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In its most basic conception, a novelty is simply something new. However, when many previously proposed
evolutionary novelties have been illuminated by genetic, developmental, and fossil data, they have refined and
narrowed our concept of biological “newness.” For example, they show that these novelties can occur at one or
multiple levels of biological organization. Here, we review the identity of structures in the avian vocal organ, the
syrinx, and bring together developmental data on airway patterning, structural data from across tetrapods, and
mathematical modeling to assess what is novel. In contrast with laryngeal cartilages that support vocal folds in
other vertebrates, we find no evidence that individual cartilage rings anchoring vocal folds in the syrinx have
homology with any specific elements in outgroups. Further, unlike all other vertebrate vocal organs, the syrinx
is not derived from a known valve precursor, and its origin involves a transition from an evolutionary “spandrel”
in the respiratory tract, the site where the trachea meets the bronchi, to a target for novel selective regimes.
We find that the syrinx falls into an unusual category of novel structures: those having significant functional
overlap with the structures they replace. The syrinx, along with other evolutionary novelties in sensory and
signaling modalities, may more commonly involve structural changes that contribute to or modify an existing
function rather than those that enable new functions.
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Several novel traits have played key roles in the evolution
of birds, including, for example, feathers, flight, and song
(1). While analyses have traced the deep origins of the
genes involved in feather development, and fossils have
illuminated the evolutionary paths to branched feathers
and to the origin of flight, little similar work has been
undertaken to approach the complex novelty of bird vo-
cal production. Further, while avian vocalization has
evolved through changes in both the neural control of
vocalization and the vocal structures themselves, com-
paratively little attention has been paid to the latter.
Here, we focus on one critically understudied and under-
theorized aspect of avian evolutionary novelty, the origin
of the evolutionarily novel sound-producing organ of
birds, the syrinx.Wewill discuss the evolution of the avian

syrinx at multiple levels of biological organization—
developmental, structural, and functional—and consider
on which of these levels, if any, the syrinx has homologs
in nonavian taxa. We will go on to show how an inte-
grated approach incorporating data and perspectives
from developmental biology, vocal physiology, and pa-
leontology defines a promising agenda for understand-
ing the evolution of the syrinx.

A New Structure Without a New Function
Assessing novelty in a structure requires knowledge of
potentially homologous structures present in an individ-
ual, in outgroups, or estimated in ancestral taxa (2–4). The
extant sister taxon of birds, crocodilians, communicates
with sounds produced via vocal folds in the larynx (5).
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Outgroup reptiles also are capable of vocal communication using the
same structures (6, 7). However, sometime before the origin of crown
birds, the vocal function of the larynx was lost, and a novel structure,
the syrinx, was gained at the tracheobronchial juncture (Figs. 1 and 2)
(8). Given that the larynx is not involved in sound production in birds,
there are two scenarios for syrinx evolution. Novel selective regimes
unrelated to sound production could have led to the loss of sound
production in the larynx, and subsequently a new vocal organ
arose in a new position under selection for acoustic function. Alterna-
tively, vocal folds could have remained viable in the larynx (perhaps
with reduced or diminishing efficacy), but a syrinx evolved to
supplement sound production, which was followed by loss of the
larynx sound source.

The fossil record presently does not allow definitive assessment
of whether there was a period in the evolution of stem bird-line
taxa, including dinosaurs, when ability for acoustic communication
via the larynx was lost before sound production via a syrinx was
gained. Senter (9) proposed that, because the vocal organs of
crocodilians and birds are different, they evolved independently
from a nonvocal ancestor. If this were true, sound production in the
bird lineage would involve a new structure arising in a different lo-
cation that converged on the same function (i.e., sound production
via vocal folds) that is present in other tetrapods. In this view, Croc-
odilians are inferred to represent an additional case of evolution of
sound production via a larynx, separate from the evolution of the
larynx in other tetrapods. What evidence we do have, however, does
not appear to support this scenario. Among extant tetrapods, vocal
communicationmay ormay not be ancestral to lepidosaurs, but there

is increasing evidence that it was present in many turtles, the closest
outgroup of crocodilians and birds (10, 11). Other behaviors in which
vocal communication is deployed, such as posthatching parental
care and feeding of young, have consistently been inferred to be
homologous in turtles, birds, and crocodilians (12–14).

Apparent independent gains in the auditory capability early in
all major lineages of dinosaurs (15) seem to suggest continued
selection for improved hearing, most often linked to communi-
cation with congeners (as well as predator evasion and prey de-
tection). The development of apparent bony resonating cavities
linked to the nasal cavities of some ornithischian dinosaurs (16)
and proposed auditory roles for sinuses in theropod dinosaurs (17) also
support selection for the maintenance, if not for elaboration, of
acoustic communication. Data on dinosaurian outgroups, including
pterosaurs, is more limited. It is possible that auditory capabilities were
more limited but not dissimilar to the relatively vocal extant crocodil-
ians (15). However, it is clear that extant crocodilians have an auditory
system adequate for the use of acoustic communication (18). The only
Mesozoic fossil record of a syrinx is from a crown avian species related
to Anseriformes (8) and thus cannot speak to this question.

In other major transitions, such as the origin of weight-bearing
limbs from fins and the modification of limbs into wings, the
function of one or more structures changes (2). Embedded in some
concepts of evolutionary novelty is the notion that a feature at its
origin enables a novel function (e.g., ref. 19). However, in the origin of
the syrinx there does not appear to be an origin of a novel function.
There is no evidence that the ancestral syrinx, a simple structure
(discussed further below), could produce calls with a larger frequency
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Fig. 1. Tetrapod phylogeny showing the sequence of the acquisition of different airway traits through evolutionary time. (Upper, Left to Right)
Schematic diagrams depict airway morphology in caecilians, frog, salamander, rat, gecko, tortoise, alligator, and a duck. Paired arytenoid
cartilages (dark green) are present in most tetrapods (26). Cricoid cartilage (light green) is absent in some lissamphibians. Tracheal cartilage
morphologies (red) are highly irregular (i.e., not ring-shaped) in lissamphibians (29), and irregular, forked rings are also sometimes observed in
mammals (88). Stereotyped configuration of trachea and paired bronchi is common to all amniotes, and cartilaginous rings are observed in both
the bronchi and trachea (49). Fusion of bronchial rings (blue) at the tracheobronchial juncture forms a carina, or a pessulus in birds (26). (Lower)
Colored dashes indicate the branches along which distinct morphological and behavioral innovations (15, 61) may have evolved, with uncertainty
(i.e., variability among species in a group) indicated by color gradients. Boxes describe major transitions leading to a syrinx in modern birds.
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range or longer or louder calls than an alligator larynx. Furthermore,
across all other tetrapods the larynx has been modified to produce a
wide range of complex sounds and calls. The core question posed in
this context, then, is why would a novel structure evolve to maintain
the same function, acoustic communication? The answer may inform
our understanding of novelty in distinct systems (e.g., in locomotory,
sensory, or signaling contexts).

In acoustic signaling, the addition of supplementary sound-
producing mechanisms is not uncommon. Mechanical sound pro-
duction (e.g., in flight or via vibration of water or stamping or shaking)
can supplement vocal fold-produced acoustic signals (20). Supra-
laryngeal vibratory sound-producing tissues have arisen in the palate
in koalas (21) and in the nasal region of odontocete whales (22–24),
while the larynx is retained as a sound source. Only in birds has the
ancestral larynx sound source been lost. Phenotypes that arise within
dinosaurs such as neck elongation or proposed respiratory, meta-
bolic, and ecological shifts associated with flight should be consid-
ered as potential drivers behind both syrinx gain and loss of a sound
source in the larynx.

Phylogeny and Identity in the Respiratory Tract
In 1872 T. H. Huxley wrote “Birds possess a larynx in the ordinary
position, but it is another apparatus, the lower larynx or syrinx,

developed at the end of the trachea that is their great vocal organ”
(25, p. 93). This sentence, in which Huxley first gives the name
“syrinx” to the avian vocal organ, introduces two fundamental is-
sues of homology at the level of adult morphology: First, what is a
syrinx without reference to a vocal function? Or perhaps more
simply: How does one define a syrinx morphologically? Second,
and more important for our discussion of homology: How is a syrinx
related to the larynx, the major vocal organ in all other tetrapods?

The larynx and syrinx do not appear to be homologous at a
structural level, as there is no evidence of historical continuity be-
tween these two organs, and they are copresent in the same or-
ganism in different anatomical positions. (Birds possess both a larynx
and a syrinx, but birds use only the latter to vocalize.) The larynx is a
valve closing the terminus of the airway in air-breathing vertebrates.
Unsupported by cartilage in its simplest form (i.e., a fissure in air-
breathing nontetrapod sarcopterygians, or lungfish), at least one or
two pairs of cartilage elements ancestrally support the valve-closing
tissues and associated muscles in tetrapods (Fig. 1) (26). While its
primary function in the earliest stem tetrapod has been assumed to
be as a valve, it was already co-opted for a vocal function in multiple
groups of lissamphibians (27). In these taxa, cutaneous gas exchange
remains important (contrasted with gas exchange in the lungs), and
the juncture(s) between the trachea and bronchi that extend to the
lungs are not highly stereotyped; from one to three lungs can be
present with a trachea variable in length (28). Cartilaginous support of
the airway in lissamphibians is also highly varied and does not gen-
erally extend to the bronchi (Fig. 1) (29–31). Larynx cartilages, by
contrast, are always present and have distinct shapes and topology-
based identities (cricoid, arytenoid, and, to a lesser extent, the thy-
roid cartilage in mammals) across tetrapods, including birds and
mammals (Fig. 1) (26). Muscles arising from the hyoid and larynx
cartilages that extend to the softer folds of the larynx valve (regard-
less of a vocal function) also are broadly homologous even in the
highly modified larynges of frogs, baleen whales, and primates (26).

As potential serial homologs at a structural level, the syrinx and
larynx fail even superficial criteria of similarity of parts (Fig. 1), al-
though they share a similar function as vocal organs where such
facility is present. A syrinx is never located at the terminus of the
airway where a larynx is situated (Fig. 1). Tracheobronchial (and
thus, syrinx-associated) airway cartilages have a separate and later
phylogenetic origin (in the ancestral amniote) (Fig. 1) than the
larynx-associated cartilages (in the ancestral tetrapod) (Fig. 1). At-
tempts to homologize individual cartilage elements in the syrinx just
across crown birds (Aves) have been largely unsuccessful (32–34).

The vocal folds of the larynx, when present, are modifications of
connective tissues of the valve closing off the airway during swal-
lowing (35, 36). Although the exact histological composition of
vocal folds is species-specific (36–39), vocal folds across amniotes
are multilayered structures, regardless of whether they are located
in a syrinx or larynx. The similarity of sound-generation mechanisms
(40–42), and thus the physical requirements of compliance and
stiffness, likely constrain vocal-fold morphologies (43).

The muscles that move these vocal folds attach to the cartilagi-
nous framework of the larynx. Only two muscles associated with the
syrinx, the musculus tracheolateralis and musculus sternotrachealis,
are inferred to be present in the crown avian ancestor (Fig. 2) (8).
These muscles are homologs of muscles that in nonavian outgroup
taxa extend from the tongue elements to the pectoral girdle
(musculus sternohyoideus) (44, 45). The presence of these muscles
alongside laryngeal muscles supports a lack of homology between
muscles controlling laryngeal and syringeal sound production. No
muscles extend to the tracheobronchial juncture in any outgroup;
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Fig. 2. 3D morphology of airway cartilage in archosaurs visible with
diffusible iodine-based contrast-enhanced computed tomography
(diceCT). 3D models of tracheal cartilage structure in the alligator
(Alligator mississippiensis) (A and C) and Muscovy duck (Cairina
moschata) (B and D) in gray. Panels show both external (A and B) and
cross-sectional views of the tracheobronchial juncture (C and D). Soft
tissue anatomy is clearly visible in B and D, including both intrinsic
syringeal muscles (red and yellow), membranes (purple), and labia/vocal
folds (pink). Specimens were dissected out, stained following ref. 109,
and scanned at The University of Texas High-Resolution Computed
Tomography Facility. Image segmentation was done in Avizo 6.3 (FEI
Visualization Sciences Group). See ref. 8 for further details on staining
and scanning parameters. (Scale bars: 2 cm.)
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that is, any taxon lacking a syrinx. As noted above, the proposed
homology of these muscles with a muscle that spans from the hyoid
apparatus to the sternum (45) is consistent with this shift (insertion on
the trachea or at the tracheobronchial juncture is a novelty uniquely
associated with syrinx origin) (Fig. 2). Within birds, more novel in-
trinsic muscles arise (e.g., ref. 32), but these appear to represent later
novelties in the crown clade.

New biological structures are generated by tinkering with pre-
cursors. Some notions of evolutionary innovation consider all derived
conditions (46) to be novelties. Other, more stringent definitions of
novelty require that a putatively novel structure have neither ho-
mology (presence in a common ancestor) with any structure in an
outgroup nor serial homology (homonymy) to any structurewithin the
body. Regardless of the conditions under which the syrinx evolved, it
passes these tests of novelty, at least at the structural level.

To identify what is structurally new in the case of syrinx evolution,
we can compare the homologous region of the airway, the tra-
cheobronchial juncture, in outgroup taxa. These comparisons re-
quire estimation of the ancestral condition within Aves to parse what
changed at the origin of a syrinx as opposed to later morphological
diversification. Because the syrinx was originally defined functionally
as a vocal organ situated at the tracheobronchial juncture, it fol-
lowed that features of this juncture have been treated as vocal
organ-specific tissues rather than being considered in the light of
outgroup airway features. Comparing broader variation in the airway
across tetrapods (Fig. 1) informs what changes in shape observed in
the avian airway relative to close reptilian relatives may be unrelated
to syrinx origin but potentially related to changes in respiration and
metabolic rate also known to have occurred at the origin of birds (1).

Modifications of the cartilaginous ring structures and the spaces
between them have been given unique names (e.g., “pessulus,”
“tympanum,” and “medial tympaniform membrane”) (Fig. 2) that
have obscured their relationship with similar structures unrelated to
vocal production in other tetrapods (i.e., the carina and the bronchial
wall). As shown in Fig. 1, the pessulus, a keeledmidline element that
occurs where the airway branches into the bronchi, was named for
its proposed function as a support to certain vocal-fold conforma-
tions, but it is not unique to birds, nor is it inferred to be present in
the ancestral syrinx (8). Stein (47) assumed that the presence of a
pessulus in songbirds was important for the ability to generate two
independent sounds simultaneously. However, two-voice vocaliza-
tion is possible without a pessulus (e.g., in larks) (32). Crocodilians also
show midline fusion of rings (not differentially mineralized) at the
tracheobronchial juncture (Fig. 2). This fusion has been named the
“carina” (48) when present in other vertebrates, including crocodil-
ians and humans (Fig. 1). Both the pessulus and the carina have been
proposed to provide stabilization for the cartilaginous framework of
the bronchi as they merge into the trachea (e.g., refs. 47, 49, and 50).

Differentially mineralized airway cartilages at the tracheobronchial
juncture, connective tissue between these cartilages, two associated
external muscles (m. tracheolateralis and m. sternotrachealis), and
incomplete bronchial half rings are structures novel in birds relative to
outgroups (8). Whether two paired sound sources (located within the
bronchi) or one (at the tracheobronchial juncture or in the trachea)
occurred first is ambiguously optimized given variation in early-
branching lineages of living birds (8), and the sound production via
thin membranes or thickened labia is similarly unclear given homo-
plasy among these basally divergent extant lineages.

Parsing which structures are minimally present when the tra-
cheobronchial juncture is first modified for sound production must
remain tentative. Further fossil data and comparisons with outgroup
taxa may inform whether initial modifications for other purposes

(e.g., support during continuous breathing or related to flight) may
have been exapted in the formation of a vocal organ at this location.
For example, the only unpaired air sac in birds (51), the inter-
clavicular air sac, consistently surrounds the syrinx in crown birds
and has been described as essential to its vocal function (e.g., ref. 9).
However, vocal production can occur in its absence, although in
living birds it does help maintain pressure around the phonating
syrinx (e.g., ref. 52). Whether the air sac arose before, at, or after
syrinx origin is unclear. Finally, despite limited data, the open space
between the endpoints of bronchial half rings (the medial tympa-
niform membrane) (Fig. 2B) that may be involved in sound pro-
duction in birds (40, 53) was recently found in other distantly related
taxa (e.g., snakes) in contexts unrelated to sound production.

The syrinx appears to be unique among tetrapod vocal organs in
one key respect: No valve-like or vibratory membranes (e.g., labia)
are known to be present in the tracheobronchial juncture of any
tetrapods before syrinx origin. Indeed, in the only known instances of
syrinx loss in birds (54), labia or compliant membranes in the airway
are also lost, suggesting that such structures have no function in
regular avian respiration. However, the presence of incomplete
bronchial rings and associated medial membranes is maintained.
The persistence of these compliant or potentially distensible walls in
the absence of a vocal function suggests the possibility of an identity
unrelated to that function, but it does not appear to have been as a
valve. The syrinx origin from a nonvalve precursor is in stark contrast
to the modifications of narial valves in marine mammals into the
phonic lips of odontocetes (55) or the modification of a choana (in-
ternal nares), which may be a functional valve (56, 57), into additional
vibratory folds in the soft palate of koalas (21). As we discuss below,
this distinction may be key to understanding both structural and
developmental differences in the syrinx.

From Spandrel to Evolutionary Key Innovation
The nature of airway patterning creates a fundamentally different
set of questions about the identity and potential selective regimes
for the syrinx compared with other tetrapod vocal organs. The
region homologous to a syrinx in outgroups, the tracheobronchial
juncture, has identity as only one part of a continuous airway. Its
presence is the consequence of the bifurcation of the airway from
the single tube of the trachea into the two tubes of the bronchi,
and it does not appear to possess an independent character. We
argue that in the origin of the syrinx, the tracheobronchial juncture
goes from a “spandrel” (58) of sorts, a structure shaped by the
requirements of a functioning airway but without a specific func-
tion, into a key site of novel, vocal function-selective regimes.

Because the tracheobronchial juncture is a structural necessity in
a bifurcated airway, the first juncture was present at the origin of
multiple lungs in ancient tetrapods (28). However, when continuous
breathing and an increase in metabolic rate evolved in bird-lineage
archosaurs (Fig. 1 and see Fig. 4) (1), airflow patterns changed. Dis-
continuous and continuous breathing expose the airway walls to
substantially different amounts of wall shear stress, which is a function
of flow velocity characteristics adjacent to the surface (59, 60). In
continuous breathers, including birds and mammals (61), the airway
lumen is subjected to dynamic fluctuations in the magnitude and
direction of wall shear stress with inspiration and expiration (Fig. 3A
and SI Appendix, Methods S1) (62).

Simulations using simplified airways show that airflow is char-
acterized by flow separation and concomitant zones of increased
circulation and altered flow patterns (possibly including turbu-
lence) that lead to localized regions of elevated wall shear stress
(Fig. 3A and SI Appendix, Methods S1). Although accurately
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predicting sites of increased wall shear stress is difficult, requiring
estimates of the velocity fields, in the simplified airway simulations
the highest stress during exhalation is predicted to be at the tra-
cheobronchial juncture (Fig. 3A and SI Appendix, Methods S1).
This localized increase in shear stress may have provided a se-
lective pressure for elaboration of the airway support specifically
at the juncture to maintain airway patency. Understanding
whether and how aerodynamic forces may have favored the evo-
lution of novel soft tissue or cartilage morphologies at the tra-
cheobronchial juncture will require further physical modeling of
airway dynamics across a range of morphologies.

More generally, however, the onset of continuous breathing is not
sufficient to produce a novel vocal organ: Mammals are also con-
tinuous breathers but did not evolve a syrinx. Thus, additional factors
should be considered. For example, body size, relative neck length,
and larynx position relative to the hyoid apparatus are known to have
changed across the evolution of dinosaurs and, combined with the
changing dynamics of a shift in respiratory behavior, may have fa-
vored the evolution of the syrinx. The ancestral airway geometries in
Mammalia and Archosauria may also be distinct: Crocodilians and
humans, for example, have bronchi that diverge at different angles.

Any syrinx precursor conditions are limited by strong selection
for maintaining respiratory function. Compliant membranes in birds
occur in areas where cartilaginous rings became reduced (tympa-
niform membranes) (Fig. 2) or by soft-tissue accumulations on the
inner wall surface (labia) (Fig. 2) (39). Sound is produced in the syrinx
by airflow-induced, self-sustained oscillations of these membranes
and labia (e.g., refs. 40, 42, and 63). Thus, as soon as precursor
vibratory membranes or labia evolve, there must be a mechanism
to abduct them from the airway during normal breathing. Airflow in
tubes with distensible walls (i.e., airway walls or membranes capa-
ble of stretching under conditions of differential pressure such as

incipient vibratory tissues) could lead to collapse. The appearance
of vibratory tissue precursors must have, at most, only briefly pre-
dated the attachment of the first muscles to the trachea to abduct
them. Although extant birds possess a varying number of extrinsic
and intrinsic syrinx muscles, two pairs of ancestrally present ex-
trinsic muscles (Fig. 2B) (8, 34) control the movements of carti-
laginous components of the syrinx to regulate the position of
membranes and labia during vocal production, thus keeping the
airway from collapsing during normal (nonvocal) respiration (64).
The origin of the interclavicular air sac may have occurred before or
after the origin of these tissues; its earliest fossil correlates are
presently known only well after the origin of flight and the inferred
origin of continuous respiration (8). Further study of tetrapod air-
ways in continuous and discontinuous breathers is needed to un-
derstand potential constraints on airway morphology evolution.

Development and Novelty in the Respiratory Tract—How
Did the Syrinx Evolve?
The unique stresses experienced at the tracheobronchial juncture
suggest one possibility for why the syrinx arose there—but how
did the syrinx evolve? Because themain components of the syrinx—
cartilage, muscle, and soft tissue—form before a bird hatches, a
developmental perspective may shed light on syrinx origins and
especially on questions of novelty and homology. Despite the lack
of structural homology between the larynx and syrinx, it is not
known to what extent, if any, their morphogenesis shares underlying
developmental or genetic mechanisms.

The larynx and the syrinx differ significantly in how the vocal
folds and associated structures arise during development. Laryngeal
cartilages and vocal folds are derived from a combination of
mesoderm and neural crest (65). In contrast, syrinx vocal folds do
not appear to be neural crest derived. Muscles surrounding the
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Fig. 3. Models inform hypotheses of airway cartilage evolution and development. (A) Airflow through tubes exposes tube walls to a wall shear
stress (WSS) that is proportional to the flow velocity gradient (shown schematically at the top of the airway). Steep velocity gradients at the wall
give rise to high WSS levels. Flow velocity throughout an airway bifurcation can be predicted by computational fluid dynamics simulations (SI
Appendix, Methods S1). Spatial distribution of WSS derived from computed velocity profiles during exhalation is shown for a bifurcation, with
regions of elevated WSS denoted. Regions of elevated WSS near the tracheobronchial juncture, such as those shown here, suggest different
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structure. (B) Earliest stages of syrinx cartilage formation in the male duck (adapted from ref. 77). The derived (larger, left–right asymmetric)
morphology of the syrinx cartilage is present from its initiation and does not form by later shaping or differential growth of the airway cartilage.
(C) Examples of human airway cartilage patterns (redrawn from ref. 49) in the trachea and the tracheobronchial juncture. (D) Simulation of a
Turing system (with a gradient to orient stripes). Diverse cartilage patterns are predicted at the tracheobronchial juncture. Each panel in D
corresponds to a different parameter value (SI Appendix,Methods S2). For computational ease, we solve on a flat, 2D domain, which we argue is
a reasonable assumption given the low Gaussian curvature of the system.
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laryngeal opening and attaching to the vocal folds in amniotes
are derived from paraxial mesoderm (65–67) and have homologies
identified in lissamphibians (68). They have different somite and
cell-lineage progenitors from them. sternohyoideus (Fig. 2) (69, 70),
the presumptive precursor to the two ancestral muscles asso-
ciated with the syrinx in extant birds (Fig. 2) (44). In sum, at the
developmental level, some individual larynx cartilages are ho-
mologous across tetrapod taxa, including birds. These structures
are formed through the interaction of mesodermal and neural crest
cells during development, and the evolution of these interactions
may produce the diverse morphologies of laryngeal vocal folds and
their supporting cartilage elements (65, 68, 71).

Airway morphogenesis appears to be stereotyped across tetra-
pods and seems to mirror the pattern of accrual of respiratory
novelty, first in tetrapods and then in amniotes (Fig. 1). The tetrapod
trachea forms when the ventral segment of the anterior foregut tube
buds to form a Y-shaped diverticulum (72). This tube elongates, and
the two tips of the tube become the bronchi and lungs (73). Sig-
naling between the endodermal epithelium and the surrounding
mesodermal mesenchyme is essential for branching and for the
proper formation of the cartilaginous support structures (74, 75),
which form after the trachea, bronchi, and lungs are apparent. The
extrinsic muscles of the trachea in birds migrate from their paraxial
mesoderm sources as the tracheobronchial cartilages form (67).

Development of syringeal cartilage has been described at the
histological level in chicken (76) and duck (77), but the molecular
mechanisms behind syrinx morphogenesis are mostly unknown.
Derived syringeal cartilage morphologies in birds are present at
the earliest formation of airway cartilage in the embryo (Fig. 3B)
(76, 77). Importantly, these morphologies do not form through the
alteration of regularly spaced, ring-shaped anlagen like those
seen in outgroup taxa or those that form in the rest of the avian
airway. By contrast, they are already distinct when airway cartilage
formation is initiated. There is no evidence that any individual airway
cartilage elements in amniotes, including birds, have distinct iden-
tities, unlike laryngeal structures. Rather, what appears to be mo-
lecularly specified in the airway is a program generating a series of
spaced cartilage rings from a contiguous sleeve of undifferentiated
mesenchyme. This is in contrast to the vertebrae, for example, in
which individual identities are established through expression of
defined sets of Hox genes (78, 79).

Several secreted signaling molecules have been identified
affecting tracheal cartilage formation in the mouse, including
bone morphogenetic proteins Bmp4 and Bmp7 (80–82), Wnt
family members (83), Sonic hedgehog and the fibroblast growth
factor Fgf10 (84, 85), and the T-box transcription factors Tbx4 and
Tbx5 (86). A patterning system may be modified by changing the
size of the progenitor field or altering the timing or level of pro-
duction of the regulatory signals driving the formation of the car-
tilage rings. Modifications could alter the number and/or spacing of
cartilage rings. However, as a full series of rings emerges de novo
from each set of starting conditions, it becomes impossible to ho-
mologize individual cartilage rings between species. In other words,
there is a homologous mechanism by which the series of elements
is produced, but the elements themselves are not individuated (87).

Consistent with a proposed lack of homology among individual
airway cartilage elements, patterns of airway cartilage (49, 88)
resemble configurations produced by simple Turing models
(reviewed in 89). A generic Turing system using the Swift–Hohenberg
equation (90), which generates periodic patterns of many types (e.g.,
stripes, spots, zigzags), produces patterns akin to those observed in
the trachea (Fig. 3D and SI Appendix, Methods S2). Simulations
predict that, under certain combinations of parameters, the cartilage
rings will be single or bifurcating resembling “forked” cartilage rings
present in the upper airways of a number of organisms [e.g., mouse
and human (49)] (depicted schematically in Fig. 1). Disorganized
patterns tend to be recovered at the tracheobronchial juncture in
the simulations and in many nonavian amniotes, including humans
(Fig. 3 C and D and SI Appendix,Methods S2) (49, 88). The Swift–
Hohenberg equation does not require a known mechanism and
encompasses patterns generated by reaction-diffusion and me-
chanical models (e.g., via buckling). These simple models can
inform testable predictions concerning Turing-type patterning
and suggest mechanisms to ensure the proper spacing and cir-
cumferential orientation of airway cartilage in vivo.

From the simulation results and available developmental data,
we propose identity of syrinx structures based only on relative
location with respect to the topology of the airway (i.e., split of the
bronchi) but no fixed identities for individual cartilages (8). Even
though morphological investigation of the syrinx dates back more
than 200 years (25), identifying one-to-one homology between
cartilage elements in different species has previously proven
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problematic. Naming schemes conferring identity to specific syr-
inx cartilage elements have attempted to ascribe homology to
individual elements across birds, but at the same time researchers
recognized that these identity schemes did not seem to work
among major clades of birds (32, 33).

Previous naming schemes for parts of the syrinx assigned
identities to particular rings (e.g., A1, B2) (32), but fusion or loss of
elements led to nonhomology of these named elements (e.g., ref.
91). For example, the number of cartilage elements identified as
fused into a tympanum (Fig. 2) are known to vary within species of
hawks, falcons, owls, alcids, parrots, and songbirds (from four to
seven can be identified), while the shape, identity, and vocal pro-
duction from the resultant organ are not known to show associated
variation (32, 91–93). In the few cases in which it has been detailed,
the total number of tracheal rings in the airway varies indepen-
dently of the structural and functional similarity in the syrinx in the
adult (92, 93). For example, in ducks, the relative shape and size of a
part of the syrinx, the bulla, did not show significant intraspecific
variation, while the number of tracheal rings varied with neck length
in males and females (92). There seems generally little to no evi-
dence of selection for a certain number of rings constituting a syrinx
or airway, although factors presumably affecting acoustic pro-
duction (e.g., ring diameter in the cranial or caudal part of the air-
way, size of the labia where present) may vary (92, 94).

We propose that syrinx origin must involve changes in devel-
opment affecting, at minimum, the cartilage pattern at the juncture,
differential mineralization of these juncture rings, the formation of
vibratory soft tissue, and novel muscle associations with the airway.
However, the mechanisms of change behind these shifts are as yet
undescribed. The genic underpinnings of airway cartilage diversity
across amniotes, especially in ring diameter, shape, thickness, and
the presence or absence of complete bronchial rings, remains little
explored. We must assess whether the programs that underpin the
unique development of vibratory tissue or the creation of spaces
among rings for vibratory membranes are new. For example, it is
possible that the vocal folds in the syrinx and larynx have con-
verged on the same genetic means of morphogenesis: Co-option
of the same gene networks that form the vocal folds of the larynx
could be expressed in syringeal labia where present, thereby
constituting an example of deep homology (3, 95). To determine
whether deep homology exists for structures such as labia, more
work is needed to understand syrinx morphogenesis and its un-
derlying developmental genetic mechanisms.

Insights into Biological Novelty from the Origin of
the Syrinx
The recognition that structural novelty evolved via changes in de-
velopment prompts a return to some of the key questions raised
earlier in this essay and proposes new ones. Despite presumed
sustained selection for a function in acoustic signaling, why has the
larynx lost its role as a sound-producing organ in crown birds? If
vocal functionswere copresent for someduration, could sound sources
in a larynx and early syrinx be coupled or complementary, or would the
presence of novel vocal folds in the syrinx severely impact or inhibit
sound production in a larynx (Fig. 4)? When novel vibratory structures
have evolved in other tetrapods, they occur structurally downstream
from the larynx, for instance in the internal or external nares. How do
precursors of vibratory structures arise deep in the airway, and how
might these structures at the tracheobronchial juncture come under
novel selective regimes?

Consideration of the syrinx prompts broader questions about
the nature of structural and functional novelty in organs and

tissues. In key examples of biological innovation in locomotor
systems, novel function is associated with novel selective regimes
for changes in structure (e.g., the shifts in function in the evolution
of the tetrapod limb) (3, 96). However, in novel vocal organs in
mammals, and likely in the syrinx, a novel structure evolved while
acoustic communication via a vocal organ was maintained.

Organs related to signaling and sensory modalities may be
enriched for this type of elaborative novelty. For example, the
repertoires of pigments and coloration regimes used in visual
signaling, and thus available to sexual selection, are largely
combinatorial; that is, they are copresent with other plesiomor-
phic coloration systems. Within vertebrates, olfactory sensitivity
has been extended with the addition of a novel vomeronasal or-
gan, and mechanical sound production is copresent with other
mechanisms of acoustic signaling. Sexual selection has been im-
plicated in many of these innovations (e.g., refs. 97 and 98).

However, there are instances in other systems where a novel
structure has been proposed to have evolved alongside a separate,
arguably functionally overlapping structure. Teeth and baleen in
mysticete whales are one such example. Keratinous baleen allows
extant mysticetes to filter feed efficiently. Baleen may have arisen
after the origin of filter feeding in a toothed ancestor (99). Although
baleen and teeth are not redundant structures, there may have
been overlap in their role in feeding. It has been debated whether
functional teeth and baleen were present in the same animal (100)
or whether teeth were lost, producing something similar to the
proposed “silent period” in syrinx evolution, and baleen sub-
sequently evolved in a toothless lineage (101, 102).

Developmental and genic examples may shed light on the
mechanism of the evolution of novel structures for overlapping
functions. At the developmental level, there are many instances of
a function being maintained while the processes underlying the
function have diverged. For example, Wnt3a plays a key role in
forming the apical ectodermal ridge, a key structure in the chicken
limb bud, but plays no role in the formation of the same structure
in the mouse, being replaced in that function by the distinct gene,
Wnt3 (103, 104). Similarly, Snail and Slug are paralogous tran-
scription factors involved in key roles during vertebrate development.
However, the sites of expression of Snail and Slug are swapped
between mouse and chick, and so, correspondingly, are their roles in
development (105). Likewise, the Notch pathway transcription
factors Hairy2 and Hes1 have replaced one another as key cycling
genes during somite segmentation in the chick andmouse, respectively
(106). It appears to be common at the genetic level to produce func-
tional redundancy via duplication, after which one member of the
redundant pair is often lost (107, 108). In these cases, it is thought that
loss is usually due to relaxed selection on the duplicate. While possibly
comparatively rare in vertebrate structure, cases of novelty in the face
of functional similarity may merit a new focus of study.

The syrinx and other evolutionary novelties in sensory and sig-
naling modalities may be distinct from those related to the loco-
motor system but similar to known examples at other levels of
organization. Specifically, all these cases may generally involve a
duplicate or overlapping role or elaboration on a single function
rather than being driven by a selective environment favoring a new
function. As such, a better knowledge of syrinx evolution may
contribute importantly to our understanding of evolutionary nov-
elties more generally.
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