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Abstract We have measured the vibrational modes of
the sound producing membrane in the syrinx of zebra
finches and canaries. Excised syringes were driven with
a frequency-swept acoustic pressure wave through the
trachea, and the resulting vibrations measured using a
laser interferometer. The frequency-dependent mem-
brane compliance was measured at 10–20 different
positions, giving a detailed picture of the linear vibra-
tional modes of the two membrane components, the
medial labium and the medial tympaniform mem-
brane. Nonlinear properties of the membrane were
determined by measuring the linear response at several
superimposed static pressures. The membrane compli-
ance is dominated by the lowest vibrational mode, a
narrow mechanical resonance, at roughly 700 Hz in the
zebra finch, that extends over the entire membrane.
Several higher-frequency modes were also observed.
The frequency of the lowest vibrational mode is de-
termined largely by the mass of the heavier medial la-
bium, rather than the thinner medial tympaniform
membrane, suggesting that the medial labium is critical
in determining the oscillatory frequency of the syrinx.
The difference in mass of the medial labium and medial
tympaniform membrane may serve to produce a
wave-like motion of the membranes during flow-driven
oscillations, thus increasing the efficiency of sound
production. Implications for mechanisms of frequency
tuning are discussed.

Keywords Birdsong Æ Canary Æ Communication Æ
Vocalization Æ Zebra finch

Introduction

Songbirds generate a wide variety of acoustic signals:
harmonic stacks, broadband noise, and high-frequency
whistles (Immelmann 1969; Price 1979). The physical
mechanisms by which the avian vocal organ, or syrinx,
generates these signals is poorly understood. The song-
bird syrinx is a complex, muscular structure positioned
at the junction between the trachea and bronchi (Gree-
newalt 1968; Fig. 1A). As with human speech, songbird
phonation is thought to occur primarily as a result of
airflow through a vibrating constriction formed by
flexible membranes or tissues. In mammals, a single
symmetric pair of vibrating tissues is located in the lar-
ynx, at the anterior end of the trachea. In songbirds,
there are two pairs of sound-producing tissues, one pair
at the anterior end of each bronchus, near the trachea
(Hacker 1900).

The sound-producing constriction in the bronchus is
asymmetric. The lateral part of the constriction is formed
by the lateral labium (LL), a thick tissue on the lateral
(interior) wall of the bronchus. The LL is fixed inside the
third bronchial ring (Setterwall 1901), whose position
can be actively manipulated by the syringeal muscles.
Medially, the constriction is produced by a flexible
membrane that forms the medial wall of the bronchus.
The medial membrane is suspended in air from the ends
of C-shaped bronchial half rings; on one side of the
membrane is the bronchial lumen, on the other side is
the air-filled intrabronchial foramen (Setterwall 1901),
which opens into the interclavicular airsac.

The medial bronchial membrane is inhomogeneous in
structure. The posterior portion of the membrane, which
is very thin and transparent (�10 lm), has been termed
the medial tympaniform membrane (MTM). The ante-
rior portion of the membrane is much thicker and is
called the medial labium (ML). (In the literature, the
ML and the LL are also referred to as the labium in-
ternum and labium externum, respectively.) Both the
MTM and the ML are found in all songbird species
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examined (Greenewalt 1968; Setterwall 1901). The
MTM is clearly involved in sound-producing oscilla-
tions, as demonstrated in a number of early in vitro
studies (Miskimen 1951; Ruppell 1933), and until re-
cently was identified as the sound producing element of
the syrinx. The importance of the MTM in sound gen-
eration has been called into question by the observation
that in situ destruction of the MTM has surprisingly
little effect on the vocalizations in zebra finch and car-
dinal (Goller and Larsen 1997). However, strobed
imaging of oscillations in an in vitro syrinx preparation
has demonstrated that the ML, together with the MTM,
exhibits wave-like vibrations locked to the generated
sound (Fee et al. 1998), suggesting that the ML and the
MTM function to some extent as a unit in syringeal
oscillations. The role of the structural inhomogeneity in
the oscillatory membrane thus remains unclear. For
simplicity, in this paper the term medial vibratory
membrane (MVM) will be used to refer to the composite
ML and MTM structure.

A number of models of sound generation have been
proposed for the generation of mechanical oscillations in
the syrinx (Brackenbury 1979; Casey and Gaunt 1985;
Fletcher 1988; Greenewalt 1968), all of which involve the
coupling of energy from airflow into vibrations of the
membranes. In all of these models the frequency and
amplitude of the generated sound are largely determined
by the mechanical properties of the membranes forming
the constriction. However, little is known about the
mechanical properties of the various syringeal mem-
branes and the relationship of these properties to sound
production. To address this issue, we have measured
linear and nonlinear mechanical properties of the sound-
producing membranes in the excised syringes of zebra
finches and canaries.

Materials and methods

Preparation of the syrinx

Male zebra finches (T. guttata, >100 days old) and male canaries
(S. canaria ‘American singer’, >1 year old) were obtained from a
local breeder (Canary Bird Farm, Old Bridge, N.J., USA) and
housed in small groups in cages in a general aviary on a 12 h:12 h
day-night cycle. The birds were decapitated and the syrinx was
removed (including roughly 1 cm of trachea and 5 mm of both
bronchi) and placed in saline. The syrinx was pinned in a Sylgard-
lined dish and excess connective tissue was removed to allow op-
tical access to the medial tympaniform membrane and the medial
labium. Either the right or left half of the syrinx was selected for
measurement; the contralateral bronchus was severed posterior to
the third bronchial ring.

The syrinx was positioned as shown in Fig. 2; the trachea was
cut to a length of 2 mm and was attached to the base plate over the
acoustic port (�1 mm diameter) using cyano-acrylate glue. The
intact bronchus was attached to a static pressure sensor (model
SCX-01, Sensym, Milpitas, Calif., USA). For sound pressure cali-
bration, a probe microphone (model ER-7C Etymotic Research)
was inserted into the severed bronchus and positioned in the
tracheal lumen within �1 mm of the pessulus. The syrinx was
embedded in agarose (Sigma Type III-A), with only the medial
membranes exposed. Measurements were usually begun within
30 min of decapitation and carried out for 1–2 h. The exposed
membranes were kept moist with PBS.

Acoustic stimulation

Acoustic stimulation was provided by a 2-inch speaker (Radio
Shack) mounted on the base plate under the acoustic port, as
shown in Fig. 2. The speaker was driven with a sinusoidal signal
sufficient to generate roughly 80–90 dB sound pressure level (SPL)
behind the tympaniform membranes, as measured with the probe
microphone. Measurements were carried out in a noise-attenuated
experimental room. The frequency of the drive signal was swept
logarithmically over a range of 100 Hz to 12 kHz with a sweep
duration of 20 s. The speaker drive signal was high-pass filtered
(–6 dB/octave below 1 kHz) to achieve a roughly flat sound

Fig. 1A–C Anatomy and func-
tion of the syrinx. A Dorsal
view of an excised zebra finch
syrinx. The trachea is at the top
and the two bronchi are at the
bottom. The musculature in-
serts onto several bronchial and
trachial rings to provide control
over the vocalizations. B Sche-
matic view of the photograph in
A, showing the location of the
medial tympaniform membrane
(MTM) and the medial labium
(ML). In the zebra finch, the
thickening in the anterior part
of the membrane is partially
due to the insertion of the
dorsal muscle onto the ML. C
Schematic drawing of one full
period of a 700-Hz oscillation
of the MTM and the ML,
rendered from stroboscopic im-
ages of in vitro oscillations of
the zebra finch syrinx. Note the
wave-like motion of the MTM
and ML during the opening and
closing phases of the motion
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pressure level (±5 dB) over the entire frequency range. Sound
pressure behind the tympaniform membranes was measured using a
probe microphone. Measured fluctuations in sound level as a
function of frequency had no similarity in spectral structure to the
measured membrane compliance. The probe microphone was
calibrated in free-field conditions over the given frequency range
with respect to a Bruel and Kjaer Type 2236 calibrated micro-
phone.

Laser interferometer

Vibration of the sound producing membranes of the syrinx was
measured by placing the syrinx in one arm of a laser interferometer
(Fig. 2). The laser beam was focused onto the syringeal membrane
in a small spot (�50 lm), and oriented so that the specular re-
flection off the membrane was sent along the incident path back
into the interferometer. The phase of the reflected beam was
measured relative to the reference arm of the interferometer.

The laser source was a small (�5 mW) helium-neon laser.
Back-reflected light was prevented from interfering with the
operation of the laser via an optical isolator (Optics for Research,
Caldwell, N.J., USA). To reduce the effect of laser power
fluctuations on the fringe measurements, and to allow full

complex demodulation of the fringe, the reference beam of the
interferometer was frequency shifted with an acousto-optic
modulator (Isomet, Model 1206C-1) driven at 110 MHz. The 110-
MHz beat signal in the output beam of the interferometer was
detected with a photodiode (EG&G, Model UV-040BG) biased at
10 V. The beat signal was amplified by 60 dB (Avantek UTO-221
and Mini-circuits ZFL-1000H) and split into two channels. Each
channel was demodulated (Mini-Circuits ZAD-1-1) using a frac-
tion of the 110-MHz RF drive signal. A short length (0.48 m) of
coaxial cable was used to generate a 90� relative phase shift in the
RF reference signal used to demodulate each of the two channels.
Thus, one channel represents the sine of the phase and the other
channel represents the cosine of the phase. The advantage of this
two-phase detection is that as the membrane moves through
several wavelengths of light, these two channels trace out a circle,
eliminating the phase ambiguity associated with single-phase
detection. Thus, complete reconstruction of the motion of the
vibrating membrane was possible.

Data acquisition and analysis

Both channels of the interferometer and the frequency swept drive
signal were digitally recorded at 30-kHz sampling rate with 16-bits
resolution (National Instruments, AT-MIO-16X). The probe mi-
crophone signal and another copy of the drive signal were digitally
recorded at 30 kHz with 12-bit resolution (National Instruments,
AT-MIO-16E-1). All recorded signals were low-pass filtered above
10 kHz (Frequency Devices, 8-pole constant delay) to avoid
aliasing.

Membrane compliance, C(x), was calculated as the ratio of
the measured membrane response, M(x), to the calibrated
sound-pressure response, P(x), at the acoustic drive frequency x:
C(x)=M(x)/P(x). Calculation of membrane response, M(x),
proceeded in two steps. First, total membrane displacement was
reconstructed from the interferometer data. Second, the compo-
nent of membrane displacement at the acoustic drive frequency
was extracted by harmonic analysis. Data analysis was carried
out using the Interactive Data Language (RSI) on a Pentium PC.

Reconstruction of membrane displacement

As a function of the membrane displacement (Dx), the phase of the
interferometer fringe is given by:

Fig. 2 Experimental setup for laser-interferometric measurements.
The syrinx is mounted on the base plate over the acoustic
stimulation port. An acoustic pressure field is supplied by a
speaker on the other side of the base plate. The laser beam is
focused onto the sound producing membranes of one bronchus so
that the specular reflection returns along the incident path back to
the interferometer. A probe microphone inserts through the
contralateral bronchus into the tracheal lumen near the pessulus.
Static pressure may be applied to the inside of the syrinx through
the base plate, and is measured at the bronchial outlet, as shown.
The reference arm of the interferometer is passed through an
acousto-optic modulator (AOM ) to shift the frequency by
110 MHz. The radio frequency (RF ) beat note is detected by the
photodiode (PD) and amplified (AMP) before being demodulated
by the RF mixers (MX ). Complete reconstruction of the fringe is
made possible by demodulating with two phases of the RF drive
signal shifted by p/2. Displacement of the membrane is reflected by
a change in the phase of S1 and S2 around a circle. BS beam
splitter, ISO optical isolator, OBJ objective, P pressure sensor, SP
RF splitter
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/ðtÞ ¼ 2pDxðtÞ
k

ð1Þ

where k is the laser wavelength (633 nm). The two channels of the
demodulated interferometer signal are given by S1(t)=a1cos[/ (t)]
and S2=a2 sin[/ (t)], where a1 and a2 are slowly varying fringe
amplitudes. In our data, a1 and a2 are nearly equal, so the inter-
ferometer phase is given by

/0ðtÞ ¼ arctan S1=S2ð Þ ð2Þ

By definition, the arctangent function returns a phase between
+p and –p, so the total measured phase /(t) was determined from
/’(t) by unwrapping the calculated phase at each 2p discontinuity.
Membrane displacement is given by: Dx=k/(t)/2p.

Calculation of membrane compliance

The amplitude and phase of membrane motion at the acoustic drive
frequency were extracted using multi-taper harmonic analysis
(Thompson 1982). The drive signal and the membrane displace-
ment signal were each divided into several thousand time segments
of 10 ms duration (5 ms overlap). The segmented data were mul-
tiplied by the appropriate data tapers, and fast Fourier transforms
(FFTs) were computed for each time segment. The frequency of the
drive signal is nearly constant during these short time segments, so
the average drive frequency in each segment is determined from the
single spectral peak. However, because the drive signal in our ex-
periments was a frequency- swept sinusoid and not precisely sinu-
soidal, we introduce a modification of Thompson’s technique; at
the drive frequency, the value of the FFT of the displacement signal
was divided by the value of the FFT of the drive signal to correctly
determine the amplitude and phase of the membrane response,
M(x). The noise in interferometric measurements of rigid objects
showed that the sensitivity of the interferometer and reconstruction
algorithm was 10 nm.

The amplitude and phase of the sound pressure were also de-
termined as described above. Once the sound-pressure response
measured at the probe microphone was determined, it was nor-
malized by the probe microphone calibration curve to yield the
calibrated sound pressure response, P(x). Membrane compliance
was then calculated as described above.

Measurements with imposed static pressures

Static pressures from –0.7 kPa to 0.6 kPa (98 Pa=1 cmH20) were
applied to the MVM (no flow condition) to measure elastic non-
linearities in membrane compliance resulting from large membrane
displacements. A fixed pressure was applied to the syrinx through a
port in the base plate (Fig. 2) using a low-pressure regulator. The
static pressure in the bronchus was measured using a pressure
sensor, as described above. Imposed static pressures were also used
to measure static membrane compliance. The MVM was imaged
‘on edge’ through a stereomicroscope, and recorded on video-tape
using a CCD camera. The recorded images were calibrated in scale,
and maximal displacements at the ML/MTM boundary were
measured at several different static pressures.

Results

Syringeal anatomy

The most medial of the dorsal syringeal muscles
(m. syringealis dorsalis) originates below the first trac-
heal ring and inserts onto the dorsal end of the first
bronchial ring of the syrinx near the midline. In all zebra
finch syringes examined under a stereomicroscope, the

medial portion of this muscle appears to extend over the
dorsal end of the bronchial rings and insert directly onto
the medial labium (ML) anterior to the cartilago tensor
(CT), thus contributing to the pronounced thickening of
the ML relative to the MTM (Fig. 1B). In several ex-
periments, the muscle was detached from its origin near
the trachea; large tensions applied to the muscle resulted
in a �200 lm anterior displacement of the CT (and thus
the ML). Direct electrical stimulation of this muscle has
likewise been shown to result in a slight adduction of the
ML into the bronchial lumen and pulling of the ML in
the anterior direction (Larsen and Goller 2002). Exper-
iments with in vitro oscillations showed that large
tension (near failure) applied to this muscle caused a
factor-of-two increase in oscillation frequency (M.S.
Fee, unpublished results). In the canary syrinx, the direct
insertion of the muscle onto the ML was not apparent
under microscopic examination.

The ML in examined zebra finch and canary syringes
was roughly triangular shaped, and extended deeply into
the thinner surrounding MTM (Fig. 3A). In the zebra
finch syrinx, the border between the ML and the MTM
was well delineated, particularly near the cartilago ten-
sor. In canaries, the cartilago tensor was less distinct,
and perhaps missing altogether. The ML/MTM
boundary was less visually distinct than in the zebra
finch, with the membranes becoming gradually thinner
toward the posterior extent of the MVM, as judged by
optical transparency. In some syringes, holes were ob-
served in the MTM following dissection. Microscopic
visual examination of the membrane at the edges of the
holes revealed the thickness of the MTM to be �10–
20 lm. The membrane will tend to be thicker at the edge
of the hole, making this a very rough estimate. (Syringes
with holes were not used in subsequent experiments.)

Spatial and frequency dependence of membrane
compliance

Measurements of the frequency-dependent compliance
were made of both the right (n=5) and left bronchus
(n=4) in zebra finches. Membrane compliance was
measured at several positions on the MTM and ML,
usually in a regular spaced array of 12–14 positions
along the dorsal-ventral midline of the membrane
(Fig. 3A). The most notable feature is a strong reso-
nance near 700 Hz that extends over both membranes
(Fig. 3B, right bronchus). The lowest resonance fre-
quency in the left ML was 575±95 Hz (mean±SD)
with a resonance quality factor (Q) of 4.3±0.2, and in
the right ML was 830±130 Hz (mean±SD) with a Q
of 5.0±0.8. The frequencies were significantly different
in left and right membranes (P<0.02, t-test), but the
Q factors were not significantly different (P<0.5,
t-test). In addition to the lowest resonant mode, a
number of higher-frequency modes were always
observed up to �5 kHz, with a frequency spacing of
roughly 700 Hz.
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In general, forced responses in resonant physical
systems exhibit a phase shift of p radians as the fre-
quency is increased from below resonance to above
resonance (French 1971). Peaks in the response ampli-
tude of the ML were accompanied by large increases in
the phase; the phase increased to roughly 3p–4p radians
at 4 kHz, consistent with the presence of 3–4 resonant
modes below 4 kHz in the ML. The MTM showed
several response peaks; however, these were less

pronounced than in the ML. The peak response in the
MTM of the lowest mode occurred at a slightly
(100±50 Hz) lower frequency than in the ML, and
typically exhibited a dispersive lineshape. The phase of
the response in the MTM underwent a gradual p phase
shift between 500 Hz and 2 kHz, and remained flat
above 2 kHz (Fig. 3B).

Measurements of membrane compliance can be
used to constrain estimates of membrane surface ten-
sion, which largely determines the compliance at fre-
quencies well below the lowest resonance. Static
compliance of the ML and MTM were estimated from
the zero-frequency intercept of a straight-line fit to the
reactive (real) part of the measured compliance at
frequencies well below the lowest resonance (i.e., below
200 Hz for the zebra finch, see Fig. 6A). Accurate
sound pressure calibrations were made for experiments
in four finch syringes (n=2 left bronchus, n=2 right
bronchus). The average static compliance in the
MTM, at the MTM/ML boundary, and in the ML,
was 2.8±0.4 lm Pa–1, 2.2±0.5 lm Pa–1, and 1.2±
0.3 lm Pa–1, respectively. No difference was found in

Fig. 3 A Measurement of frequency-dependent membrane com-
pliance. Schematic of syringeal membranes showing ML and
MTM. Measurements were made at 12–14 positions along the
dorsal-ventral midline of the membrane. B Frequency-dependent
compliance (amplitude, solid symbols; phase, open symbols)
measured at three positions on a zebra finch syrinx. Note the
presence of a strong resonance at 700 Hz that extends over the both
regions of the membrane. The ML has strong peaks in the
magnitude as well as large associated phase shifts. In contrast, the
MTM exhibits weak variations in magnitude and flat phase

Fig. 4A,B Effect of spatially localized damping on the lowest
resonant mode. A Strong localized damping, produced by a small
cotton probe placed against the center of the MTM, had little effect
on the resonant peak measured in the ML. The resonance is shown
with the damping (no symbols) and without the damping (circles).
B The resonance frequency measured in the MTM is sharply
increased by spatially localized damping of the anterior portion of
the ML
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the static compliance in the left and right bronchi. As a
consistency check, in one zebra finch syrinx the static
compliance was determined directly from microscopic
measurements of membrane displacement at the
MTM/ML boundary as a function of applied static
pressures (see Materials and methods). The result,
1.4±0.5 lm Pa–1, is consistent with the results of the
interferometric measurements.

We have examined the question of the origin of the
resonant structure in the spatially inhomogeneous
MVM. In two zebra finch syringes, the frequency de-
pendent compliance of the MVM was measured while
placing a moist cotton-covered probe (0.3 mm diameter)
against either the MTM or the ML, thus providing a
spatially localized strong damping. Damping applied to
the MTM produced only a 10–20% drop in the height of
the lowest resonance peak and a �10% increase in the
resonance frequency (measured at the ML, Fig. 4A). In
contrast, damping applied to the ML produced a �70%
increase in the frequency of the lowest resonant mode
(measured in the MTM, Fig. 4B).

The vibrational modes of the syringeal membranes
can be visualized in a two-dimensional plot of
log-magnitude response as a function of frequency and
position on the midline of the membrane (Fig. 5A). The
large resonance at 700 Hz can be seen throughout the
MTM and ML. Also visible are the higher-order modes
in the ML and in the MTM. The impulse response of the
membrane can be directly computed as the Fourier
transform of the measured frequency-domain response

(Fig. 5B). The impulse response corresponds to the
displacement of the membrane in response to an
extremely brief uniform pressure pulse. Note the fast
response in the most posterior aspect of the MTM, with
a wave subsequently propagating toward the heavier
ML. The strong 700-Hz resonance, extending over the
entire membrane, is clearly visible at longer times.

To examine the mode structure transverse to the
midline, measurements were made at five positions along
the boundary between the MTM and the ML (n=1 left
bronchus, n=1 right bronchus; zebra finch). These
measurements show that the 700-Hz mode also extended
over the transverse width of the MVM (not shown). The
responses looked similar to that shown in Fig. 3B
(middle panel), but with response magnitude gradually
falling off to zero at the edges of the membrane.

Measurements were also made of syringeal mem-
branes in the canary (n=3, left bronchus). Acoustic re-
sponses of the canary MVM were qualitatively similar to
that found in the zebra finch. A strong resonance was
found to extend across the entire MVM, with one or two
resonances visible at higher frequencies (Fig. 5C). In the
three canary syringes, the lowest mechanical resonance
was found at 1705±165 Hz (mean±SD), significantly
higher than in the zebra finch syrinx (P<0.001, t-test).
The average resonance Q factor was 5.8±1.0. As with
the zebra finch, the impulse response shows a rapid de-
flection in the MTM, with a subsequent wave-like
propagation into the ML (Fig. 5D). The static compli-
ance (measured interferometrically) in the MTM, at the

Fig. 5A–D Linear response of
vibratory membranes in zebra
finch and canary. A Frequency-
dependent membrane compli-
ance shown at an array of
measured positions in a zebra
finch syrinx. Note that the
lowest mode (�700 Hz) extends
over the entire ML and MTM
as well as higher-frequency
modes. B The Fourier trans-
form of the frequency response
measurements yields the im-
pulse response of the mem-
brane. Note the rapid response
in posterior MTM followed by
a wave that travels into the
heavier ML. At longer times
(>1 ms), the dominant vibra-
tion is associated with the
700 Hz mode. C Membrane
compliance of canary syrinx.
Responses are qualitatively
similar to those found in the
zebra finch, except that the
vibrational modes are a factor
of 2–3 times higher frequency.
D Impulse response of canary
syringeal membrane. Note the
wave traveling from the poste-
rior MTM into the ML
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MTM/ML boundary, and in the MTM, was found to be
0.85±0.07 lm Pa–1, 1.03±0.17 lm Pa–1, and 0.54±
0.20 lm Pa–1, respectively. Note that the canary MVM
is roughly two to three times less compliant than the
zebra finch MVM, which partially accounts for the
higher resonance frequencies in the canary.

Measurements were made of the compliance of the
external surface of the third bronchial ring (B3) in the
zebra finch syrinx (n=1). The compliance was found to
be a factor of 20 smaller than that of the MVM, with
little frequency structure. The LL appears to be tightly
mechanically coupled on the inner surface of B3, thus
vibrations in LL would likely involve B3 as well. While
not conclusive, this measurement suggests that the lat-
eral labium has little resonant behavior. Note that the
lack of resonant behavior in the LL does not address the
issue of whether the LL vibrate significantly during

vocalization, rather it suggests that mechanical reso-
nances in the LL likely play little role in determining the
syrinx oscillation frequencies.

Elastic nonlinearity of membrane compliance

The syringeal membranes were readily displaced by the
application of a static pressure in the trachea, and for
large pressures (0.5 kPa) became visibly taut. In a linear
system, spring constants and resonance frequencies do
not change with such static displacements. In general,
however, physical and biological materials exhibit
strong elastic nonlinearities at sufficiently high strains.
We have examined the nonlinear interaction between
static displacements and the vibrational modes of the
membranes by measuring the frequency-dependent
compliance as a function of the applied static pressure.
Measurements were made at one position at the center
of the membrane, near the point of largest amplitude
response of the lowest mode. Extracted parameters in-
cluded effective spring constant, resonance frequency,
and the quality factor (Q) (Fig. 6A).

The effects of static pressure were measured in the
zebra finch syrinx (n=1 left, n=2 right), and in canary
syrinx (n=2 left). Resonant frequencies, determined
from the peak of the dissipative (imaginary) part of the
frequency response, were found to increase approxi-
mately linearly with the absolute value of the static
pressure, for positive and negative pressures (Fig. 6B).
In all syringes, there was an asymmetry in the behavior;
inward displacements of �100 lm had little effect on the
resonance frequency, whereas outward displacements of

Fig. 6A–D Measurement of nonlinearities of the resonant fre-
quencies and of the effective membrane spring constant. A We
define membrane spring constant as the inverse of the static
compliance (Cs), determined from the low-frequency asymptote of
reactive (imaginary) part of the complex compliance. The center
and width of the resonance are determined from the peak of the
resistive (real) part of the complex compliance. B Spring constant
(circles) and resonant frequency (squares) of the zebra finch MTM/
ML membranes as a function of static inward or outward pressure
applied to the bronchial lumen. Increasing pressure of either sign
stretches the membranes, producing a roughly linear increase in
resonance frequency. C Measured quality (Q) factor (squares) and
calculated effective membrane mass (circles) as a function of
applied pressure. Both of these quantities are relatively constant.
D A change of variables gives the spring constant as a function of
displacement. Note the strong asymmetry: Displacements into the
lumen (negative values) result in a smaller increase in spring
constant than equivalent outward displacements
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the same magnitude resulted in an increase in frequency.
To quantify the effect of static pressure on resonance
frequency, a straight line was fit through the resonance
frequencies measured at negative pressures, and another
line fit through the frequencies measured at positive
pressures (including zero). The slopes of the two lines
(S+, S–) was determined, as well as the pressure at
which they intersect (P0) (Fig. 6B). In the zebra finch, no
significant difference was observed between the left and
right bronchi, so the results of all three measurements
are pooled; the negative and positive slopes (S–, S+) and
intersect pressure (P0) were –1.13±0.19 Hz Pa–1,
+1.59±0.65 Hz Pa–1, and –73±20 Pa, respectively.
For the canary left bronchus, the values were –1.79±
0.39 Hz Pa–1, +2.93±0.26 Hz Pa–1, and –35±15 Pa,
respectively.

Several additional qualitative observations were
made from these data. The effective spring constant of
the membrane (in units of pressure per displacement)

was calculated, at each imposed static pressure, as the
inverse of the static compliance (Fig. 6B). The effective
spring constant increased roughly parabolically from the
minimum value. Consistent with the resonance fre-
quency results, the minimum spring constant was often
found at slightly negative pressures, i.e., with the mem-
brane displaced slightly into the bronchial lumen
(Fig. 6B). The change in resonance frequency was con-
sistent with the change in effective spring constant, as
seen by the relatively constant effective mass as a func-
tion of pressure (Fig. 6C). The effective mass was cal-
culated from the effective spring constant and the
resonance frequency using the relationship m=kA/
(2pf0)

2, where A is an estimate of membrane area
(1 mm2). The Q factor was also relatively constant as a
function of pressure (Fig. 6C). Position is a natural
variable in which to express the nonlinearity of the
spring constant, rather than pressure. Because k(P) is
equivalent to dP/dx, the integral over k(P) gives pressure

Fig. 7A–C Numerical model of
the zebra finch syringeal mem-
brane. A An 11·11 array of
spring-coupled masses. The
membrane is divided into heavy
and light regions with different
masses and spring constants,
representing the ML and the
MTM. Membrane response was
calculated for uniform driving
force at different frequencies.
B Comparison of frequency-
and spatially dependent com-
pliance (magnitude) of the
model membrane with the
measured results from a zebra
finch MTM and ML. Results
are shown for masses along the
midline (boxed region in A).
C Frequency-dependent com-
pliance of the model membrane
(line) and zebra finch MVM
(circles) measured at three
positions on the membrane
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as a function of position P(x). Thus, the variable P can
be eliminated to give k(x) (Fig. 6D). Notice that k is a
strong function of x, requiring a fourth order polyno-
mial to fit.

Two dimensional mass-spring model

As a consistency check of our experimental results, a
preliminary model of the zebra finch MVM compliance
was made with an 11·11 rectangular array of masses and
springs (Fee et al. 1997; Fig. 7A). A geometry was
chosen with heavy and light regions representing the ML
and the MTM, respectively. Model parameters were
uniform within each region. The mass, damping, and
spring constants in each region were free parameters, as
was the position of the boundary between the heavy and
light region. The differential equations describing the
model membrane were solved, and the spatial- and fre-
quency-dependent compliance of the model membrane
was compared to the measured results in a zebra finch
syrinx. Model parameters were adjusted by hand to find
a good fit with the observed compliance. The mass of
each element in the model membrane was 0.9 lg and
0.06 lg for the heavy and light regions, respectively. The
spring constant and damping of each spring in the heavy
region was 0.09 N m–1 and 600 lg s–1, and in the light
region was 0.025 N m–1 and 300 lg s–1, respectively.
These mass and spring constant parameters are within a
factor of 2 of those estimated from measured values of
resonance frequency and static compliance. The quali-
tative agreement of this model with the measured results
(Fig. 7C) demonstrates that structure in the measured
membrane compliance is due to vibrational modes of the
MVM – not a result of spurious mechanical or acoustic
resonances. The agreement also demonstrates that a
mass-spring model of the MVM with relatively few pa-
rameters may be adequate for future theoretical explo-
ration of the mechanisms of syringeal oscillations.

Discussion

It has been suggested on theoretical grounds that the
oscillation frequency of the syrinx is determined by the
dominant resonant mode of the vibrating membrane
(Fletcher 1978, 1988). (In this discussion, the term
‘oscillation’ refers exclusively to self-sustained vibration
of the membrane during vocalization, not to the forced
vibration of the membrane in response to sound.) Our
results are consistent with this hypothesis. The left
MVM in the excised syrinx of zebra finches shows a
strong vibrational mode near 600 Hz. In canary, the
lowest mode frequency was �1.7 kHz. These measured
frequencies correspond well with the lower range of each
bird. Zebra finch songs and calls often contain harmonic
notes with a pitch from a minimum of 500 Hz up to
3–4 kHz (Price 1979); canaries typically produce higher
pitch notes from 1.5 kHz up to 5–6 kHz. It should be

noted that our vibrational-mode measurements were
made in a relaxed state of the syrinx, raising a question
as to what extent this corresponds to the syringeal
configuration during vocalization. Zebra finches with
bilateral tracheosyringeal nerve sections, and thus with a
relaxed syrinx, can still vocalize, producing songs and
calls that have an unmodulated pitch near 500–600 Hz
and normal amplitude. (Simpson and Vicario 1990). In
contrast, canaries do not vocalize with bilateral tra-
cheosyringeal nerve section, suggesting that, unlike for
the zebra finch, the relaxed configuration of the canary
syrinx may be sufficiently different from the vocal con-
figuration to prevent oscillation. Despite some uncer-
tainty about the relationship between the relaxed and
vocal configurations of the syrinx, measurement of the
mechanical properties of the MVM in the relaxed syrinx
may provide some insight into the mechanisms under-
lying vocal production.

Studies of vocal lateralization have shown that, in
many songbirds, the contribution of the two sides of the
syrinx to the vocalization is specialized: In the northern
cardinal and the brown-headed cowbird, among others,
high-frequency sounds are produced primarily in the
right bronchus, and low-frequency sounds are produced
primarily in the left bronchus (Suthers et al. 1999). It is
not known whether such vocal lateralization occurs in
the zebra finch. However, the zebra finch syrinx has
higher resonance frequencies in the right MVM, a pat-
tern of structural lateralization consistent with the vocal
lateralization observed in other birds. The origin of the
bilateral difference in resonance frequency in the zebra
finch syrinx is not clear; microscopic examination of the
syrinx revealed no obvious morphological asymmetry.
Additionally, there was no asymmetry in the measured
static compliance, suggesting that the bilateral frequency
difference may be due to different thickness or configu-
ration of the medial labium.

The crucial role of the mass of the ML in deter-
mining the mechanical modes of the MVM was dem-
onstrated by experiments with spatially selective
damping of the MTM and the ML. Mechanical dam-
ping of the MTM had little effect on the lowest reso-
nance measured in the ML, whereas damping of the
ML dramatically increased the frequency of the lowest
resonance measured in the MTM. Thus the �700-Hz
peak observed in the MTM compliance likely results
from mechanical coupling of the MTM to the strongly
resonant ML. The fact that the peak response of the
lowest mode in the MTM occurs at a �100 Hz lower
frequency than the peak response in the ML, is con-
sistent with this interpretation. The combination of the
in-phase MTM response coupled to the 700-Hz reso-
nance in the ML causes destructive interference on the
high-frequency side of the 700-Hz peak and construc-
tive interference on the low-frequency side of the peak,
resulting in a lower peak frequency in the MTM than
in the ML (also observed in the lumped-mass model,
Fig. 7B, top panel). Together, these results suggest
that, at least in the relaxed syringeal configuration, the
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MTM plays little role in determining the dominant
resonance frequencies of the MVM.

What then is the function of the MTM? One possi-
bility is suggested by the impulse response of the MVM.
On a timescale of half the period of the fundamental
vibrational mode, the impulse response is dominated by
a wave propagating from the MTM into the ML. The
relative time lag between the ML and MTM is consistent
with the wave-like movements of the MVM in strobo-
scopic images of in vitro syringeal oscillations (Fee et al.
1998) (Fig. 1C). In the human larynx, wave-like motion
of the sound-producing membranes has been shown to
be critical for the efficient generation of sound from
airflow. Two-mass models of the larynx include two
membranes, the heavier membrane downstream of the
lighter membrane (Ishizaka and Flanagan 1972). The
membranes move slightly out of phase with each other,
producing larger asymmetries in the forces acting on
the membranes in the opening and closing portions of
the oscillation, resulting in a more efficient sound
generation than possible with a one-mass oscillator.
Consistent with this idea, surgical destruction of the
MTM has been shown to reduce the intensity of sound
generation in zebra finches and canaries, while having
little effect on frequency (Goller and Larsen 1997).

We have shown that MVM spring constant is non-
linear in zebra finch and canary syringes (data not
shown for canary). In the zebra finch, the effective spring
constant changes by a factor of �2.5 over a range of
motions (±0.5 mm) seen in in vitro oscillations (Fee
et al. 1998). Nonlinearities are important in detailed
models of syringeal function because they tend to limit
the size of the oscillation at large amplitudes. In par-
ticular, the compressive elastic nonlinearity we observe
will limit the range of model parameters over which
syringeal oscillations will occur. A role for elastic non-
linearities in syringeal function has been suggested
(Brackenbury 1979), but in previous detailed numerical
models this term has been intentionally neglected
(Fletcher 1988), partly due to a lack of experimental
data. Our measurement of elastic nonlinearity reveals
only changes in membrane spring constant due to static
displacements. We have not measured dynamic nonlin-
earities associated with large-amplitude membrane os-
cillations, such as effective-mass increases caused by
movement of the surrounding tissue that anchors the
membrane (Fletcher 1988). We have also not examined
more general viscoelastic properties of the syringeal
tissues (Titze 1981).

Our results raise some questions as to how the os-
cillation frequency of the syrinx, and therefore the pitch
of vocalizations, might be tuned or controlled. It has
been suggested that tuning of the resonance frequency,
and thus oscillation frequency, is produced by changes
in membrane tension or spring constant (Greenewalt
1968). In a single lumped mass view, the resonance fre-
quency is determined by some effective mass (m) and
spring constant (k) by a relationship of the form
x¼

ffiffiffiffiffiffiffiffiffi

k=m
p

. Thus, x increases only as the square-root of

the membrane tension, implying that tension (effective
spring constant) changes on the order of 50 would be
required to explain the factor of �7 range of zebra finch
harmonic notes. Our measurements in stretched mem-
branes shows increase in effective spring constant of only
a factor of 2 with an increase of membrane chord length
of 30% (outward deflections 0.25 mm, Fig. 6D). This
raises some question about whether stretching the MVM
can provide adequate tunability to explain the range of
frequencies observed in song vocalizations.

In light of this observation, we venture to speculate
about possible mechanisms of frequency tuning other
than changes in membrane tension. Since the dominant
resonant mode of the MVM is largely determined by the
relatively massive ML, any mechanism that reduces the
participation of this mass in the membrane vibration will
increase both resonance and oscillation frequencies. An
example of this effect was observed in experiments in
which the ML was selectively damped, resulting in a
large increase in resonant frequency. Similarly, the res-
onance frequency will be very sensitive to the distribu-
tion of the ML mass along the MVM. For example, any
mechanism that pulls, or compresses, the tissue of the
ML toward the edge of the membrane would reduce the
MVM effective mass and increase the resonant fre-
quency, even if membrane tension is unchanged. Such a
mechanism may partially explain the large increase of in
vitro oscillation frequency that results from the
�200 lm anterior displacement of the ML produced by
mechanical tension on the medial portion of the dorsal
syringeal muscle.

Experiments on in vitro oscillations of the zebra finch
syrinx (Fee et al. 1998) suggest yet another possible
tuning mechanism. In those experiments, small medial
rotations of the third bronchial ring, thereby inserting
the lateral labium into the bronchial lumen, produced a
factor of �3 increase in the oscillation frequency. This
manipulation had the effect of bringing the LL closer to
the MVM, but produced no visible stretching or bulging
of the ML or MTM. Stroboscopic visualization of the
syrinx in a high-frequency oscillation (2.5 kHz), induced
by adduction of the LL into the bronchial lumen, shows
that the movement of the membrane is tightly restricted
to a spatially localized, low-amplitude (<100 lm) os-
cillation near the tip of the ML (near positions 8 and 9 in
Fig. 3A) (M.S. Fee, unpublished observations). We
speculate that the close spatial apposition of the LL near
the vibrating ML could restrict the spatial extent of
resonant modes of the MVM, thus increasing the reso-
nance frequencies, much like the effect of placing a finger
on a violin string.

Acknowledgements I gratefully acknowledge helpful discussions
with Partha Mitra and Franz Goller. I thank Bijan Pesaran for
helpful discussions and for providing custom IDL code (Interactive
Data Language, RSI) to solve the differential equations for the
two-dimensional mass-spring model. I also thank Richard
Hahnloser for a careful reading of the manuscript. The care and
experimental manipulation of the animals was carried out in
accordance with guidelines of the National Institute of Health and

838



have been reviewed and approved by the local Institutional Animal
Care and Use Committee.

References

Brackenbury JH (1979) Aeroacoustics of the vocal organ in birds.
J Theor Biol 81:341–349

Casey RM, Gaunt AS (1985) J Theor Biol 116:45–64
Fee MS, Pesaran B, Mitra PP (1997) Direct measurement of the

linear and nonlinear mechanical properties of the syrinx. Soc
Neurosci Abstr 23:244

Fee MS, Pesaran B, Shraiman B, Mitra PP (1998) The role of
nonlinear dynamics of the syrinx in the vocalizations of a
songbird. Nature 395:67–71

Fletcher NH (1978) Mode locking in non-linearly excited inhar-
monic musical oscillators. J Acoust Soc Am 64:1566–1569

Fletcher NH (1988) Bird song – a quantitative acoustic model.
J Theor Biol 135:455–481

French AP (1971) Vibrations and waves. Norton, New York
Goller F, Larsen O (1997) A new mechanism of sound generation

in songbirds. Proc Natl Acad Sci USA 94:14787–14791
Greenewalt CH (1968) Bird song: acoustics and physiology.

Smithonian Institution Press, Washington DC
Hacker V (1900) Der Gesang der Vogel, seine anatomischen und

biologischen Grundlagen. Fischer, Jena

Immelmann K (1969) Song development in the zebra finch and
other estreldid finches. In: Hinde RA (ed) Bird vocalizations.
Cambridge University Press, Cambridge, UK

Ishizaka K, Flanagan JL (1972) Synthesis of voiced sounds from a
two-mass model of the vocal cords. Bell Syst Tech J 51:1233–
1268

Larsen ON, Goller F (2002) Direct observation of syringeal muscle
function in songbirds and a parrot. J Exp Biol 205:25–35

Miskimen M (1951) Sound production in passerine birds. Auk
68:493–504

Price PH (1979) Developmental determinants of structure in zebra
finch song. J Comp Physiol Psychol 93:260–277

Ruppell W (1933) Physiologie und Akustik der Vogelstimme.
J Ornithol 74:433–542

Setterwall CG (1901) Syrinx hos polymyoda passeres. Thesis,
University of Lund

Simpson HB, Vicario DS (1990) Brain pathways for learned and
unlearned vocalizations differ in zebra finches. J Neurosci
10:1541–1556

Suthers R, Goller F, Pytte C (1999) The neuromuscular control of
birdsong. Philos Trans R Soc Lond B 354:927–939

Thompson DJ (1982) Spectrum estimation and harmonic analysis.
Proc IEEE 70:1055–1096

Titze IR (1981) Biomechanics and distributed-mass models of vocal
fold vibration. In: Stevens KN, Hirano M (eds) Vocal fold
physiology. University of Tokyo Press, pp 245–270

839


