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Functional morphology of the sound-generating labia
in the syrinx of two songbird species

Tobias Riede and Franz Goller
Department of Biology, University of Utah, Salt Lake City, UT, USA

Abstract

In songbirds, two sound sources inside the syrinx are used to produce the primary sound. Laterally positioned
labia are passively set into vibration, thus interrupting a passing air stream. Together with subsyringeal pressure,
the size and tension of the labia determine the spectral characteristics of the primary sound. Very little is known
about how the histological composition and morphology of the labia affect their function as sound generators.
Here we related the size and microstructure of the labia to their acoustic function in two songbird species with
different acoustic characteristics, the white-crowned sparrow and zebra finch. Histological serial sections of the
syrinx and different staining techniques were used to identify collagen, elastin and hyaluronan as extracellular
matrix components. The distribution and orientation of elastic fibers indicated that the labia in white-crowned
sparrows are multi-layered structures, whereas they are more uniformly structured in the zebra finch. Collagen
and hyaluronan were evenly distributed in both species. A multi-layered composition could give rise to complex
viscoelastic properties of each sound source. We also measured labia size. Variability was found along the dorso-
ventral axis in both species. Lateral asymmetry was identified in some individuals but not consistently at the spe-
cies level. Different size between the left and right sound sources could provide a morphological basis for the
acoustic specialization of each sound generator, but only in some individuals. The inconsistency of its presence
requires the investigation of alternative explanations, e.g. differences in viscoelastic properties of the labia of
the left and right syrinx. Furthermore, we identified attachments of syringeal muscles to the labia as well as to
bronchial half rings and suggest a mechanism for their biomechanical function.
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Introduction

Songbirds (Passeriformes) produce their complex vocaliza-
tions with two sound sources located inside the syrinx. The
syrinx generates a primary sound, the spectral characteristics
of which are subsequently shaped by the resonance filter
characteristics of the vocal tract (Goller & Cooper, 2004;
Suthers & Zollinger, 2004; Riede et al. 2006). Although spe-
cies-specific syrinx morphology has been studied extensively
(Muller, 1847; Setterwall, 1901; Ames, 1971; King, 1989), we
have little understanding of how the documented morpho-
logical variability relates to the function of the syrinx as a
sound source.

The syrinx is located at the caudal end of the trachea and
consists of a framework of cartilages (tympanum and bron-
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chial cartilagenous half rings) and soft tissue (muscles, con-
nective tissue, nerves and blood vessels) (Fig. 1A,B). The
syrinx constitutes a myoelastic-aerodynamic sound source.
Aerodynamic energy is transformed into acoustic energy
with the help of active and passive components. Laterally
positioned labia are set into a prephonatory position by syr-
ingeal muscles (Goller & Larsen, 1997a,b; Larsen & Goller,
1999) (Fig. 1C,D) and are then set into oscillation by passing
air flow. Labial oscillation is a passive mechanism in which
the vibratory pattern is determined by the subsyringeal
pressure driving air through the syrinx and by the shape
and tension of the labia.

In this study we investigated the shape, size and micro-
structure of the labia. The shape and size, together with
the tension of the labia, determine their oscillation fre-
quency. Their microstructure affects how they respond to
the air stream. This research contributes to the understand-
ing of the functional morphology of the syrinx as a sound
source (Larsen & Goller, 2002). The syrinx represents one of
the smallest biological sound sources, which is used to pro-
duce extremely loud and complex vocalizations — a feature
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Fig. 1 The songbird syrinx. (A) Schematic external ventral view of the excised organ. TL, tracheolateralis muscle; ST, sternotrachealis muscle; dTB
and vTB, dorsal and ventral tracheobronchial muscle; dS and vS, dorsal and ventral syringeal muscle. (B) Schematic view of the cartilage
framework of the syrinx (modified after Ames, 1971). The drum [or tympanum (Ty)] is located at the caudal end of the trachea. Its shape varies
with species. A median dorso-ventral bar [pessulus (P)], spanning the lumen of the trachea, marks the end of the trachea and the beginning of
the primary bronchi. The pessulus is one important attachment for the ML. A1-A3, bronchial half rings; T, tracheal ring. (C) Schematic of a frontal
section of the syrinx (level indicated by the vertical plate in A). B, bronchial rings. (D) Schematic of the adduction setting of the ML and LL.

(E) Simulating the labia oscillation assumes two major movement components: (1) a latero-lateral component and (2) a cranio-caudal component.
The latter leads to a repeated change between a convergent and divergent cross-sectional profile. This out-of-phase movement of the upper and
lower part of the labia produces larger asymmetries in the forces acting on the labia in the opening and closing phase of the oscillation than the
inward and outward movement alone, resulting in a positive pressure on the labia during the opening phase and a net energy input to the labia
maintaining a self-sustained oscillation. (F) Schematic horizontal section through the syrinx (level indicated by the horizontal plate in A). BS,

bronchial lumen; BH, bronchial half ring.

that probably contributed to the evolutionary success of
the Passeriformes.

Functional morphology of the syrinx

The syrinx serves two main functions, i.e. control of air flow
and labial tension. Active positioning of the labia into and
out of the bronchial lumen is used to control air flow during

quiet breathing and during sound production. Miskimen
(1951) and Chamberlain et al. (1968) suggested that rota-
tional movements of bronchial half rings around the dorso-
ventral axis lead to a lumenward movement of the lateral
labium (LL) and medial labium (ML) causing a constriction
of the bronchial lumen. The endpoints of bronchial half
rings arch into the ML, ventrally and dorsally (Fig. 1F),
adducting the soft tissue once the half ring is rotated. Active
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adjustment of the tension of the labia is used for control of
the fundamental frequency (FO) of the vocalization but the
precise biomechanical mechanism is not understood.

Syringeal muscles enable the gating function of the syrinx
(Chamberlain et al. 1968; Goller & Suthers, 1995, 1996a).
The m. syringealis dorsalis and m. tracheobronchialis dor-
salis are the main adductors, whereas the m. tracheobron-
chialis ventralis abduct the LL (Goller & Suthers, 1995,
1996a). FO control is largely accompanied by an increase in
activity of the m. syringealis ventralis but the activity of all
syringeal muscles increases somewhat with FO (Goller &
Suthers, 1996b). The increased general muscle activation at
high frequencies may provide structural stability to the syr-
inx but may also affect labial tension.

The labia consist of the extracellular matrix (ECM) sand-
wiched between two layers of epithelium (Setterwall, 1901;
Haecker, 1900; Warner, 1972; Frank et al. 2006). The process
of energy transfer at the labia involves tissue movement,
which presumably comprises two major components. The
first is a medial-to-lateral component, where the labia oscil-
late in and out of the bronchial lumen during the process
of sound production (Goller & Larsen, 1997a) (Fig. 1E-1).
The second is a wave-like movement of the tissue in a cra-
nial-to-caudal direction, causing an asymmetric geometry
(Fig. 1E-2). Direct evidence for this second, wave-like com-
ponent is not available in birds (Fee et al. 1998; Mindlin &
Laje, 2005; Elemans et al. 2008) because its demonstration
in vivo is extremely difficult.

Both components of movement were demonstrated,
however, in another myoelastic-aerodynamic sound source,
the mammalian vocal fold (Hirano et al. 1991; Matsushita,
1975; Titze, 2006). For the human vocal fold, it was shown
that the second wave-like movement of tissue, producing a
changing convergent and divergent geometry, is possible
because multiple layers comprise the vocal fold. The three
main layers of the human as well as other mammalian vocal
folds are a muscle (thyroarytenoid muscle), lamina propria
and covering epithelium. The human lamina propria is fur-
ther differentiated into a superficial, medial and deep layer,
making a total of five layers (Hirano et al. 1982). Each layer
has its specific viscoelastic properties and therefore
responds to elongation with different effective stiffnesses.
As a consequence, the development of tension is differenti-
ated, making it difficult to predict how many of the layers
are involved in oscillation. This potential for engaging dif-
ferent proportions of the vocal folds into vibration facili-
tates the production of a wide range of FO (Titze, 1988).

Similar detail on the functional morphology of the vibrat-
ing tissues is lacking for songbirds but is necessary for a thor-
ough understanding of sound production and as a critical
input parameter for syringeal models (Mindlin & Laje, 2005).
The goal of this study was to investigate two species with dif-
ferent acoustic structures of song and to test the prediction
that morphological differences are correlated with acoustic
structure. First, we present data on the major ECM compo-
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nents and their distribution and orientation inside the ECM.
Second, we measured the size of the labia to determine the
largest ‘effective mass’ of the vibrating structure, which is a
key factor determining vocal output. Third, we document
the insertion of syringeal muscles on the LL and ML to investi-
gate the mechanisms of direct control of labial tension.

Materials and methods

Tissue collection and processing

We investigated the syrinx in males of two species from two differ-
ent songbird families, six zebra finches (Taeniopygia guttata; Est-
rildidae) (ZF) and five white-crowned sparrows (Zonotrichia
leucophrys oriantha; Emberizidae) (WCS). The 11 birds were killed
with a chloropent overdose (150 mg/kg). The syrinx was dissected
in a ventral preparation of the thorax. The trachea was cut at
3 mm above the tracheal bifurcation. The syrinx with short seg-
ments of the trachea and primary bronchi was carefully dissected
out, applying minimal tension in order to avoid rupture of tissue.
The isolated tissue was stored in 10% neutral buffered formalin
for 2 weeks before further processing. The tissue was then embed-
ded in paraffin and 5-um cross-sections of the complete syrinx
were made.

Staining

Adjacent sections were exposed to one of the following stains:
hemotoxylin and eosin for a general histological evaluation; elas-
tica van Gieson to identify elastic fibers; trichrome to demonstrate
collagen fibers; and alcian blue (pH 2.5) to determine mucopoly-
saccharides and glycosaminoglycans. We also performed a diges-
tion procedure with bovine testicular hyaluronidase (2 h at 37 °C)
in combination with a subsequent alcian blue stain to increase
specificity for various acid mucosubstances in the alcian blue stain.
Alcian blue positivity is destroyed following prior incubation with
hyaluronidase, if hyaluronan is a major component of the muco-
substances. All stains were performed in conjunction with control
stains (artery for elastica van Gieson; liver for trichrome and
umbilical cord for alcian blue) on human tissue.

Micrographs were taken with a digital camera (AxioCam HRc,
Carl Zeiss, Germany) combined with an Axioplan Zeiss micro-
scope (Axioplan, Carl Zeiss) and computer software (Axiov-
sion 40, v. 4.6.3.0., Carl Zeiss).

Stains were interpreted subjectively and the results were vali-
dated using consensus judgment. The initial interpretation was
performed by T.R. and F.G. A third person (a colleague with knowl-
edge of syrinx anatomy but blind to the current data) was
instructed to rate four results, each in two examples from each spe-
cies: (i) collagen content (on a scale from 1 to 5 in relation to the
reference stain); (ii) elastin content (on a scale from 1 to 5 in rela-
tion to the reference stain); (iii) alcian blue stain before and after
hyaluronidase digestion (on a scale from 1 to 5 in relation to the
reference stain); and (iv) presence of any layer structure. This blind
test confirmed all of the results reported here.

Morphometry

The labium size (cross-sectional area and cranio-caudal length)
and length of the medial tympaniform membrane (MTM) were
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measured using Imace J (version 1.410; NIH open source). A curvi-
linear outline of the labia was drawn to estimate the cross-
sectional area. A ‘segmented line’ was drawn along the center-
line of the labium starting at the pessulus and ending at the
beginning of the MTM and a second segmented line was drawn
along the centerline of the MTM, to estimate the cranio-caudal
length of the ML and MTM. The area measurements (ML and LL)
and both length measurements (ML and MTM) were made at 10
points equally distributed over the dorso-ventral length of the
labia, starting dorsally at the point where the pessulus and ML
part from the dorso-lateral tracheal wall, and ending ventrally
where the pessulus and ML fuse again. All measurements were
made in reference to a known distance measured at identical
magnification.

The measurements (area and length) were tested for differ-
ences along the dorso-ventral axis (10 section levels) using a
one-way analysis of variance (anova). Measurements (area and
length) were also tested for differences between the left and
right syrinx using a one-way anova. This analysis was performed
on the ratios of the left and right side measurements.

Force transmission and propagation to the lateral
and medial labium

The tension in the labia is presumably the major regulator of
the FO (Mindlin & Laje, 2005). Direct and indirect attachments of
muscles to the labia were identified and described. The purpose
of this description was to provide a basis for future experimen-
tal studies investigating how tension is regulated in the labia.

Results

Histology

Collagen

In both species, blue stains were very faint in the ML and
LL, indicating a relatively low content of collagen fibers.
The collagen fibers were not evenly distributed. In some
specimens they were more concentrated toward the bron-
chial lumen (Fig. 2E,G) but there seemed to be no consis-
tent pattern.

Elastic fibers

In the WCS, the ML showed a clear two-layered structure of
the ECM. Elastic fiber concentration was high on the side
facing the interclavicular air sac (ICAS) (hereafter ‘deep
layer’) and elastic fibers were loosely distributed in the sub-
epithelial connective tissue on the side facing the tracheal
lumen (hereafter ‘superficial layer’ because this layer was
closer to the passing air flow) (Fig. 2D). The majority of the
elastic fibers in the deep layer were oriented cranio-cau-
dally. In the superficial layer, the elastic fibers were oriented
cranio-caudally as well as dorso-ventrally.

In the ZF the pattern of elastic fiber distribution was dif-
ferent from that in the WCS. Elastic fibers were less abun-
dant and their orientation was cranio-caudal as well as
dorso-ventral (Fig. 2F). No layered structure of the ECM
could be identified.

Hyaluronan

Alcian blue stains indicated the presence of mucopolysac-
charides and glycosaminoglycans in the LL and ML (Fig. 3A).
The removal of hyaluronan by hyaluronidase digestion with
subsequent alcian blue stain indicated that much of the
positive stain in the labium can be attributed to hyaluronan
(Fig. 3B,D,F). Goblet cells, located in the ciliated respiratory
epithelium of the ‘semilunar membrane’, remained inten-
sely positively stained after hyaluronidase treatment.
Although the ECM of the ML was mainly made of hyaluro-
nan, which was digested away by hyaluronidase, it was a
composition of various mucopolysaccharides and glycosami-
noglycans in the goblet cells. This pattern was found in
both species, although the content of hyaluronan seemed
lower in the ZF (compare Fig. 3D,F). The distribution of mu-
copolysaccharides and glycosaminoglycans was homoge-
neous in the LL and the ML of both species.

Morphometry

The LL was embedded between the second and third bron-
chial half rings. Its ECM erected into the bronchial lumen
and was delimited by bronchial epithelium.

In the ML, epithelial tissue surrounded the ECM. Respira-
tory epithelium faced toward the bronchial lumen and sim-
ple (stratified) epithelium of the air sac consisting of
squamous cells formed the border to the ICAS. The ML
transformed caudally into the MTM. These two structures
can be distinguished by the presence of ECM in the ML and
its absence in the MTM.

The length measurements (Fig. 4) as well as cross-sec-
tional areas (Fig. 5) changed along the dorso-ventral axis in
both species. The section level explained a significant pro-
portion of the variance of ML area (ZF: Fg100 = 5.33,
P < 0.001; WCS: Fggo = 15.7, P < 0.001) and ML length (ZF:
Fo100 = 7.96, P < 0.001; WCS: Fggo = 18.2, P < 0.001) in both
species, and MTM length in the WCS (ZF: Fg 100 = 0.56,
P =0.82; WCS: Fggo = 12.87, P < 0.001). Variability of the LL
area was not different between section levels (ZF:
Fg,100 = 0.14, P = 0.99; WCS: Fg g9 = 0.32, P = 0.96). This indi-
cated that the shape of the ML but not the LL changed
along the dorso-ventral axis.

Size differences between the left and right syrinx were
not consistent. The variability cannot be explained by sys-
tematic differences between the left and right syrinx on a
species level (Fig. 6). However, lateral asymmetry was appar-
ent in some individuals. Separate pairwise t-tests for each of
the four measurements demonstrated significant differ-
ences between all 10 measurements of the left and right
syrinx, many of them with the left side being larger
(Table 1).

The ventral and dorsal endpoints of the second and third
bronchial half rings arched into the ML. Their cross-sections
appeared at some point in the ML adding to the total cross-
sectional area (Fig. 7). In both species this point was in the
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Fig. 2 Elastica van Gieson (EVG) and
trichrome (TRI) stain. (A) Schematic of the
syrinx frontal section. (B) Section of the
pessulus, ML and MTM. The square indicates
the location of the higher magnification
images in D-G. (C) Control stains for EVG
(upper square) and TRI (lower square). In D—
G, the tracheal lumen is to the left and the
air sac lumen is to the right. (D) EVG stain in
three specimens of the WCS. Note that most
of the elastic fibers in the WCS are
concentrated near the air sac side of the
labium. (E) Masson'’s TRI stain in three
specimens of the WCS. The arrows indicate a
local concentration of blue-stained collagen
fibers. (F) EVG stain in three specimens of the
ZF. (G) Masson’s TRI stain in three specimens
of the ZF. P, pessulus; SL, superficial layer; DL,
deep layer. Bar: 100 um.
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ventral third along the dorso-ventral axis (level 7 or 8§,
Fig. 7).

Force transmission and propagation to the lateral
and medial labium

We attempted to identify the direction of forces applied to
the LL and ML. The syrinx sits inside the ICAS such that ICAS
pressure variations relative to bronchial pressure translate
to the labia. This force is likely to have a greater effect on
the ML than the LL because the latter is attached more
firmly to skeletal elements. A pressure difference between
the air sac and bronchial lumen will push the ML and MTM
out of their resting position, either into or out of the bron-
chus. Because the ICAS is a single chamber enclosing both
syringeal sound sources, such a mechanism for controlling
labial position and tension seems to be rather unspecific
and limited. It is unlikely that both sides of the syrinx are
affected independently. If this mechanism played a major
role, a close relationship between the air sac pressure and
FO of the sound should exist but physiological measure-

Fig. 3 ML. (A,C,E) Alcian blue stain. (B,D,F)
Hyaluronidase digestion and Alcian blue stain,
same specimens as in A,C,E, respectively. (A-
D) WCS. (E and F) ZF. The insets in A and B
are control stains for Alcian blue stain and
hyaluronidase digestion and Alcian blue stain.
The square in A indicates the location of the
higher magnification images in C—F. Goblet
cells, located in the ciliated epithelium of the
semilunar membrane, are indicated by
arrows. Bars: 100 um.

ments suggested only a poor relationship in oscines (Goller
et al. 2006), whereas they were more closely linked in a
suboscine (Amador et al. 2008).

Labial tension is mostly regulated by elongation of the
labia from their original unstrained length and restoring
forces due to elastic recoil. We therefore attempted to elu-
cidate the biomechanics of how syringeal muscles might
affect such control. Based on muscle attachment to syringe-
al cartilages and direct insertion on the labia, both direct
and indirect muscular control is likely to occur.

Lateral labium

The major mass of the LL in both species sits medially to the
third bronchial half ring. The ECM also extends to the first
and second bronchial half rings. In the ZF a few muscle
fibers attach directly to the LL. Branches of the ventral syrin-
geal muscle reach between the second and third bronchial
half ring. In the WCS most of the connection with muscles
appears to be indirect, via cartilage of the first three bron-
chial half rings. In both species, we found direct as well as
indirect attachments of a muscle to the LL.

© 2009 The Authors
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Fig. 4 Cranio-caudal length of the ML and MTM. Bars indicate means and error bars indicate SD. Gray bar, ML; open bar, MTM; T, trachea; B,

bronchus; P, pessulus.

The muscle attachment to the bronchial half rings sug-
gests that the movement of the cartilaginous half rings
effects labial deformation (elongation). An outward bend-
ing of the half ring causes elongation of the labium,
whereas elastic recoil of the half ring and labium would
restore its original length. In addition to a rotation of the
cartilage, as suggested by Miskimen (1951) and Chamber-
lain et al. (1968), we hypothesize that contraction of the
ventral syringeal muscle deforms the bronchial half ring.

Medial labium
Mid-organ cross-sections (compare Fig. 1A,C) suggest that
the ML is cranially attached to the pessulus, a cartilaginous
or bony structure. Caudally the ML transforms into the very
thin MTMs, which attach to the medial walls of the bronchi.
However, sections toward the dorsal aspect of the syrinx
show that the dorsal syringeal muscle attaches to part of
the ML. Muscle fibers attach medially to the dorsal ends of
the bronchial half rings (Fig. 8A,B). Sections through the
ventral aspect of the syrinx indicate that the dorsal syringeal
muscle also attaches directly to the ML (Fig. 8C,D).

Tension must be regulated across the dorso-ventral plane
to be effective for frequency control during sound produc-
tion. An outward bending of the bronchial half ring would

© 2009 The Authors

not only stretch the LL but also the ML in the dorso-ventral
plane because the bronchial half ring reaches ventrally and
dorsally into the ML. The connection between this endpoint
of the half ring and the ECM of the labium seems to be
enhanced. In all specimens in both species, we found a con-
centration of elastic fibers near the boundary between the
ECM and cartilage (Fig. 9). This may indicate that the con-
nection between the endpoint of the second bronchial half
ring and the ML is subjected to repetitive stress, for example
by stretching.

Discussion

The results of our analysis provide four new findings. First,
the labia in the WCS are multi-layered structures. The ECM
consists of two layers that are distinguished by the concen-
tration and orientation of elastic and collagen fibers.
Second, hyaluronan is a major component of the mucosub-
stances of the labia in both the WCS and ZF. Hyaluronan is
an important biochemical substance contributing to visco-
elastic properties as well as metabolic and immunological
features. Third, the size of the labia differs along the dorso-
ventral axis. Differences between the left and right side of
the syrinx in the WCS and ZF were not consistent at species
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Fig. 5 Cross-sectional area measurements of the ML and LL. Squares (left side) and triangles (right side) indicate means and error bars indicate SD.

T, trachea; B, bronchus; P, pessulus.

level. The lateralization of sound production in these two
songbird species cannot be explained by a simple size differ-
ence between the two sound sources. Fourth, we identified
direct muscle connections to the labia. We therefore
hypothesize that a combination of a bending mechanism of
the second and/or third bronchial half rings mediated by
muscle activity as well as direct connections between mus-
cles and the labia are the main biomechanical mechanism
of tension control. The functional relevance of each of
these four findings will be discussed below.

n=62F
«ML-area «LL-area aML-length « MTM-length

Layer structure of labia: basis for a differentiated
stress response

Based on the concentration and orientation of collagen,
and in particular elastic fibers, two distinct layers can be
distinguished in the ECM of the ML in the WCS, i.e. a
deep and a superficial layer. The two-layered structure
provides a basis for a differentiated pattern of tension
regulation of the labium. The force that is most likely
to be applied to the labium is a stretching along the

n=5WCS

-ML-area sLL-area aML-length «MTM-length

1.5

Ratio
N
e

0.5

Fig. 6 Ratios between the right and left
syrinx for four measurements (ML area, LL
area, ML length and MTM length;

Mean + SD). Horizontal dotted lines indicates

123 4 56 7 8 9 10 1.2 3 4

56 7 8 9

10 a ratio of 1.
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Table 1 Individual pairwise t-tests for four measurements

ML area LL area ML length MTM length
WcCs
9 T=-6.5 T=-36 T=-27 T=-23
P < 0.001 P < 0.01 P < 0.05 P < 0.05
15 T=-31 T=-14 T=-0.03 T=-0.21
P < 0.05 P=0.19 P =0.97 P =0.83
16 T=-26 T=0.38 T=-0.15 T=-26
P < 0.05 P=0.7 P =0.88 P < 0.05
11 T=25 T=-0.74 T=139 T=-0.73
P < 0.05 P =0.47 P=0.19 P =0.47
12 T=1.9 T=-4.9 T=-1.04 T=1.03
P =0.08 P < 0.001 P=0.32 P=0.32
ZF
5 T=-354 T=-34 T=-283 T=-15
P < 0.01 P < 0.01 P < 0.05 P=0.16
18 T=1.48 T=-4.2 T=216 T=-182
P=0.17 P < 0.01 P =0.058 P=0.10
20 T=123 T =-4.96 T=0.29 T=5.39
P=0.24 P < 0.001 P=0.77 P < 0.001
23 T=-3.59 T=-0.77 T=0.64 T=-0.06
P < 0.01 P=0.46 P=0.53 P =0.95
31 T=-032 T=0.70 T=257 T=-0.38
P =0.75 P =0.49 P < 0.05 P=0.71
21 T=0.87 T=4.18 T=5.95 T=-0.18
P=0.4 P < 0.01 P < 0.001 P =0.86

The measurements of five WCSs and six ZFs were taken at 10
points along the dorso-ventral axis. The 10 measurements from
each side of the syrinx were paired and tested for similarity.
Negative T values indicate that the measurement on the left
side was larger. Significant results (significance level P = 0.05)
are indicated in boldface. Numbers in the left column indicate
bird identification.

dorso-ventral axis. Because of the integrity of the labium,
such strain must be applied to the two layers simulta-
neously. If both layers are stretched the same, the result-

Fig. 7 Frontal section from a ventral aspect
of a ZF syrinx. The bronchial half ring arches
into the ML ventrally and dorsally (see also
Fig. 1F). The square in A indicates the area of
magnification in B. A1, A2 and A3, first,
second and third bronchial half ring, P,
pessulus. Bars: in A: 1 mm; in B: 100 um.
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ing stiffness of each layer will be different. We speculate
that the higher concentration of elastic fibers in the deep
layer of the ECM will lead to a higher stiffness in that
layer. The effective compliance of the ML will be an inte-
grated value resulting from the interaction of the visco-
elastic properties of all involved layers. It is difficult to
predict these properties but they facilitate a high degree
of complexity in frequency control.

A variable stress response of the labia allows for a differ-
entiated response to the passing air stream. For any given
strain of the superficial layer, the probability of responding
to the passing air flow with deformation will always be
higher. If the stiffness of the deep layer is large enough to
resist oscillation, it will serve as a base on which the more
compliant superficial layer, in combination with the epithe-
lium, moves. This basic concept was originally introduced
for the human vocal folds as the ‘body-cover model’
(Hirano, 1972). The idea is that a less stiff cover (epithelium
and part of the lamina propria) moves atop a stiffer body
(thyroarytenoid muscle and deep part of the lamina pro-
pria). Based on a body-cover layered structure of the vocal
fold, Titze (1988) derived the analytical relationships that
characterize the linear, small-amplitude self-sustained oscil-
lation of the vocal fold. The propagation of a shear wave
on the surface of the vocal fold, the mucosal wave
(Fig. 1E-2), creates an asymmetric driving pressure that is
more positive during vocal fold opening than during vocal
fold closing, establishing a key mechanism for the transfer
of energy from the glottal air flow to the oscillating tissue.

A specific layered structure of ECM components is a gen-
eral design feature often found in the morphology of
organs that accommodate stress, particularly rhythmically
applied stress. For example, the wall of arterial vessels
undergoes rhythmical extension, inflation and torsion (e.g.
Gasser et al. 2006), which is facilitated by the three-layered
composition into the intima (tunica intima), media (tunica
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media) and adventitia (tunica externa). The media and
adventitia are fiber-reinforced materials, and only their
intact orientation and distribution ensure their specific
mechanical function (Silver et al. 1989).

ECM components

The components of the ECM can be classified into two
groups — the fibrous proteins and glycosaminoglycans. The

Fig. 8 Two sections from a WCS syrinx
indicating direct muscle attachments on labial
tissue. The insets at the top right corners of A
and C indicate the sectioning level along the
dotted line (compare Fig. 1F). (A) Section
through the dorsal part of the syrinx. The
square in A indicates the area of
magnification in B. Note that some fibers of
the dorsal syringeal muscle (dS) attach directly
to the ML (indicated by arrows). (C) Section
through the ventral part of the syrinx. (D)
Magnification of the medial aspect of the ML
(as indicated by a square in C). The ventral
syringeal muscle (vS) attaches to the ML. A1,
A2 and A3, first, second and third bronchial
half ring; P, pessulus. Bars: 100 pum.

fibrous proteins, which include the collagens and elastins,
provide the ECM with structural support, shape, form and
the ability to withstand stress. The proteoglycans and glyco-
proteins surround the fibrous elements and influence a
number of tissue and cellular functions including osmosis,
cell migration, cell differentiation, molecular transport and
molecular concentration.

Collagen and elastin have been described as common
components of the ECM in the lateral tympaniform

Fig. 9 The area around the endpoints of the
bronchial half rings shows many elastic fibers
indicating that the connection between
cartilage and soft tissue is
enhanced/stabilized, suggestive of a
permanent force acting there. (A,B) WCS;
(C,D) ZF. P, pessulus. Bars: 100 pum.

© 2009 The Authors
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membranes and ML in several bird species (various passer-
ine species, Warner, 1972; Japanese quail, Coturnix japon-
ica, Ellis, 1973a; Meadow lark, Sturnella magna, Ellis,
1973b; house wren, Troglodytes aedon, Ellis & Thome,
1975; mallard, Anas platyrhynchos, Frank et al. 2006). The
presence of hyaluronan has not been previously docu-
mented but it is a major component of all ECMs (Fraser
et al. 1997), including that of mammalian vocal folds
(Pawlak et al. 1996; Hahn et al. 2006; Schweinfurth & Thi-
beault, 2008). Hyaluronan is a non-sulfated ubiquitous
connective tissue glycosaminoglycan that is synthesized by
hyaluronan synthase enzymes. Three vertebrate genes
have been isolated and characterized for these enzymes:
HAS1, HAS2 and HAS3 (Spicer & McDonald, 1998). In nor-
mal tissues, hyaluronan has a role in homeostasis, matrix
stability and tissue hydration (Fraser etal. 1997). It is
thought that hyaluronan interacts with fibroblasts and
other ECM proteins to mediate the cellular synthesis and
degradation of various ECM proteins such as collagen,
proteoglycans and fibronectin (Ward et al. 2002; Hirano
et al. 2003a,b; Thibeault et al. 2004; David-Raoudi et al.
2008). In tissue that is exposed to extreme mechani-
cal/vibrational stress, which is likely to cause lesions, a
good healing potential is beneficial and hyaluronan possi-
bly mediates such an action in the labia.

Hyaluronan also affects the biomechanical properties of
soft tissue and, in particular, it can improve shear proper-
ties (Caton et al. 2007). In the light of a multi-layered
labium structure, shear stress becomes a critical factor. The
movement of the two ECM layers against each other
would be promoted by high concentrations of hyaluro-
nan. In fact, the efficiency by which a passing air stream
can set the tissue into vibration is likely to be positively
affected by hyaluronan. Such effects have been demon-
strated in the vocal folds with a direct positive relationship
between the hyaluronan concentration in the ECM and
the phonation threshold pressure (minimum lung pressure
to initiate phonation) (Chan et al. 2001; Chan & Titze,
2006).

Level

Fig. 10 Waveforms (upper panel) and
spectrograms (lower panel) of songs from a
male ZF (A) and a male WCS (B). Units in B
apply to both panels. Horizontal lines and
numbers in the spectrogram indicate the
duration of individual acoustic units

Frequency
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Morphological laterality

Each side of the syrinx makes an important contribution to
a song repertoire. Different species of songbirds use the
two sides of their syrinx in different stereotyped ways to
generate the species-specific spectral and temporal features
of their songs (e.g. Nottebohm, 1971; Suthers, 1990, 1999).
The functional specialization of each side is associated with
morphological left/right asymmetries of the cartilaginous
framework of the syrinx in Anatidae (King, 1989; Miller
et al. 2008) and muscle asymmetries in the Japanese quail
(Burke et al. 2007). An asymmetry of the songbird labia
has been noted but has not been quantified before (e.g.
Warner, 1972).

In most investigated songbird species the left sound
source produces, on average, a lower FO than the right side
(Suthers & Zollinger, 2004), suggesting some degree of spe-
cialization of each source. Excised ZF syrinx preparations
indicated that the labia of the left sound source have lower
resonance peaks than those of the right side (Fee, 2002).
Here, we found no significant differences in the cross-
sectional area of the labia or the cranio-caudal length of
the labia and MTM. We assume that other morphological
features must contribute to the functional difference of the
two sound sources, e.g. viscoelastic properties of the oscil-
lating tissue, which contribute to sex and species differences
in mammals, are likely candidates (Riede et al. 2009).

FO regulation by labia length changes and the role
of the labia layer structure

In the following we attempt to link two acoustic character-
istics of the song repertoire of the ZF and WCS to a morpho-
logical difference between the two species. We discuss two
acoustic features: the FO range and the harmonic structure.
Songs in both species consist of a series of three to eight
acoustically different syllables (Fig. 10). The range of FO
overlaps for the two species but the WCS song covers a
wider FO range (ZF: 500-3000 Hz; WCS: 1000-8000 Hz) and

E EF — oy A e

(‘syllables’).
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DL
ML

|

FO modulation is larger. ZFs generate surprisingly low fre-
quencies.

It is generally assumed that FO is determined by the mass
and tension of the labia as well as by the subsyringeal lung
(air sac) pressure (Mindlin & Laje, 2005). The ZF syrinx seems
better suited for the generation of low frequencies,
whereas the WCS syrinx seems specialized for high frequen-
cies. Based on body size differences (ZF: 12-14 g; WCS: 20—
22 g), one would expect the larger syrinx in the WCS but
the MLs of the ZF syrinx are longer (gray bars in Fig. 4) and
larger (Figs 5 and 2D,E vs. 2F,G). A second aspect that sug-
gests an adaptation for high frequencies in the WCS is the
layered structure of the labia. This makes development of
differentiated tension in the tissue possible. This, in effect,
may recruit different amounts of labial tissue into vibration.
In a more uniformly structured tissue, like the labium of the
ZF, tissue is more likely to vibrate in an all-or-none fashion
(Fig. 1C,D). At low strains, these differences between lay-
ered and uniform labia might not be so large because stress
often increases slowly in soft tissue. The labium is more
likely to oscillate uniformly (Fig. 11A,B). However, at higher
strains the superficial layer might be selectively involved in
oscillation (Fig. 11C) because its compliance remains below
that of the deep layer. Therefore, it will respond earlier (at
lower lung pressure) to the passing air stream. One promi-
nent acoustic effect of a layered structure is the potential to
produce a wider FO range than a similar sized but uniform
structure, as the effective mass that is involved in oscillation
can be reduced to the superficial layer. Imaging techniques
would be helpful in demonstrating the involvement of vari-
able tissue amounts depending on syringeal settings. In
fact, direct imaging of the oscillating labia at low vs. high
syringeal muscle activity has already suggested differences
in oscillation modes (Fee et al. 1998; Jensen et al. 2007).

The ZF syllables are characterized by a dense har-
monic structure (e.g. syllable 6 in Fig. 10A vs. syllable 1 in
Fig. 10B). The intensity of the upper harmonics is often
stronger than that of the FO. In contrast, the WCS syllables
demonstrate little energy in higher harmonics; the FO is
always the strongest energy band. The syringeal sound

Fig. 11 Schematic frontal section of the
syrinx illustrating recruitment of layers into
oscillation. The details in B-D are indicated in
A (compare Fig. 1C,D). The two layers of the
ML can be recruited variably into oscillation.
(B) Relaxed position of the ML. (C) The ML is
uniformly deformed. (D) The superficial layer
is selectively involved in oscillation. P,
pessulus; SL, superficial layer; DL, deep layer.

generator is a potential source of tonal sounds (beside
vocal tract effects and non-linear coupling effects) but this
role has been investigated very little (Sitt et al. 2008). The
primary source of sound is the time-varying syringeal air
flow produced by labial oscillation. Labia design can affect
not only the oscillation frequency (as explained above)
but also the ratio between the open and closed phase
during a single cycle as well as the ratio of the opening
to the closing phase during the open phase. Both parame-
ters are critical for the spectral shape of the source signal
(Titze, 1988).

The link between labial morphology and their acoustic
function remains largely hypothetical at this stage. A combi-
nation of in-vivo and in-vitro studies is needed to further
investigate this relationship. The understanding of morpho-
logical detail will allow us to focus future experimental test-
ing and computational simulation.
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