al. 1993; Goller et al. 2004; Daley and Goller 2004; Podos et al.

2004; Riede et al. 2006, 2013; Ohms et al. 2012; Derryberry et al.

2012). These movements are a dynamic component of upper-

vocal-tract filtering (Riede and Goller 2010). Another vocaliza-

tion pattern is to seal off the pharyngeal from the oral and nasal

cavity and to inflate an internal structure in the ventral neck area,

between the beak and thoracic aperture. This phonatory mecha-

nism has been studied in only a handful of bird species, including

the domesticated ringed turtle-dove (Streptopelia risoria; Riede

et al. 2004) and greater sage-grouse (Centrocercus urophasianus;

Krakauer et al. 2009; species names of wild birds follow Gill and

Donsker 2015). However, the phylogenetic distribution and evo-

lutionary origin(s) of closed-mouth vocalizations have not been

studied (Dantzker and Bradbury 2006).

We use the term “closed-mouth vocalization” for vocal be-

havior with a closed beak and the simultaneous inflation of the

esophagus or tracheal pouches. We recognize that, unlike many
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mammals possessing soft tissue lips, a closed beak alone is not

sufficient to reroute air into an inflatable structure. Vocal behavior

with a narrow beak gape is well known (Riede et al. 2006) but

a distinct vocal behavior. For example, whisper songs in passer-

ines (Reichard and Welkin 2015; e.g., in corvids; Goodwin 1986;

Webber and Stefani 1990), are often produced with an almost

closed beak. However, the acoustic filter effect of this narrow

beak gape can be predicted using an open-mouth model as sound

radiated from a small opening (Fletcher et al. 2006). As explained

below, the acoustic effects of closed-mouth vocalization are fun-

damentally different, with potential effects on the sound source

and the vocal tract filter. We therefore classify all vocal behavior

with the beak open and therefore not associated with the inflation

of a flexible cavity as “open-mouth vocalization,” even if the beak

gape is very slight.

Both open- and closed-mouth vocalizations occur in extant

archosaurs (birds, crocodiles), as well as in other reptiles (in Tes-

tudines and Lepidosauria; Britton 2001; Sacchi et al. 2004). Al-

though comparatively widespread, vocal behavior in nonavian

reptiles is often perceived to be less common than in birds, perhaps

because acoustic signaling in nonavian reptiles occurs predomi-

nantly over short distances, and hence is relatively inconspicuous

to human observers (Gans and Maderson 1973; Vergne et al.

2009).

Here, we investigate (i) the phylogenetic distribution of

closed-mouth vocalizations in Aves and nonavian reptile out-

groups, and (ii) whether open- or closed-mouth vocalizations in

sexual displays were ancestral within Aves. We present the first

detailed review of morphological and biomechanical properties

of closed-mouth vocalizations in birds, and identify acoustic cor-

relates of this behavior. Based on these data and ancestral-state

reconstructions of the mode of upper-vocal-tract filtering, we dis-

cuss its estimated evolutionary origins, and ask what life history

or other attributes may explain its phylogenetic distribution.

MORPHOLOGICAL AND BIOMECHANICAL ASPECTS

OF INFLATION OF THE VENTRAL NECK REGION

DURING CLOSED-MOUTH VOCALIZATIONS

Most simply, inflation of a vocal sac during closed-mouth vo-

calizations requires rerouting of exhaled respiratory air and a

morphological structure that can receive this air. Physiology of

inflation has been studied directly only in doves (Riede et al.

2004), but behavioral observations suggest that the basic respira-

tory mechanism is similar for both open- and closed-mouth vo-

calizations in birds (Hartley and Suthers 1989; Goller and Suthers

1996, 1999; Wild et al. 1998). Birds typically (but not exclusively)

vocalize during expiration (Hartley and Suthers 1989; Goller and

Suthers 1996, 1999; Wild et al. 1998) but, in taxa with a vo-

cal sac, the beak and nares are closed to allow expiratory air to

move into the inflatable cavity rather than to exit through the

mouth or nasal openings. For example, before doves start to coo,

inspiration is followed by a closing of the beak and nares, and

expiratory air then flows into the esophagus. These prephonatory

movements begin to inflate the esophagus, then the bird starts

cooing with the vocal organ, the syrinx (Riede et al. 2004). Dur-

ing each call the bird expires into the esophagus while the beak

is closed, and between calls the beak is opened for inspiration.

During the interval between calls, the esophagus partly deflates,

making room for the volume of air to be expired during the next

call. The tracheal tube plays an important role as the first part of

the vocal-tract filter. The inflated sac facilitates the subsequent

filter effect, which is affected by the degree of inflation only

moderately. Ultimately, sound is radiated from the inflated sac

and overlying skin, as demonstrated by computational simulation

(Fletcher et al. 2004), by a physical model (Riede et al. 2008),

and by acoustic analysis of calls in ringed turtle-doves (Beckers

et al. 2003) and pectoral sandpipers (Calidris melanotos; Riede

et al. 2015). No direct measurements of the characteristics of the

vibrating neck skin or sound-radiation patterns have been made

for any bird or crocodilians. Furthermore, there is no evidence to

date that call duration or mini-breath production are affected by

closed-mouth vocalization.

In most closed-mouth vocal behavior in birds, expired air

inflates the distensible esophagus or a sac derived from the upper

esophagus (Table S3). Knowledge of this mechanism is based

primarily on morphological studies (Table S3), but was con-

firmed by morphological and cineradiographic analysis in ringed

turtle-doves (Riede et al. 2004). The avian esophagus is composed

entirely of smooth musculature (Ingelfinger 1958; Geyikoğlu et al.

2002), which allows for extensive expansion of its wall. In con-

trast, gular pouches branch off from the upper esophagus. They

represent an extension of the pharynx, and can extend below the

tongue and between the branches of the mandible. Gular pouches

are found in many species in which they are used for food stor-

age and transport, for thermoregulation and, possibly, as an op-

tical signal, but not for vocalization—e.g., in Alcidae (Speich

and Manuwal 1974), Pelecanidae (Bartholomew et al. 1968), and

Threskiornithidae (Rudegeair 1975). The gular pouch also should

not be confused with the crop; the latter is the lower part of

the esophagus separated from the upper esophagus by ring mus-

culature. In ringed turtle-doves, the crop is not inflated during

vocalization (Riede et al. 2004).

Intraesophageal pressure measurements in ringed turtle-

doves revealed an increase in pressure up to 0.5 kPa beyond

ambient pressure during closed-mouth vocalization (Riede et al.

2004), but the mechanism of how the upper respiratory tract is

sealed has not been investigated. Several possible nonexclusive

mechanisms for creating a tight seal exist, for example press-

ing together the upper and lower mandibles, or pushing the

tongue against the hard palate. The bony cornua of the hyoid
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skeleton (epibrachiale and ceratobrachiale), and muscles attach-

ing to these elements, likely contribute to this seal laterally. This

proposed mechanism is consistent with descriptions of the mobil-

ity of the avian tongue and hyoid skeleton during feeding (Zweers

et al. 1981), and during vocalization in songbirds (Suthers et al.

2015). The larynx cannot be involved because the glottis must be

open to release the expired air into the esophagus.

In species that inflate an evagination of the trachea instead of

the esophagus, it is likely that the glottal valve is closed to avoid

movement of air into the oral, pharyngeal, and esophageal cavities

(McLelland 1989). The best known examples of birds utilizing

a flexible tracheal structure are the emu (Dromaius novaehollan-

diae) and ruddy duck (Oxyura jamaicensis; Murie 1867; Wetmore

1918; McLelland 1989). The trachea in the emu, for example, fea-

tures 7–12 ventrally incomplete tracheal rings (Coughtrey 1873;

Noble 1973) that form a cleft-like opening from the trachea into

the sac. Increasing pressure inside the trachea above the syrinx

causes the membranous sac to expand subcutaneously.

Male ducks (Anatidae) have tracheo-bronchial structures that

form large, stiff cavities at or near the syrinx; these cavities range

from solid noninflatable structures, to structures with fenestrae

covered by flexible membranes, which presumably allow some

inflation (Johnsgard 1961; King 1989; Miller et al. 2007; Pierko

2010).

Cranial and cervical air sacs (as part of “postcranial skele-

tal pneumatization”) have been described in many extant birds

(Duncker 1971; Bezuidenhout et al. 1999; Maina 2005) and were

common in nonavian dinosaurs (Martin and Palmer 2014; Brusatte

et al. 2015). Correlates of air sacs also have been identified in ex-

tinct avian outgroups (O’Conner 2009; Wedel 2009; Benson et al.

2012). These air sacs do not appear to play a specific role as

resonating structures in closed-beak vocalization. Neither the tra-

cheal sac of emus, nor the inflatable esophagus in Columbiformes

(ringed turtle-dove; rock dove, Columba livia), Charadriiformes

(pectoral sandpiper), or Galliformes (greater sage-grouse) have a

connection between the respective inflatable cavity and the air-

sac system. Furthermore, cineradiography confirmed that infla-

tion of cervical air sacs does not occur during vocalization in

ringed turtle-doves (Riede et al. 2004), in the open-mouth vocal-

izing species monk parakeet (Myiopsitta monachus; Ohms et al.

2012), or in the open-mouth vocalizations of songbirds (Riede and

Suthers 2009; Ohms et al. 2010; Riede and Goller 2010; Riede

et al. 2013).

ACOUSTIC PROPERTIES OF CLOSED-MOUTH

VOCALIZATION

The acoustic effect of inflation of the esophagus or tracheal pouch

is similar across avian taxa. The acoustic features of hooting calls

(e.g., pectoral sandpiper), coo calls (e.g., ringed turtle-dove, rock

dove), and booming calls (e.g., rhea, cassowaries Casuarius spp.,

Eurasian bittern Botaurus stellaris, houbara bustard Chlamydotis

undulata) all demonstrate a periodic source signal with a com-

paratively low fundamental frequency (F0) (Slabbekoorn et al.

1999; Puglisi et al. 2001; Mack and Jones 2003; Cornec et al.

2014, 2015). The effect is exemplified with a dove coo call

(Fig. 1). In the case of the ring dove, there is little detectable

energy in higher harmonics. The acoustic signal generated at the

syrinx is strongly filtered, and only a small band of acoustic en-

ergy is eventually radiated from the ventral neck area. The low

amplitude or absence of higher harmonics in sounds with low

fundamental frequency emitted with a closed-mouth mechanism

may result from the low-pass filter characteristic of the esophagus

wall and overlying skin (Fletcher et al. 2004).

In closed-mouth vocalizations there is only one major reso-

nance frequency, which is tuned to one harmonic of the source

signal (Fletcher et al. 2004). Open-mouth vocalizations facili-

tate more complex resonance acoustics: more than one resonance

frequency can be present, depending simply on the length and

shape of the oropharyngeal-esophageal cavity (OEC; Fletcher

et al. 2006). The positions of resonance frequencies can also be

dynamically altered during open-mouth vocalizing in birds (Riede

et al. 2006, 2013). Through movements of the hyoid skeleton,

tongue, and open beak, only open-mouth vocalization birds are

able to dynamically alter OEC shape (Riede et al. 2006, 2013;

Suthers et al. 2015). Communicative functions of multiple reso-

nances in the vocal repertoire are unknown, but the ability of birds

to produce and perceive multiple resonances is demonstrated by

their ability to imitate human speech, in which a minimum of

two resonances is required to produce different vowels (Stevens

2000). This flexibility is not possible in closed-beak vocalization.

Vocalization into an inflatable cavity can produce lower fre-

quencies than vocalization into an open and tube-like vocal tract

of similar size (Riede et al. 2008). Two mechanisms, which need

to be supported further by empirical data in avian models, could

facilitate the link between closed-mouth vocalization and the pro-

duction of low-F0 vocalizations: (a) better power radiation in

the low frequency range; and (b) if the resonance cavity affects

dynamics of the vibrating tissues of the syrinx (i.e., a nonlin-

ear feedback mechanism between sound source and vocal-tract

filter; Titze et al. 2008). The inflated cavity (esophagus or tra-

cheal pouch) would function as an impedance-matching device,

whereby sound radiation through the skin of the neck generates a

strong filtering effect, that is the stretched skin acts as a band-pass

filter eliminating higher and lower spectral energy (Fletcher et al.

2004).

Goller and Riede (2013) outlined four variables that deter-

mine the F0 range for bird vocalizations: size and shape of the

vibrating tissue; mechanical properties of the vibrating tissue;

lung pressure; and interactions between sound source and vocal

tract. F0 range is related to body size, through size-dependent
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Figure 1. The inflated esophagus of doves and pigeons filters high frequencies of syringeally produced calls during closed-beak vocal

behaviors. (A) Normal coo call, with esophagus closed to outside. (B) Call produced when the esophagus is open to outside air through

a cannula. The calls were uttered by a single male ring dove (Streptopelia risoria). From top to bottom: oscillograms (amplitude, relative

change in output voltage of microphone signal); sound spectrograms; and power spectra (after Riede et al. 2004). Power spectra (bottom

panels) are derived from a 100-ms segment during the second half of the coo, centered on the time indicated by the dotted line in the

spectrogram.

biomechanical constraints of the syringeal cartilage framework,

and by viscoelastic constraints set by tension of the vibrating tis-

sue. Here, we investigate the phylogenetic distribution of closed-

mouth vocalization and its potential relationship with one of these

variables, body size.

Methods
THE DISTRIBUTION OF CLOSED-MOUTH

VOCALIZATIONS IN BIRDS

Closed-mouth vocalizations represent only part of the vocal reper-

toire of the taxa in which they are present. We collected data on

open- and closed-mouth vocalizations that are used specifically in

courtship or territorial displays. Other calls in the vocal repertoire

of birds (e.g., during begging by chicks; in aggressive encoun-

ters) typically are open-mouth vocalizations (Kilner 1997; Saino

et al. 2008). Indeed, there are no described avian calls utilizing

closed-mouth vocalization in other contexts, but data for many

species remain limited. Information on closed-mouth vocaliza-

tions came from: (a) published studies on individual species de-

scribing neck enlargement while the beak remained closed during

vocalization; and (b) online publicly available videos. In total,

our dataset included vocalization behavior for 208 bird species

(Gill and Donsker 2015) and four outgroup species (Table S4).

F0-estimates for a selected group of closed-mouth vocalizers also

were plotted against body mass, and contrasted graphically with

the predicted general relationship between upper and lower F0

boundaries (Fig. 2; Goller and Riede 2013).

ANCESTRAL STATE RECONSTRUCTION OF

CLOSED-MOUTH/BEAK VOCAL BEHAVIOR

We plotted the distribution of closed-mouth vocalizations on the

recent avian supertree of Burleigh et al. (2015) and on a set of 500

time-calibrated trees from Jetz et al. (2012). The tree of Burleigh
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Figure 2. Fundamental frequency (F0) of vocalizations in birds that vocalize with the mouth closed (closed-mouth vocalization species)

is lower than predicted from body size alone. The two black lines indicate the estimated lower and upper boundaries for F0 range

based on body size. The area between the two lines approximates the “available acoustic space” for vocalizing birds, and was estimated

based on a simplified string model of the syringeal sound source and a linear source-filter theory (after Goller and Riede 2013). The

fundamental frequencies of vocalizations by closed-mouth vocalization species (dots; Table S3) are close to or below the lower boundary.

Gray bars and secondary y-axis: avian body mass distribution (data from Dunning 2008; Table S3). Key: 1, ostrich Struthio camelus; 2,

northern cassowary Casuarius unappendiculatus; 3, emu Dromaius novaehollandiae; 4, greater rhea Rhea americana; 5, great bustard

Otis tarda; 6, Australian bustard Ardeotis australis; 7, sage grouse Centrocercus urophasianus; 8, kakapo Strigops habroptilus; 9, common

eider Somateria mollissima; 10, great bittern Botaurus stellaris; 11, ruddy duck Oxyura jamaicensis; 12, rock ptarmigan Lagopus muta; 13,

Eurasian woodcock Scolopax rusticola; 14, capuchinbird Perissocephalus tricolor; 15, American bittern Botaurus lentiginosus; 16, greater

prairie chicken Tympanuchus cupido; 17, specktacled eider Somateria fischeri; 18, king eider Somateria spectabilis; 19, lesser prairie

chicken Tympanuchus pallidicinctus; 20, pheasant pigeon Otidiphaps nobilis; 21, rock pigeon Columba livia; 22, Streptopelia capicola;

23, Streptopelia chinensis; 24, Streptopelia vinacea; 25, capuchinbird Perissocephalus tricolor; 26, small buttonquail Turnix sylvaticus; 27,

little buttonquail Turnix velox; 28, painted buttonquail, Turnix varius; 29, pectoral sandpiper Calidris melanotos; Unlabeled dots include

several Streptopelia species: St. bitorqua, St. decaocto, St. turtur, St. semitorquata, St. hypopyrrha, St. orientalis, St. lugens, St. picturata,

St. senegalensis, St. tranquebarica.

et al. (2015) provided branch lengths in units of proportional

genetic change and not time, so we used the congruification pack-

age in R (Eastman et al. 2013) to calibrate the nodes of the tree

according to a recent time-calibrated phylogenetic tree inferred

from genomic data (Jarvis et al. 2014). We then estimated branch

lengths using penalized likelihood in the treePL program (Smith

and O’Meara 2012). We used a random cross-validation proce-

dure to arrive at the best estimate of the smoothing parameter

(0.01). Species not represented in Burleigh et al. (2015) or Jetz

et al. (2012) were added to the most inclusive genera with the

add.species.to.genus function in the phytools R package (Revell

2011). We grafted outgroups to the tree with the bind.tip func-

tion in phytools based on published divergence-time estimates

(Hedges et al. 2015).

To reconstruct ancestral states, we used a maximum like-

lihood approach implemented in the rayDISC function in the

corHMM package (Beaulieu et al. 2013). We chose this method

because it allows for polytomies. We compared the fit of three

different models of character evolution using the pruned tree of

Burleigh et al. (2015): (a) an equal rates model in which instanta-

neous character change between open- and closed-mouth vocal-

ization is equivalent; (b) a model in which transitions from be-

tween states are asymmetrical (all rates different); and (c) an equal

rates model that allows for different transition rates in different

parts of the phylogeny (i.e., a hidden Markov model implemented

in the corHMM package). We used AICc to select the best model.

Our final dataset included evidence of vocalization behavior for

208 out of �10,500 (Gill and Donsker 2015) bird species. We

therefore explored how incomplete taxon sampling, along with

phylogenetic uncertainty, might influence our ancestral state re-

constructions using simulations and alternative phylogenies (see

Supplementary Methods and Results).
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THE RELATIONSHIP BETWEEN VOCAL BEHAVIOR

AND BODY SIZE

To test for a relationship between mode of vocal production and

body size, we used phylogenetic logistic regression in the phylolm

package (Ho and Ané 2014). We chose this approach because

vocal behavior (i.e., open- vs. closed-mouth vocalization), the

response variable, is binary and not continuous, and because it

allowed us to estimate regression parameters and phylogenetic

signal (α parameter) simultaneously. Following Ives and Garland

(2010), we used parametric bootstrapping (n = 2000 replicates)

and assessed statistical significance based on whether the 95%

confidence intervals for estimates (slope, intercept) overlapped

zero.

To investigate whether an increase in body size preceded,

arose coincident with, or followed the origin of closed-mouth

vocalization, we reconstructed ancestral states of body size. To

define size classes, we used k-means clustering (Hartigan and

Wong 1979) on natural-log-transformed body masses from a large

dataset (Dunning 2008). This resulted in a cutoff of �100 g

between small and large birds. To test whether the evolution

of closed-mouth vocalization was more likely to occur in large-

bodied lineages, we performed a concentrated changes test (CCT;

Maddison 1990) in Macclade v.4 (Maddison and Maddison 1992).

Briefly, we randomly resolved all polytomies and reconstructed

ancestral states of body-size using unordered parsimony under

ACCTRAN and DELTRAN optimizations. We then ran 5000

simulations to determine the null distribution for gains of closed-

mouth vocalization in large-bodied lineages, as the large num-

ber of changes in vocalization behavior prohibited the use of

the exact CCT algorithm described by Maddison (1990). We

also tested whether gains of closed-mouth vocalization occurred

more often in large-bodied lineages using a contingent states test

(Supplemental Methods and Results, Table S2).

Results
THE DISTRIBUTION OF CLOSED-MOUTH

VOCALIZATION IN BIRDS

We identified 16 origins of closed-mouth vocalization. Fifty-

two bird species from 16 traditionally recognized families vo-

calize with neck expansion while the beak remains closed

(Table S3). Both expanded neck and closed beak were used

as signs of vocalizing into an inflating or inflated cavity (i.e.,

closed-mouth vocalization). Fundamental frequencies of closed-

mouth vocalization species were confined to the lower bound-

ary of predicted frequencies based on body size alone. Most

closed-mouth vocalizers were larger than 100 g in body mass

(Fig. 2). Closed-mouth vocalizers range in body mass from 37 g

to 110 kg, but only 4 of the 52 bird species weigh less than 100 g

(Table S3).

ANCESTRAL STATE RECONSTRUCTION AND

REPEATED EVOLUTION OF CLOSED-MOUTH

VOCALIZATION IN BIRDS

The best-fitting evolutionary model for the evolution of vocal be-

havior was the equal rates model (AICC = 107.12), but the model

with different rates of gain and loss of closed-mouth vocaliza-

tion also received moderate support (AICC = 108.91, alternative

model (�AICC < 2); see Gelman and Hill 2007). The hidden

rates model received lowest support (�AICC = 5.39). Under the

best-fitting equal rates model, open-mouth vocalization was likely

the ancestral avian vocal mechanism in Aves (P(open mouth) =
0.88, �AICc = 4.00). The ancestral neognath was likely an open-

beak vocalizer (P(open mouth) > 0.99; �AICC alternative model

= 20.57), but the ancestral state of palaeognaths was ambiguous

(P(open mouth) = 0.75, �AICC alternative = 2.25; Fig. 3). This

analysis recovered at least 16 gains of closed-mouth vocaliza-

tion in Archosauria and one loss in Aves (greater painted-snipe,

Rostratula benghalensis).

Sensitivity analyses showed that the ancestral state of vo-

calization behavior in Paleognathae was more sensitive to taxon

sampling and phylogeny than that for Aves and Neognathae (see

Fig. S1). Using alternative phylogenies for ancestral state recon-

struction yielded similar results for the neognath ancestor, but

Aves and Palaeognathae were estimated as slightly more likely to

have had closed-mouth vocalization ancestrally (Supplementary

Methods and Results, Fig. S2). However, in no cases did closed-

mouth vocalization become the more likely ancestral state at these

nodes even when �50% of unsampled Aves, mostly passerines

were assigned this state (Supplementary Methods and Results,

Fig. S1).

CLOSED-MOUTH VOCALIZATION EVOLVES MORE

FREQUENTLY IN LARGE-BODIED LINEAGES

Ancestral state reconstructions using discrete body sizes (n = 211

species) revealed that the evolution of closed-mouth vocalization

in birds was preceded by the evolution of large (>100 g) body

size (Fig. S4). Closed-mouth vocalization was more likely to

evolve in large-bodied lineages (concentrated changes test,

P < 0.001 for both ACCTRAN and DELTRAN optimizations).

Contingent states tests showed that ancestral body sizes estimated

from a much larger dataset (5576 species from Dunning 2008)

did not influence the results recovered with the pruned 211 taxon

phylogeny, that is that closed-mouth vocalization is more likely

to occur in large-bodied lineages (see Supplementary Methods

and Results, Table S2). However, we found no evidence for

correlated evolution of vocal behavior and discrete body size

categories (�AICC = 5.33 relative to the simpler model of

independent trait evolution); large species were not significantly

more likely than small species to use closed-mouth vocalizations

(Table S1, Fig. S3).
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Figure 3. Maximum likelihood ancestral state reconstruction of closed-beak vocal behaviors in birds. (A) Line colors in phylogeny

correspond with the probability that the ancestral state was open-mouth (blue) or closed-mouth (red) vocalization. Bars at tips of

phylogeny correspond to natural log-transformed body mass, with colors indicating species with nonelongated (white) or elongated

(black) tracheae. Phylogeny based on Burleigh et al. (2015), with shaded regions corresponding to bird families indicated. Branch lengths

are in units of time (My). The estimated probability of closed-mouth vocalization in the ancestral archosaur is 0.42. Pictures show males

of the following species while vocalizing with closed beak and inflating esophagus; (B) ring dove and (C) ring dove x-ray image (image

by T. Riede), (D) ostrich, (E) Lesser Prairie-Chicken, (F) kakapo (from Merton et al. 1984), (G) common eider (with permission from Kerrith

McKay). Images in B, D, and E are still images from video sources cited in Table S4.
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Discussion
Our analyses suggest that open-mouth vocalization likely was an-

cestral to crown Aves. Closed-mouth vocalization evolved at least

16 times in Archosauria (Fig. 3), and in all cases was preceded by

an increase in body size (Fig. S4). The one loss of closed-mouth

vocalization (in painted-snipes) was not associated with a change

in body size (Fig. S4). Aves is nested within theropod dinosaurs,

which show a wide range of body sizes (many Mesozoic birds

exceeded 1000 g in body mass) as well as many independent in-

creases in body size within distinct clades closely related to birds

(Turner et al. 2007; Benson et al. 2014; Lee et al. 2014). The

implications of our results for the evolution of vocal behavior in

archosaurs including extinct forms are explored below.

SELECTIVE CONDITIONS THAT MAY FAVOR THE

EVOLUTION OF CLOSED-MOUTH VOCALIZATION

Closed-mouth vocalization is associated with low fundamental

frequencies in birds (Fig. 2). In species that employ both

mechanisms (recordings were available for Greater Sage-grouse

and Pectoral Sandpiper), closed-mouth vocalizations are lower in

fundamental frequency than open-mouth vocalizations. However,

there are alternative mechanisms for producing low-frequency

sounds, including an enlarged syrinx (King 1989), specialization

of two syringeal sound sources for high and low frequencies

(Suthers 1990), and tracheal elongation (Gaunt et al. 1987; Fitch

1999). Interestingly, closed-mouth vocalization is apparently

absent in species with tracheal elongation (Fig. 3); therefore,

why does closed-mouth vocalization evolve? Below we discuss

potential relationships to mating system and female preference,

sound propagation, and multimodal signaling. Biomechanical

and motor control aspects are discussed in the subsequent two

sections.

Species showing closed-mouth vocalization are relatively

large and use low-frequency sounds during courtship (Fig. 2).

Apart from a few exceptions (e.g., emu; Halkin and Evans 1999a,

b), closed-mouth vocalization is employed by advertising males.

In cassowaries, females produce sounds with a very low funda-

mental frequency, but it is unknown if they employ the same

closed-mouth mechanism as males. Although few data on fe-

male preference exist, low frequency calls may evolve by sex-

ual selection if low fundamental frequency calls indicate quality-

related information (Cornec et al. 2015; Freeman and Hare 2015)

that is favored through mate choice (Riebel 2009). Interestingly,

it appears that no particular mating system is associated with

closed-mouth vocalization: among closed-mouth vocalizers are

polygynous lek breeders without paternal care (e.g., Greater Sage-

Grouse), polygamous species with paternal care (e.g., Rhea), as

well as socially monogamous species with high levels of pater-

nal care (e.g., Columbiformes; Cassowary; Emu; Handford and

Mares 1985).

Features related to fundamental frequency, such as range,

minimum, maximum, or modulation rate, can also improve sound

transmission in certain environments and increase communica-

tion distance (Cosens and Falls 1984; Garstang et al. 1995;

Slabbekoorn and ten Cate 1996; Seddon 2005; Boncoraglio and

Nicola 2007). Beyond the basic necessity to radiate sound, spe-

cific radiation patterns could be advantageous by being directed

at particular receivers (Dantzker et al. 1999). During closed-

mouth vocalization, low-frequency sound is radiated from the

skin overlying the inflated esophagus or tracheal pouch. Feather-

free skin, either on the entire neck (e.g., ostrich; frigatebird) or

as lateral areas (e.g., grouse; prairie chicken), can generate spe-

cific radiation patterns around the vocalizing animal (Dantzker

et al. 1999).

Rhythmic neck expansion could also serve to propagate an

optical signal (Cooper and Goller 2004). Closed-mouth vocaliza-

tions sometimes are combined with elaborate skin color or move-

ment to produce a conspicuous visual signal in birds (Dantzker

et al. 1999; Madsen et al. 2004) and other groups (Starnberger et al.

2014). For example, the two sibling-species, Dusky Grouse (Den-

dragapus obscurus) and Sooty Grouse (D. fuliginosus), are both

closed-mouth vocalizers and show prominent dark red and yel-

low lateral skin areas, respectively (Brooks 1929). Furthermore,

movements around the time of sound production include head and

neck movements in eiders Somateria spp. (Johnsgard 1964), head

movements in common wood pigeon Columba palumbus (Murton

and Isaacson 1962), and fluttering of the bright red neck skin in

frigatebirds (Fregata spp.; both open- and closed-mouth vocaliza-

tions occur in Fregata). Movements before or during vocalization

presumably have signal function even in species that lack striking

markings (e.g., pectoral sandpiper; Riede et al. 2015).

BIOMECHANICAL ASPECTS OF CLOSED-MOUTH

VOCALIZATIONS

The main mechanical challenge to production of closed-mouth

vocalizations in many species is expanding the esophagus to ac-

cept expired air. Esophageal inflation is facilitated by two im-

portant features. First, the pharynx and upper esophagus in birds,

nonavian reptiles and most amphibians is expandable, perhaps

associated with the widespread ability in the clade to swallow

large prey items. In birds (unlike mammals) an upper esophageal

sphincter is absent, which permits substantial expansion of the

oro-pharyngeal area. Second, the esophagus is composed entirely

of smooth musculature in amphibians, nonavian reptiles, and birds

(Ingelfinger 1958; Yoshida 2001; Geyikoğlu et al. 2002; Uriona

et al. 2005), which allows more expansion than is possible in

mammals, where the esophageal musculature comprises both

smooth and striated musculature (Meyer et al. 1986; Patapoutian
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et al. 1995). The latter muscle type is much less pliable and there-

fore prevents expansion. However, the skin of the ventral neck

needs to be sufficiently elastic or loose to permit expansion of the

esophagus or other inflatable structures. In the rock dove (Baumel

et al. 1983) and pectoral sandpiper (Riede et al. 2015), the overly-

ing skin contains fat embedded in a loose net of connective tissue.

In the American alligator Alligator mississippiensis, the alterna-

tion between stiff scales and highly elastic skin between scales

enables the ventral neck area to be stretched (Hopkins-Dubansky

2012).

Our analysis suggests a relationship of closed-mouth vocal-

ization to body size in the evolution in birds. First, closed-mouth

vocalization is used by species > 100 g in body mass; and second,

the origin of closed-mouth vocalization was always preceded by

an increase in body size (Fig. 3). The inflation of an elastic cav-

ity could present a size-dependent challenge. The lung pressure

required to do this depends on the tension in the wall of the in-

flatable cavity divided by the radius of curvature of the surface.

The viscoelastic properties of soft tissue are nonlinear, that is ten-

sion does not increase in proportion to radius. Thus, for the same

tension, the pressure is greater when the radius is small, which

may be why closed-beak vocalization is not found among small

species.

LABILE EVOLUTION OF CLOSED-MOUTH

VOCALIZATION IN TETRAPODS

The two main filter mechanisms for enhancing low-frequency vo-

calizations are tracheal elongation and closed-mouth vocalization;

the latter is a dynamic mechanism that allows transient use of res-

onance control. For example, pectoral sandpipers use both open-

and closed-mouth vocalization during their lek displays (Riede

et al. 2015). In contrast, tracheal elongation uses a fixed tracheal

resonance and faces possible physiological consequences of en-

larged dead space. Future studies will have to further explore how

morphological and physiological features, such as body size or

respiratory demands, are linked to acoustic traits (e.g., Mason and

Burns 2015) or anatomical features of the syrinx and vocal tract,

and thereby may have influenced their evolution. Furthermore,

the generation of low fundamental frequencies requires adapta-

tions of both the sound source (e.g., sexual dimorphism of the

syrinx; bipartite syrinx) and upper-vocal-tract filter mechanisms,

and it remains to be seen if a specific sound source design dictates

particular filter mechanism.

Open-mouth vocalizations are effective for sound-energy ra-

diation, in particular in the upper frequency range, and allow

for dynamic adjustment of resonance frequency, which facili-

tates vocalization over a broad frequency range. In particular,

in the most species-rich order of extant birds (Passeriformes),

open-mouth vocalization is the predominant mechanism (e.g.,

Podos et al. 2004; Derryberry et al. 2012); we only found one

passerine, the capuchinbird (Perissocephalus tricolor) that uses

closed-mouth vocalizations. In that clade, open-mouth vocaliza-

tion is associated with the ability for vocal learning (Zeigler and

Marler 2008) and selection for song complexity (Riebel 2009).

The ability to dynamically adjust upper-vocal-tract resonance fre-

quencies facilitates the use of a broader range of frequencies

within a species’ repertoire, and thereby enables the evolution of

acoustic complexity.

Open- and closed-mouth vocalizations also are present in

other tetrapods. For example, some crocodilians (e.g., American

alligator; Riede et al. 2011), the closest living relatives of birds,

use both vocal behaviors in different contexts. Closed-mouth

vocalizations are used in display and territorial calls (Britton

2001). Some mammals use both, open- and closed-mouth vo-

calization (e.g., siamang Symphalangus syndactylus; Riede et al.

2008), and both vocal modes occur in Lissamphibia, with closed-

mouth vocalizations used for mate advertisement and open-

mouth vocalizations for distress calls in some anurans (Gridi-Papp

2008).

CLOSED-MOUTH VOCALIZATION IN VERTEBRATES

LIKELY IS BASED ON A CONSERVED MOTOR

PATTERN

The evolution of open- and closed-mouth vocalization touches on

a central question in neuroethology: how do complex behaviors

evolve (Katz 2012)? We found independent repeated evolution

of closed-mouth vocalization in Archosauria (Fig. 3), which may

have been facilitated by a common mechanism of neuronal con-

trol that arose early in tetrapod evolution for respiratory control

(i.e., buccal pumping; Bass et al. 2008), and for mastication and

swallowing (Jean 2001; Luschei and Goldberg 1981).

The neuromuscular complex that regulates mandibular, hy-

oid, and laryngeal movements constitutes a feature of early

tetrapods (Bass et al. 2008) and is used in display behavior in

frogs (Schmidt 1966; Ryan and Guerra 2014) and nonavian rep-

tiles (Font and Rome 1990; Wade 1998). However, both open-

and closed-mouth vocalization require different but equally pre-

cise coordination of the mandible, hyoid skeleton, and larynx with

respiratory movements, and how this coordination may occur is

not understood. The repeated evolution of closed-mouth vocal-

izations suggests that the neural motor program for controlling

hyomandibular structures has not only been maintained, but may

be easily integrated into the vocal control mechanisms.

Closed-mouth vocalization functions with both laryngeal and

syringeal sound sources and is present in amphibians, nonavian

reptiles, and birds. American alligators produce territorial calls

with the larynx, and appear to close off the laryngeal-pharyngeal

area via the hyoid flap (Ferguson 1981; Reese 1945). During

mating calls and juvenile contact calls, the ventral neck area ex-

pands (Britton 2001), suggesting inflation, but this possibility
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needs to be confirmed with direct measurements of esophageal

pressure. American alligators produce “alarm” calls with an open

mouth (e.g., when a human approaches). In light of their lineage

diversity and reconstructed repeated increases in body mass in

lineages closely related to birds (e.g., Turner et al. 2007) and the

recovered ambiguous ancestral state of vocalization behavior in

the basal archosaur node (Fig. 3), it seems likely that both open-

and closed-mouth vocalizations were present in nonavian di-

nosaurs. Following the pattern within extant tetrapods, closed-

mouth vocalization may also have been limited to display or

sexually selected vocal behaviors in dinosaurs and may be ex-

pected to show a relationship with reconstructed increases in

body size.
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