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Gabriël J. L. Beckers
Behavioural Biology, Institute of Biology, Leiden University, P.O. Box 9516,
2300 RA Leiden, The Netherlands

Roderick A. Suthers
School of Medicine, Jordan Hall, Indiana University, Bloomington, Indiana 47405

~Received 16 March 2004; revised 12 August 2004; accepted 12 September 2004!

Ring doves~Streptopelia risoria! produce a ‘‘coo’’ vocalization that is essentially a pure-tone sound
at a frequency of about 600 Hz and with a duration of about 1.5 s. While making this vocalization,
the dove inflates the upper part of its esophagus to form a thin-walled sac structure that radiates
sound to the surroundings. It is a reasonable assumption that the combined influence of the trachea,
glottis and inflated upper esophagus acts as an effective band-pass filter to eliminate higher
harmonics generated by the vibrating syringeal valve. Calculations reported here indicate that this
is indeed the case. The tracheal tube, terminated by a glottal constriction, is the initial resonant
structure, and subsequent resonant filtering takes place through the action of the inflated esophageal
sac. The inflated esophagus proves to be a more efficient sound radiating mechanism than an open
beak. The action of this sac is only moderately affected by the degree of inflation, although an
uninflated esophagus is inactive as a sound radiator. These conclusions are supported by
measurements and observations that have been reported in a companion paper. ©2004 Acoustical
Society of America.@DOI: 10.1121/1.1811491#
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I. INTRODUCTION

Birdsong has a wide variety of forms, as described in
classic book by Greenewalt~1968!. Some birds produce me
lodically rich extended songs with individual notes that a
almost pure-tone in some species but rich in harmonics
others. Other birds, such as crows, may produce simple
calizations with harmonically rich spectra that are shap
into formant bands as in human speech. Some cocka
even produce chaotic nonharmonic cries~Fletcher, 2000!.
Surveys of the mechanisms involved in some of these c
have been given by Brackenbury~1982! and others, while
quantitative models for some of these systems have b
developed by Casey and Gaunt~1985!, Fletcher~1988!, and
Fletcher and Tarnopolsky~1999!. The case of Ring doves i
rather different in that they often produce simple pure-to
coos in a relatively narrow frequency range, and do so w
their upper esophagus inflated to a large sac that effecti
radiates the sound while the beak remains closed. Apart f
this feature, the vocal system of the dove differs little fro
that of other birds~Ballintijn et al., 1995!. Extensive studies
of doves have recently been published by Beckerset al.
~2003a, b! and by Riedeet al. ~2004!, and these provide the
experimental basis of the present paper. These papers co
numerous references to the relevant literature and provide
experimental data upon which the present paper is base

a!Electronic mail: neville.fletcher@anu.edu.au
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The prominence of the inflated esophagus or esopha
sac ~the abbreviation IE will be used henceforth—it is di
tinct from that part of the esophagus or crop, theingluvies, in
which food is stored! during song invites the conclusion tha
it is acoustically important, and this is the hypothesis tha
explored here. It is possible, however, that it is also a vis
display feature used in courtship, and it is certainly used
this way by some species. The fact that the beak is clo
during song leads to the tentative conclusion that the re
nances of the mouth and beak that are so important in
song of some other birds are irrelevant in the case of
dove, but that leaves the length of trachea connecting
syrinx to the expanded esophagus as a possible contribut
resonance. The sound passes through the glottis at the
to the trachea, so that constriction of this passageway m
also contribute to overall behavior.

The purpose of the present paper is thus to examine
role of these anatomical structures in providing a very e
cient filter for the generally harmonically rich sound that
expected to be generated by the vibrating syringeal va
Since mere speculation and modeling are inadequate,
model will be tested by comparison with the experimen
data on song in the Ring dove~Streptopelia risoria! provided
by the study of Riedeet al. ~2004!.

II. ACOUSTIC MODEL

X-ray photographs of a dove while singing are given
Riedeet al. ~2004!, and from these it is possible to deriv
116(6)/3750/7/$20.00 © 2004 Acoustical Society of America



in
tr

ed
a

e-
th
th

s

th
nd
pl
,
i

tti
at
r
r
i

am
it

ele

r

-

ed

a is
e

to
his
ns-
on
im-
ct.

ar-
is-

-
he

al
nt is
e

anatomical details. For the purpose of acoustic model
details such as the precise location and curvature of the
chea are unimportant, and the vocal system can be treat
terms of the simplified anatomy shown in Fig. 1. The an
tomical dimensions, given by the data of Riedeet al., are
shown in Table I.

Figure 2~a! shows an electric analog circuit that repr
sents the acoustic system of Fig. 1. In such a circuit
analog of acoustic volume flow is electric current and
analog of acoustic pressure is electric potential~Fletcher,
1992!. The lungs provide a constant pressure~voltage! of
about 1.5 kPa~15 cm water gauge! and the syrinx behave
like a valve oscillating at a frequencyf 5v/2p of about 600
Hz. Since the lung pressure is high relative to that in
trachea, the impedance of the syringeal source is high, a
can be considered to inject a volume flow of constant am
tude. Because the valve almost closes once in each cycle
acoustic volume flow into the base of the trachea is rich
harmonic overtones~Fletcher, 1988!.

It is interesting to note that, while the trachea and glo
constitute a series impedance, the components of the infl
esophageal sac constitute a parallel impedance. The inte
tion between these two impedances, themselves in se
with one another, is a little complex and generally results
a pair of resonances, even if they are adjusted to the s
resonance frequency. This need not be of concern, since
automatically taken into account in the analysis.

A. Tracheal and glottal impedances

The tracheal tube is represented by a four-terminal
ment with impedance coefficientsZi j given by ~Kinsler
et al., 1982; Fletcher, 1992!

FIG. 1. Simplified geometry of the vocal tract of the Ring dove.

TABLE I. Anatomical dimensions.

Length of trachea L575 mm
Diameter of trachea d53 mm
Length of glottal constriction l 55 mm
Diameter of glottal constriction g50.8 mm
Diameter of inflated esophagus 2a535 mm
Length of inflated esophagus 2b550 mm
Fraction of IE surface vibrating 0.5
Total mass of IE walls m52 g
Quality factor of IE resonance Q510
J. Acoust. Soc. Am., Vol. 116, No. 6, December 2004
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Z115Z2252 jZ0 cotkL,
~1!

Z125Z2152 jZ0 coseckL.

Here L is the length of the trachea,Z05rc/ST , where r
'1.2 kg/m3 is the density andc'350 m/s the velocity of
sound in air at dove body temperature,S5pd2/4 is the area
of the trachea,k5(v/c)2 j a is the complex wave numbe
for sound of angular frequencyv52p f and attenuation co-
efficient a'2.431025v1/2/d in the tracheal tube of diam
eterd, and j 5A21. The acoustic pressurespi and acoustic
volume flowsUi at the two ends of the tube are then relat
by

pi5(
j

Zi j U j . ~2!

If the impedance connected to the upper end of the trache
ZL5p2 /U2 , then it follows from these equations that th
input impedanceZin at the syringeal end of the trachea is

Zin5
p1

U1
5

ZLZ112Z11Z221Z12Z21

ZL2Z22

5Z0

ZL coskL1 jZ0 sinkL

jZL sinkL1Z0 coskL
. ~3!

Since the syrinx is a high-impedance source, it is tempting
simply select a frequency to maximize the real part of t
input impedance, since maximum power will then be tra
ferred to the vocal tract, but this does not give informati
about radiated acoustic power—the input power may be s
ply dissipated in viscous and thermal losses within the tra

The glottal constriction to a narrow tube of lengthl and
diameterg can be represented, since it is so short and n
row, by a simple inductive impedance in series with a res
tive viscous loss~Fletcher, 1992!, giving an impedance

ZG'
4rc

pg2 S 2.431025l

g
1 j

4r~ l 10.6g!v

pg2 D , ~4!

where l is the length andg is the diameter of the constric
tion. This is a valid approximation since the length of t

FIG. 2. ~a! Electric network simulating the acoustic behavior of the voc
tract of the dove. Voltage is the analog of acoustic pressure, and curre
the analog of acoustic volume flow.~b! More detailed representation of th
analog impedances of the glottal constriction and the esophageal sac.
3751Fletcher et al.: Vocal tract filtering in doves
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glottal constriction is much less than the sound wavelen
involved.

B. Impedance of the inflated esophagus

When an acoustic current flows into the inflated esop
gus from the trachea it tends to both compress the conta
air and also to expand the elastic containing wall. The aco
tic impedances of these two elements are effectively in p
allel, as shown in Fig. 2, since they both experience the s
acoustic pressure but the acoustic flow is divided betw
them. The acoustic impedance of the air contained within
IE, neglecting the effect of the small overpressure created
wall tension, is

ZV'2 j
rc2

Vv
52 j

gp0

Vv
, ~5!

where

V' 4
3pa2b ~6!

is the volume of the IE,p0 is the normal atmospheric pres
sure~100 kPa!, andg51.4 is the ratio of specific heats fo
air.

The walls of the IE, which expand and contract und
the influence of the oscillating acoustic pressure within
IE and carry with them the overlying tissues and feathe
present an impedance that is the sum of an inertance du
the wall mass, a springlike term due to the elasticity of
walls, and a resistive term due to viscous and other los
within the material of the wall. The radiation load on th
outside of the walls is small enough to be neglected. T
leads to an expression for the wall impedance of the form

ZW'R1 j
mv

SW
2 1 jX, ~7!

wherem is the total mass of the walls,

SW'4pab ~8!

is the total wall area,R takes account of losses in the wall
and the final termjX takes account of the elastic resilience
the walls, the form and magnitude of which will be discuss
below.~Actually jX turns out to be negligible compared wit
the second term in the equation.! The total impedance pre
sented by the IE to the trachea is then

ZS5
ZWZV

ZW1ZV
. ~9!

Exact calculation of the contribution of elasticity to th
total wall impedance is complicated by the fact that t
esophagus has expanded primarily in the radial directiona,
while the length 2b has only increased a little. The ski
tension is thus not isotropic but probably concentrated in
plane normal to the lengthb of the esophagus, though th
structure of the esophagus wall may influence this. If
uninflated esophageal tube is taken to have radiusa0 and
lengthb0 , and the inflated sac to be approximately a prol
spheroid with short radiusa and long radiusb'b0 , then the
surface area has expanded from about 2pa0b0 to about
bab, where the factorb lies somewhere in the range 2p
3752 J. Acoust. Soc. Am., Vol. 116, No. 6, December 2004
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<b<4p depending upon the ratiob/a, being smaller ifb
.a. As will be shown below, the exact value is not signi
cant here. IfK is the relevant elastic modulus of the wa
material, multiplied by the wall thickness and adjusted
stretch, then the tension in the wall is largely in the equa
rial plane and has a value close to

T'K~a2a0!, ~10!

and the equilibrium internal pressure excessDp created to
balance this tension is approximately

Dp'
T

a
'

K~a2a0!

a
. ~11!

Equivalently, we can write

K'
aDp

a2a0
. ~12!

The elastic force per unit area of wall for an expansi
of amplitudeda at frequencyv is Kda/a while the inertial
force is aboutmv2da/S or mv2da/bab. The ratio of iner-
tial to elastic force at frequencyv is thus about

4pbDp

mv2 S a

a2a0
D;1025DpS a

a2a0
D , ~13!

where the second expression assumes that the frequen
about 600 Hz and the total wall mass about 1 g. Sincea
'10a0 , the final factor is close to unity, and the IE ove
pressureDp is only a few hundred pascals~i.e., a few cen-
timeters of water pressure!. The elastic force is therefore
only about 1022 times the inertial force, and so the termjX
in Eq. ~7! can be neglected.

Evaluation of the resistive termR in ~7! is difficult with-
out experimental measurements. Most biological mater
are rather lossy because of the liquid-filled cells of whi
they are composed, so that the quality factor, orQ value, of
the IE resonance, given by

Q5
2p f * m

R
, ~14!

where f * is the resonance frequency, is likely to be on
about 10 and perhaps even less. This implies thatR is prob-
ably about one-tenth of the magnitude of the inertial term
600 Hz. Since the magnitude of the IE-wall damping is u
known, the choice ofQ510 is speculative. A check of the
calculated results for lower values ofQ shows, however, tha
the only significant change is a reduction in the radia
power. There is little change in the range of required glo
constriction, since this serves mainly to tune the trach
resonance.

C. Effective mass of the IE wall

The other major parameter required for the model is
estimate of the massm of the IE walls. In the absence o
measurements, the following argument provides an appr
mate value.

From the x-ray photographs of the neck of a dove w
inflated esophagus~Riedeet al., 2004!, it appears the diam-
eter of the neck of the bird is about 15 mm, so that
Fletcher et al.: Vocal tract filtering in doves
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cross-sectional area is about 2 cm2. Approximately half of
this cross-section is occupied by the spine, the trachea,
the interior of the esophagus tube, so that the area of tis
available to cover the surface of the expanded esophag
about 1 cm2, or equivalently about 1 g of tissue per centime
ter length of neck. Since the neck is about 5 cm in leng
this provides an upper limit of about 5 g for the mass of the
membrane surrounding the IE. To adopt this value wou
however, be a gross overestimate, since some of the tiss
muscles, sinews and blood vessels. A more conservative
timate of 1 to 2 g does, however, seem reasonable.

The simplified treatment leading to~7!, however, is
based upon the assumption that all parts of the IE walls
brate equally, so that the expression for the acoustic imp
ance involves the simple factorm/SW

2 , whereSW is the total
area of the IE walls. Because, however, the IE is about
shape of a prolate spheroid with diameter ratio about 5:3
is most likely that the walls near the equator are thinner
vibrate with greater amplitude than those near the upper
lower ends of the IE. Suppose, as an extreme case, tha
bration was confined to an equatorial band of massm8 and
area S85SW/2. To achieve the same acoustic impedan
since the vibrating area is halved, the vibrating mass mus
reduced to one-quarter of the total original value, or to h
of the mass originally spread over that area. Thus a total w
mass of 2 g, for example, would have the same acou
effect as 4 g distributed evenly over a symmetrically vibra
ing sphere of the same surface area. In the calculation
follow, the mass will therefore be regarded as a param
that can be adjusted to some degree but that must be
within these reasonable anatomical limits.

These estimates have been confirmed by examinatio
a dove body that had been kept in a sealed bag in a re
erator for about 12 months. Dissection of the neck and
carding of those tissues that are clearly not part of the infl
able esophagus left a residual mass of 1.14 g along a n
length of between 4 and 5 cm. This is probably an unde
timate of the real mass, however, partly because of sl
drying of the tissues during storage, and partly becaus
loss of a few feathers during dissection. The value of 2
adopted in the calculation is therefore supportable.

D. Effect of esophageal inflation

During the ‘‘coo’’ vocalization the dove exhales air int
the esophageal sac, further inflating it. It is important
know the effect of this inflation on the resonance frequen
of the IE. The ‘‘coo’’ of a single vocalization lasts for abou
1.5 s and, during that time, the dove exhales about 10 cm3 of
air into the IE. The resonance frequency of the IE is giv
approximately by

v* 'S gp0S2

Vm D 1/2

. ~15!

SinceV}a2b and S}ab, this indicates thatv* }b1/2. But
the lengthb of the IE is nearly constant and only the radi
a increases with inflation, so that the resonance freque
v* is nearly independent of further inflation.
J. Acoust. Soc. Am., Vol. 116, No. 6, December 2004
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Even in the case of a IE expanding uniformly in a
directions, the resonance frequency varies only asb1/2 or
V1/6. The initial IE volume is about 30 cm3 and this could be
expanded to about 40 cm3 during the coo, an increase o
about 30%. This would lead to an increase of only about
in the resonance frequency, and this, it should be stresse
an upper limit to the real situation. A realistic interpolation
to assume that the longitudinal axis bends slightly, since
constrained on one side by the bird’s neck, and to take

b5b0S 11e
a2

b0
2D , ~16!

whereb0 is the uninflated sac length and the numerical c
efficiente<0.6 gives an indication of the extent to which s
expansion occurs in the lengthwiseb-direction for a given
lateral expansion in thea-direction. A choice ofe50.1
seems a reasonable estimate from the appearance of
images of the singing bird, and will be used in a later eva
ation. The frequency shift in this case will be intermedia
between the ‘‘no-shift’’ result ifb is constant and the sma
shift that would be the result of uniform expansion.

The effect of complete deflation of the IE so thata is
reduced to about 1.5 mm is, however, quite a different m
ter. As will be seen in a later calculation, such deflation
creases the effective impedance of the IE by several orde
magnitude and effectively prevents significant sound rad
tion.

III. PERFORMANCE CALCULATION

Because the syrinx is fed from the relatively high ove
pressure in the bird’s lungs, it injects an oscillating volum
flow into the trachea, the magnitude of which depends v
little upon the acoustic impedance presented by the trac
and associated structures. At the other end of the system
acoustic powerP radiated in the ‘‘coo’’ sound is

P5CUS
2v2, ~17!

whereC is a constant. This power is thus proportional to t
square of the amplitude of the acoustic current pass
through the extreme right branch of the analog circuit in F
2~b!, multiplied by the square of the frequency. This simp
fication is appropriate since the IE diameter is small co
pared with the wavelength of sound at the frequencies c
sidered, so that it can be treated as a ‘‘simple sour
~Morse, 1948; Fletcher, 1992, Chap. 7!.

From a standard analysis of the analog circuit in F
2~b!, and writing each impedanceZi as Ri1 jXi , it can be
readily shown that the acoustic currentUS through the im-
pedanceZS representing the IE walls when a currentU is
injected at the syrinx is given by

US
25F ~X12XV!21~R12XV!2

A21B2 GU2, ~18!

where

A5RS~R221RG!2~XS1XV!~X221XG!2XVXS,
~19!

B5RS~X221XG!1~XS1XV!~R221RG!1XVRS.
3753Fletcher et al.: Vocal tract filtering in doves
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Since the most readily adjustable parameter from
viewpoint of the bird is the diameter of the glottal constr
tion, the full curve in Fig. 3 shows an analysis of the effe
that this has on output power, assuming a ‘‘coo’’ frequen
of 600 Hz, and with all the other parameters having the v
ues given in Table I. It is clear that the power output depe
critically upon this vocal adjustment. The full curve in Fig.
shows the relative power output as a function of frequen
assuming that the glottal constriction has been optimized
this way. It seems clear that the dove must learn to cons
the glottis in just this manner in order to be able to produ
a ‘‘coo’’ sound with reasonable power. It is possible that t
dove can also make some adjustment to the length of
trachea, as is done by some other birds, and alter the trac
resonance frequency in this way, but the required exten
is by about a factor of 2, unless glottal constriction is a

FIG. 3. Calculated relative acoustic power output at 600 Hz as a functio
the diameter of the glottal constriction, assuming the parameter va
shown in Table I. The broken curve shows the result of reducing the e
tive mass of the IE walls to 1 g, thus increasing the IE resonance freque

FIG. 4. Calculated relative power output as a function of coo freque
assuming the glottal constriction to be adjusted to the value given in Ta
so as to optimize power output at 600 Hz.~The double peak is due partly to
slight misalignment of resonance frequencies and partly to the series-pa
resonance arrangement shown in Fig. 2.! The broken curve shows the effec
on power output of reducing the effective mass of the IE walls to 1 g, t
increasing the IE resonance frequency to about 900 Hz.
3754 J. Acoust. Soc. Am., Vol. 116, No. 6, December 2004
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invoked, and there is no evidence that the dove can do t
Figure 4 also has another implication. The syrinx is

nonlinear flow regulator and produces not only a flow at
fundamental oscillation frequency, but also harmonic com
nents at frequencies that are precise integer multiples of
frequency. The flow amplitudes associated with these h
monics are less than that of the fundamental, but still
negligible. A pressure sensing microphone placed in the
chea will therefore detect these harmonics, as has been
tablished by Riedeet al. ~2004!. The calculation leading to
Fig. 4 shows, however, that the efficiency with which the
harmonics influence the motion of the skin of the IE is va
ishingly small, so that they do not show up in the radiat
sound. The IE effectively acts as an acoustic band-pass fi
tuned to the song frequency near 600 Hz.

Since the full curves in Figs. 3 and 4 were calculated
the basis of a IE resonance that is close to the coo freque
of 600 Hz, it is interesting to see what happens if the
resonance is adjusted away from this frequency. The bro
curves in Figs. 3 and 4 are calculated with the vibrating m
of the IE wall reduced by a factor of 2 to 1 g, so that
resonance frequency is raised by a factor of 21/2'1.4. The
output power at 600 Hz is greatly reduced even with
optimized glottal constriction, as shown in Fig. 3, thou
there is a minor peak at about 900 Hz in Fig. 4. The c
frequency could, of course, be adjusted to 900 Hz an
related adjustment made to the glottal constriction to ta
advantage of this resonance, but it would then be the ca
a different bird.

Figure 5 examines the effect of IE inflation upon rad
ated sound. The full curve is calculated on the assump
that the longitudinal inflation coefficiente of ~16! has the
value 0.1, which appears to be a reasonable approximatio
the real situation. There is a broad peak in the output near
actual IE diameter value 2a535 mm. More importantly,
however, the curve shows that the output declines almos
zero when the IE is deflated, agreeing with experimental

of
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cy.

y
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FIG. 5. Calculated relative acoustic power at 600 Hz as a function of the
lateral diameter 2a, assuming that the expansion parametere50.1 and that
other parameters are as in Table I. The broken curve shows the calcu
result if e50, so that the longitudinal dimension 2b of the IE remains
constant during the expansion, while the dotted curve shows the resulte
50.3.
Fletcher et al.: Vocal tract filtering in doves
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servations. Since the exact value ofe influences the position
of the peak and thus the optimal level of IE inflation, it
useful to examine also the limiting casee50, corresponding
to a fixed longitudinal dimension 2b. This is shown as a
broken curve in the figure. The output now increases stea
with IE inflation, but is still reduced to near zero for a d
flated IE. Finally, the dotted curve in the figure shows t
result if we assume a valuee50.3, which is probably rathe
larger than is appropriate in reality.

A. Tracheal vibration

In the dove, the trachea is a ringed tube with rather t
walls between the rings, which raises a question about w
in which this structure might contribute directly to the rad
ated sound, since the acoustic pressure within it is quite h
There are two ways in which this might happen, first
direct radiation through the surrounding tissue, and sec
by mechanical transmission of vibrations to excite the eso
ageal sac.

Quantitative consideration shows, however, that th
two contributions are probably negligibly small. In regard
direct radiation, the radiated sound power for a given w
motion is proportional to the square of the area of the vib
ing wall, and the sac wall area is an order of magnitu
larger than that of the tracheal walls. The tracheal wall
brational amplitude is also unlikely to be much larger th
that of the sac walls because of the restricting effect of
cartilage rings along its length and the mass of the surrou
ing tissue.

Transmission of vibration directly from the trache
walls to the inflated sac could certainly occur but, becaus
the nature of the quarter-wave tracheal resonance, it wo
actually be 180° out of phase with the excitation produc
by air flow through the glottis into the sac, and would th
reduce rather than increase the radiated sound. Once a
however, the actual magnitude of this effect is likely to
negligible compared with the major mechanism discus
above, as can be established by examining resonance c
tions in a slightly expansible tube.

B. Comparison with open-beak calls

It is interesting to examine the acoustic reasons und
lying the strategy of esophageal inflation in doves, as c
trasted with simple vocalization through an open beak. C
tainly the pure-tone nature of the dove coo provides cl
species identification, but much of the reason for vocali
tion lies with the communication range achievable. Ho
does the acoustic output from an inflated esophagus com
with that which the bird could achieve in an open-beak ca

The simplest way to examine this is to compare
acoustic power in each type of call with that which could
produced from the trachea and glottis tuned to the same
quency and simply vented to the environment. In all cas
glottis, beak or esophageal sac, the maximum dimension
the radiating structure are small compared with the acou
wavelength at the coo frequency of 600 Hz. An analy
treating the radiation as that from a ‘‘simple source’’~Morse,
1948; Fletcher, 1992, Chap. 7! therefore suffices, and th
expression in~17! is an appropriate relative output measu
J. Acoust. Soc. Am., Vol. 116, No. 6, December 2004
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A problem arises, however, in deciding what to ke
constant in such a comparison. The actual acoustic po
produced in any biological, or indeed musical, system is u
ally only a small fraction of the input power, which is in th
case the product of the lung pressure~about 1.5 kPa! and the
mean volume flow~about 10 cm3 s21), giving about 15 mW.
The radiated acoustic power, on the other hand, is typic
less than 1 mW or about 80 dB at a distance of 1 m. It
therefore reasonable to assume that, in terms of vocal ef
it is the total input power that should be kept constant in a
comparison, rather than the acoustic input power, and
amounts to keeping the volume flow amplitudeU1 through
the syrinx constant.

The analysis developed earlier in Sec. III can now
used to compare the acoustic outputs from the IE and fro
simple vented glottis. The first case has already been ca
lated and displayed in the figures. To simulate radiation fr
the glottis in the absence of the IE, it is adequate to sim
set the effective sac massm equal to zero in the calculation
The result, when output power is plotted against frequen
is a peak similar to that in Fig. 4, but reduced in amplitu
by a factor of about 12, corresponding to a decrease in r
ated sound level of about 11 dB, and with a smaller peak
around 2300 Hz representing the mistuned second reson
of the trachea and glottal constriction.

A similar calculation is now, in principle, required fo
radiation from the beak. The beak is acoustically compl
however, even at low frequencies where beak resonance
not involved. The acoustic behavior of a beak model h
however, been investigated in detail by Fletcher and Tarn
olsky ~1999!, and their results show that, to a reasona
approximation, a partly opened beak imparts an acou
power gain of about 6 dB, or a factor of 4, compared with t
power that would be radiated from the open glottis, assum
that the acoustic input power is the same in each case. If
total input power, rather than the acoustic power, is k
constant, then the beak gain will be rather less than this,
4 or 5 dB.

From this analysis it is thus reasonable to conclude t
the inflated-esophagus strategy gains the dove a signifi
advantage of about 6 dB in terms of radiated power at
fundamental coo frequency, compared with a normal c
through the beak. This numerical value will depend upon
value of the quality factorQ of the IE resonance, increasin
with increasingQ. The beak-radiated call will, however, als
contain some power at higher harmonic frequencies tha
filtered out by the IE. The IE coo possesses the proba
advantage of being very different in acoustic spectrum fr
a typical beak-radiated call, which may aid in conspec
communication.

IV. CONCLUSIONS

This detailed analysis of the acoustics of the vocal s
tem of the dove leads to several related conclusions, as
lows.

~i! The vocal tract as a whole is tuned to the fundamen
frequency of the dove coo. This involves both pass
anatomical tuning of the inflated esophageal sac
3755Fletcher et al.: Vocal tract filtering in doves
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also active tuning by the bird of the glottal constri
tion coupling the trachea to the esophagus.

~ii ! To produce maximum acoustic output, the resona
frequency of the IE must be approximately match
to the song frequency. This matching depends up
the total vibrating mass of the IE walls and the deg
to which the IE is inflated. The resonance frequen
is, however, not critically dependent upon IE volum
so that the inflation caused during a single coo d
not greatly affect this matching.

~iii ! To produce maximum acoustic power, the glottis m
also be constricted so that the resonance of the trac
with glottal termination approximately matches th
song frequency.

~iv! It is reasonable to suppose that young birds have
learn to constrict the glottis appropriately before th
can produce satisfactory coos.

~v! As well as eliminating upper harmonics to produce
characteristic pure-tone coo, the evolved strategy
radiating the coo of the dove by means of an infla
esophagus rather than an open beak gives a signifi
increase in radiated acoustic power, and thus in
range of audibility of the call.

The analysis reported here assumes a simple source/
mechanism and neglects the feedback influence of the v
tract upon the syringeal oscillation. This coupling, the m
chanics of which has been discussed elsewhere~Fletcher,
1988!, can be expected to magnify the resonance effects
cussed here and to lead to an even closer dependenc
power output upon glottal tuning.

While this analysis does not claim to resolve all t
questions associated with dove calls, it does appear to
vide a reasonable basis for understanding the origin of
almost pure-tone sound and the function of the glottal c
striction. By presenting a clear and quantitative model for
way in which the vocal filtering system might operate,
paves the way for detailed experimental exploration of
hypotheses underlying the theory, in particular,

~i! the assumption that the glottis is actively constrict
during the coo song to produce a tracheal resonanc
the coo frequency and

~ii ! the values assumed for the physical variables suc
IE wall mass and vibration distribution.
3756 J. Acoust. Soc. Am., Vol. 116, No. 6, December 2004
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In passing, it could be noted that there is a surpris
resemblance between the dove, with its inflated esopha
and pure-tone coo, and the bladder cicadaCystosoma Saun
dersii ~Westwood!, whose abdomen consists simply of
large hollow ellipsoid, the resonance of which selective
reinforces the fundamental of the 800-Hz sound generate
repeatedly buckling tymbals~Fletcher and Hill, 1978!.
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