Vocal tract filtering and the “coo” of doves
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Ring doveqStreptopelia 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 p&20&4 &coustical
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I. INTRODUCTION The prominence of the inflated esophagus or esophageal
esac(the abbreviation IE will be used henceforth—it is dis-

Birdsong has a wide variety of forms, as described in th inct f that part of th h . o
classic book by Greenewd[t968. Some birds produce me- Inct from that part ot the esophagus or crop, M@uwgs n
which food is storegdduring song invites the conclusion that

lodically rich extended songs with individual notes that are_t_ ically i tant. and this is the hvoothesis that i
almost pure-tone in some species but rich in harmonics iy 'S acoustically important, and this 1S the Aypotnesis that 1s

others. Other birds, such as crows, may produce simple Voe_xplored here. It is possible, however, that it is also a visual

calizations with harmonically rich spectra that are shapecfj'_Splay feature used in _courtshlp, and it is certamly_ used in
into formant bands as in human speech. Some cockato%@'s way by some species. The fact that the beak is closed
even produce chaotic nonharmonic crigdetcher, 200D uring song leads to the tentative conclusion that the reso-
Surveys of the mechanisms involved in some of these casdiinces of the mouth qnd beak. that are SO Important in the
have been given by Brackenbu(§982 and others, while song of some other birds are irrelevant in the case_of the
quantitative models for some of these systems have beé ove, but that leaves the length of trachea connecting the

developed by Casey and Gau®85, Fletcher(1988, and syrinx to the expanded esophagus as a possible contributor to
Fletcher and Tarnopolsk§1999. The'case of Ring dé)ves is resonance. The sound passes through the glottis at the entry

rather different in that they often produce simple pure-toneto the trachea, so that constriction of this passageway may

coos in a relatively narrow frequency range, and do so Witfglso_rcr:)ntnbute to (;vtirall beha\tnor. is thus t ine th
their upper esophagus inflated to a large sac that effective:'&/IO| fethpurposeé) € F"iserl paper s gdsf ° examlneﬁ_ €
radiates the sound while the beak remains closed. Apart fro € of these anatomical Structures In providing a very €fli-

this feature, the vocal system of the dove differs little fromCient filter for the generally harmonigally. rich sqund that is
that of other birdgBallintijn et al, 1995. Extensive studies expected to be generated by the vibrating syringeal valve.

of doves have recently been published by Beckersl. Since mere speculation and modeling are inadequate, the

(20034, b and by Riedeet al. (2004, and these provide the model will be. tested .by comparison V\.’ith.the. experimental
experimental basis of the present paper. These papers cont’ﬂ@tagnstsfgf (')? 'I[?hi(:: di;?%ﬁ?;g(;i;pwpe“a risoria provided

numerous references to the relevant literature and provide t
experimental data upon which the present paper is based. ||. ACOUSTIC MODEL

X-ray photographs of a dove while singing are given by
3Electronic mail: neville.fletcher@anu.edu.au Riedeet al. (2004, and from these it is possible to derive
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lungs FIG. 2. (a) Electric network simulating the acoustic behavior of the vocal
o . tract of the dove. \Voltage is the analog of acoustic pressure, and current is
FIG. 1. Simplified geometry of the vocal tract of the Ring dove. the analog of acoustic volume flowb) More detailed representation of the

. . . . analog impedances of the glottal constriction and the esophageal sac.
anatomical details. For the purpose of acoustic modeling,

details such as the precise location and curvature of the tra-

chea are unimportant, and the vocal system can be treated in  Z,,=Z7,,=—jZ,cotkL,

terms of the simplified anatomy shown in Fig. 1. The ana- _ (1)
tomical dimensions, given by the data of Rieefeal, are Z15=25= —]ZycosekL.

ShOWT‘ in Table I. . o Here L is the length of the trache&,=pc/S;, wherep
Figure 2a) shows an electric analog circuit that repre- ~1.2 kg/n? is the density and:~350 m/s the velocity of

sents the acoustic system of Fig. 1. In such a circuit th%ound in air at dove body temperatuges wd?/4 is the area

analog of acoustic volume flow is electric current and the ¢ tracheak = (w/c) — j « is the complex wave number
analog of acoustic pressure is electric potentRletcher,

: for sound of angular frequenay=2«f and attenuation co-
1992. The lungs provide a constant pressuveltage of g Jienay=sm

efficient a~2.4x 10 °w*%d in the tracheal tube of diam-
about 1.5 kP415 cm water gaugeand the syrinx behaves L : .
. o terd, andj=+—1. Th t d t
like a valve oscillating at a frequendy= /27 of about 600 eterd, and) © ACOUSHC pressur@s and acoustc

. S . ) volume flowsU; at the two ends of the tube are then related
Hz. Since the lung pressure is high relative to that in th

trachea, the impedance of the syringeal source is high, and |
can be considered to inject a volume flow of constant ampli-

tude. Because the valve almost closes once in each cycle, the Pi~ 2 ZijU;. 2
acoustic volume flow into the base of the trachea is rich in
harmonic overtoneg&Fletcher, 1988 If the impedance connected to the upper end of the trachea is

It is interesting to note that, while the trachea and glottisZ, =p,/U,, then it follows from these equations that the
constitute a series impedance, the components of the inflatéaput impedance;, at the syringeal end of the trachea is
esophageal sac constitute a parallel impedance. The interac- 2. Z11- 21 Z gt 212
tion between these two impedances, themselves in series Zm:&: L7111 ~11722 | 71272l
with one another, is a little complex and generally results in Uy Zi—Zy
a pair of resonances, even if they are adjusted to the same Z, coskL+jZ, sinkL
resonance frequency. This need not be of concern, since it is =Zy- - .
automatically taken into account in the analysis. 12, sinkL+Z, coskL

()

Since the syrinx is a high-impedance source, it is tempting to
simply select a frequency to maximize the real part of this
The tracheal tube is represented by a four-terminal eleinput impedance, since maximum power will then be trans-
ment with impedance coefficientg;; given by (Kinsler  ferred to the vocal tract, but this does not give information
et al,, 1982; Fletcher, 1992 about radiated acoustic power—the input power may be sim-
ply dissipated in viscous and thermal losses within the tract.
The glottal constriction to a narrow tube of lendthnd

A. Tracheal and glottal impedances

TABLE |. Anatomical dimensions.

Length of trachea L=75mm diameterg can be represented, since it is so short and nar-
Diameter of trachea d=3mm row, by a simple inductive impedance in series with a resis-
Length of glottal constriction I=5mm {ive viscous losgFletcher, 1992 giving an impedance
Diameter of glottal constriction g=0.8 mm

Diameter of inflated esophagus a235mm 4pc [ 2.4x 103 4p(1+0.69)w

Length of inflated esophagus b250 mm Io~—— +j > , (4)
Fraction of |E surface vibrating 0.5 g g g

Total mass of IE walls m=2g . . . .
Quality factor of IE resonance Q=10 wherel is the length andy is the diameter of the constric-

tion. This is a valid approximation since the length of the

J. Acoust. Soc. Am., Vol. 116, No. 6, December 2004 Fletcher et al.: Vocal tract filtering in doves 3751



glottal constriction is much less than the sound wavelength=8<4m depending upon the ratib/a, being smaller ifb
involved. >a. As will be shown below, the exact value is not signifi-
cant here. IfK is the relevant elastic modulus of the wall
material, multiplied by the wall thickness and adjusted for
stretch, then the tension in the wall is largely in the equato-
When an acoustic current flows into the inflated esopharial plane and has a value close to

gus from the trachea it tends to both compress the contained T~K(a—ay) (10)

. . .. 0/
air and also to expand the elastic containing wall. The acous-
tic impedances of these two elements are effectively in parand the equilibrium internal pressure exceéss created to
allel, as shown in Fig. 2, since they both experience the samalance this tension is approximately
acoustic pressure but the acoustic flow is divided between T K(a—ap)

B. Impedance of the inflated esophagus

them. The acoustic impedance of the air contained withinthe Ap~=~ 3= a (11
IE, neglecting the effect of the small overpressure created by
wall tension, is Equivalently, we can write
2
. pC . ¥Po aAp
~—jo—=—]j0— K=~ . 12

Zy==iyo="ly," (5) a (12

where The elastic force per unit area of wall for an expansion

V~4mraZb ©) of amplitude sa at frequencyw is K da/a while the inertial
s force is aboumw?da/S or mw?sal Bab. The ratio of iner-

is the volume of the IEp, is the normal atmospheric pres- tial to elastic force at frequenay is thus about

sure (100 kPa, andy=1.4 is the ratio of specific heats for AmbAp| a

air.
The walls of the IE, which expand and contract under me® |a—ag

the influence of the oscillating acoustic pressure within thQNhere the second expression assumes that the frequency is
IE and carry with them the overlying tissues and feathersaphout 600 Hz and the total wall mass about 1 g. Siace
present an impedance that is the sum of an inertance due 1010a,, the final factor is close to unity, and the IE over-
the wall mass, a Springlike term due to the elastiCity of th%ressur%p is On|y a few hundred pasca{'se_, a few cen-

walls, and a resistive term due to viscous and other lossegmeters of water pressureThe elastic force is therefore
within the material of the wall. The radiation load on the 0n|y about 102 times the inertial force, and so the te!lm

outside of the walls is small enough to be neglected. Thisn Eq. (7) can be neglected.

~10 °Ap

: (13

a—ag

leads to an expression for the wall impedance of the form Evaluation of the resistive teri in (7) is difficult with-

mo out experimental measurements. Most biological materials
Zw~R+j—+jX, (7)  are rather lossy because of the liquid-filled cells of which

S they are composed, so that the quality factorQovalue, of

wherem is the total mass of the walls, the |IE resonance, given by

~4qab 8 27f*m
S - ® o-2Tm "
is the total wall areaRR takes account of losses in the walls,

and the final termX takes account of the elastic resilience of where f* is the resonance frequency, is likely to be only

the walls, the form and magnitude of which will be discussedapout 10 and perhaps even less. This implies Bt prob-
below. (Actually jX turns out to be negligible compared with aply about one-tenth of the magnitude of the inertial term at
the second term in the equatipThe total impedance pre- 600 Hz. Since the magnitude of the IE-wall damping is un-
sented by the IE to the trachea is then known, the choice of)=10 is speculative. A check of the
ZwZy calculated .res'u.lts for lower vqlues Qfshovys, however, that
S 7 (9)  the only significant change is a reduction in the radiated
weev power. There is little change in the range of required glottal
Exact calculation of the contribution of elasticity to the constriction, since this serves mainly to tune the tracheal
total wall impedance is complicated by the fact that theresonance.
esophagus has expanded primarily in the radial direcion
while the length ® has only increased a little. The skin C. Effective mass of the IE wall
tension is thus not isotropic but probably concentrated in the™
plane normal to the length of the esophagus, though the The other major parameter required for the model is an
structure of the esophagus wall may influence this. If theestimate of the mass of the IE walls. In the absence of
uninflated esophageal tube is taken to have radigsend  measurements, the following argument provides an approxi-
lengthby, and the inflated sac to be approximately a prolatemate value.
spheroid with short radiua and long radiud~b,, then the From the x-ray photographs of the neck of a dove with
surface area has expanded from aboutagh, to about inflated esophagudRiedeet al, 2004, it appears the diam-
Bab, where the factorB lies somewhere in the rangen2 eter of the neck of the bird is about 15 mm, so that its
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cross-sectional area is about 2<nApproximately half of Even in the case of a IE expanding uniformly in all
this cross-section is occupied by the spine, the trachea, arflirections, the resonance frequency varies onlyb4$ or
the interior of the esophagus tube, so that the area of tissié"°. The initial IE volume is about 30 chrand this could be
available to cover the surface of the expanded esophagus @panded to about 40 énduring the coo, an increase of
about 1 cr, or equivalently abaul g oftissue per centime- about 30%. This would lead to an increase of only about 5%
ter length of neck. Since the neck is about 5 cm in lengthin the resonance frequency, and this, it should be stressed, is
this provides an upper limit of abbs g for the mass of the an upper limit to the real situation. A realistic interpolation is
membrane surrounding the IE. To adopt this value would{o assume that the longitudinal axis bends slightly, since it is
however, be a gross overestimate, since some of the tissuedgnstrained on one side by the bird’s neck, and to take
muscles, sinews and blood vessels. A more conservative es- 2
timate of 1 b 2 g does, however, seem reasonable. b=b, —
The simplified treatment leading t67), however, is bo
based upon the assumption that all parts of the IE walls viwhereb, is the uninflated sac length and the numerical co-
brate equally, so that the expression for the acoustic impeckfficient e<0.6 gives an indication of the extent to which sac
ance involves the simple factar/S,, whereS,, is the total expansion occurs in the lengthwigedirection for a given
area of the |IE walls. Because, however, the IE is about théateral expansion in the-direction. A choice ofe=0.1
shape of a prolate spheroid with diameter ratio about 5:3, iseems a reasonable estimate from the appearance of x-ray
is most likely that the walls near the equator are thinner andmages of the singing bird, and will be used in a later evalu-
vibrate with greater amplitude than those near the upper angtion. The frequency shift in this case will be intermediate
lower ends of the IE. Suppose, as an extreme case, that Metween the “no-shift” result ifo is constant and the small
bration was confined to an equatorial band of massand  shift that would be the result of uniform expansion.
areaS'=S,/2. To achieve the same acoustic impedance, The effect of complete deflation of the IE so thats
since the vibrating area is halved, the vibrating mass must beeduced to about 1.5 mm is, however, quite a different mat-
reduced to one-quarter of the total original value, or to halfter. As will be seen in a later calculation, such deflation in-
of the mass originally spread over that area. Thus a total waltreases the effective impedance of the IE by several orders of
mass of 2 g, for example, would have the same acoustimagnitude and effectively prevents significant sound radia-
effect & 4 g distributed evenly over a symmetrically vibrat- tion.
ing sphere of the same surface area. In the calculations to
follow, the mass will therefore be regarded as a parameter
th.at.can be adjusted to some d.egre'e put that must be kept bERFORMANCE CALCULATION
within these reasonable anatomical limits.
These estimates have been confirmed by examination of Because the syrinx is fed from the relatively high over-
a dove body that had been kept in a sealed bag in a refrigaressure in the bird’s lungs, it injects an oscillating volume
erator for about 12 months. Dissection of the neck and disflow into the trachea, the magnitude of which depends very
carding of those tissues that are clearly not part of the inflatlittle upon the acoustic impedance presented by the trachea
able esophagus left a residual mass of 1.14 g along a neeind associated structures. At the other end of the system, the
length of between 4 and 5 cm. This is probably an underesacoustic poweP radiated in the “coo” sound is
timate of the real mass, however, partly because of slight P— CU2y2 17
drying of the tissues during storage, and partly because of T = YsY
loss of a few feathers during dissection. The value of 2 gvhereC is a constant. This power is thus proportional to the
adopted in the calculation is therefore supportable. square of the amplitude of the acoustic current passing
through the extreme right branch of the analog circuit in Fig.
2(b), multiplied by the square of the frequency. This simpli-
fication is appropriate since the IE diameter is small com-
pared with the wavelength of sound at the frequencies con-
During the “coo” vocalization the dove exhales air into sidered, so that it can be treated as a “simple source”
the esophageal sac, further inflating it. It is important to(Morse, 1948; Fletcher, 1992, Chap. 7
know the effect of this inflation on the resonance frequency  From a standard analysis of the analog circuit in Fig.
of the IE. The “coo” of a single vocalization lasts for about 2(b), and writing each impedancg asR;+jX;, it can be
1.5 s and, during that time, the dove exhales about 10afm readily shown that the acoustic currdng through the im-
air into the |IE. The resonance frequency of the IE is givempedanceZg representing the IE walls when a currdatis

1+e€ , (16)

D. Effect of esophageal inflation

approximately by injected at the syrinx is given by
2\ 1/2 2 2
x| YPoS o | (X2Xy) "+ (RpXy)?| )
w vm | (15) Ui= AT B2 , (18)
SinceV=a®b and Sxab, this indicates thaw* «b'2 But  where
the lengthb of the IE is nearly constant and only the radius A= Re(Rort Re) — ( Xk X (Xont X) — XoX
a increases with inflation, so that the resonance frequency s(Re2t Re) = (Xt Xv) (Xoot Xo) =X Xs, (19

w* is nearly independent of further inflation. B=Rg(Xpt+ Xg) + (Xg+ Xy) (Rort+ Rg) + XyRs.
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FIG. 3. Calculated relative acoustic power output at 600 Hz as a function of IG. 5. Calculated relative acoustic power at 600 Hz as a function of the IE
the diameter of the glottal constriction, assuming the parameter valuekteral diameter 8, assuming that the expansion paramete0.1 and that
shown in Table I. The broken curve shows the result of reducing the effecother parameters are as in Table I. The broken curve shows the calculated

tive mass of the |E walls to 1 g, thus increasing the |IE resonance frequencyesult if e=0, so that the longitudinal dimensiorb2of the IE remains
constant during the expansion, while the dotted curve shows the regult if

=0.3.
Since the most readily adjustable parameter from the

viewpoint of the bird is the diameter of the glottal constric-
tion, the full curve in Fig. 3 shows an analysis of the effectinvoked, and there is no evidence that the dove can do this.
that this has on output power, assuming a “coo” frequency ~ Figure 4 also has another implication. The syrinx is a
of 600 Hz, and with all the other parameters having the valnonlinear flow regulator and produces not only a flow at its
ues given in Table I. It is clear that the power output dependfundamental oscillation frequency, but also harmonic compo-
critically upon this vocal adjustment. The full curve in Fig. 4 Nents at frequencies that are precise integer multiples of that
shows the relative power output as a function of frequencyfréguency. The flow amplitudes associated with these har-
assuming that the glottal constriction has been optimized ifinonics are less than that of the fundamental, but still not
this way. It seems clear that the dove must learn to constridt€gligible. A pressure sensing microphone placed in the tra-
the glottis in just this manner in order to be able to producech€a will therefore detect these harmonics, as has been es-
a “coo” sound with reasonable power. It is possible that thetablished by Riedet al. (2004. The calculation leading to
dove can also make some adjustment to the length of thEig- 4 shows, however, that the efficiency with which these
trachea, as is done by some other birds, and alter the trachdrmonics influence the motion of the skin of the IE is van-
resonance frequency in this way, but the required extensiol$Ningly small, so that they do not show up in the radiated
is by about a factor of 2, unless glottal constriction is alsoSound. The IE effectively acts as an acoustic band-pass filter
tuned to the song frequency near 600 Hz.

Since the full curves in Figs. 3 and 4 were calculated on
the basis of a IE resonance that is close to the coo frequency
of 600 Hz, it is interesting to see what happens if the IE
resonance is adjusted away from this frequency. The broken
curves in Figs. 3 and 4 are calculated with the vibrating mass
of the IE wall reduced by a factor of 2 to 1 g, so that its
resonance frequency is raised by a factor §f21.4. The
output power at 600 Hz is greatly reduced even with an
optimized glottal constriction, as shown in Fig. 3, though
there is a minor peak at about 900 Hz in Fig. 4. The coo
frequency could, of course, be adjusted to 900 Hz and a
related adjustment made to the glottal constriction to take
advantage of this resonance, but it would then be the call of
, a different bird.

/ 1,500 2,000 Figure 5 examines the effect of IE inflation upon radi-
Frequency (Hz) ated sound. The full curve is calculated on the assumption
FIG. 4. Calculated relative power output as a function of coo frequencythat the longitudinal inflation coefficient of (16) has the
assuming the glottal constriction to be adjusted to the value given in Table value 0.1, which appears to be a reasonable approximation to
S0 as to optimize power output at 600 HZhe double peak is due partly to  the real situation. There is a broad peak in the output near the

slight misalignment of resonance frequencies and partly to the series—parallgctual IE diameter value &=35 mm. More importantly

resonance arrangement shown in Fig.The broken curve shows the effect .
on power output of reducing the effective mass of the IE walls to 1 g, thushOWeVver, the curve shows that the output declines almost to

increasing the IE resonance frequency to about 900 Hz. zero when the IE is deflated, agreeing with experimental ob-
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servations. Since the exact valueedhfluences the position A problem arises, however, in deciding what to keep
of the peak and thus the optimal level of IE inflation, it is constant in such a comparison. The actual acoustic power
useful to examine also the limiting case: 0, corresponding produced in any biological, or indeed musical, system is usu-
to a fixed longitudinal dimensioni®2 This is shown as a ally only a small fraction of the input power, which is in this
broken curve in the figure. The output now increases steadilgase the product of the lung presstabout 1.5 kPrand the
with IE inflation, but is still reduced to near zero for a de- mean volume flowabout 10 cris™ 1), giving about 15 mW.
flated IE. Finally, the dotted curve in the figure shows theThe radiated acoustic power, on the other hand, is typically
result if we assume a value= 0.3, which is probably rather less than 1 mW or about 80 dB at a distance of 1 m. It is
larger than is appropriate in reality. therefore reasonable to assume that, in terms of vocal effort,
it is the total input power that should be kept constant in any
comparison, rather than the acoustic input power, and this
In the dove, the trachea is a ringed tube with rather thiramounts to keeping the volume flow amplitudg through
walls between the rings, which raises a question about wayhe syrinx constant.
in which this structure might contribute directly to the radi- The analysis developed earlier in Sec. Ill can now be
ated sound, since the acoustic pressure within it is quite highused to compare the acoustic outputs from the IE and from a
There are two ways in which this might happen, first bysimple vented glottis. The first case has already been calcu-
direct radiation through the surrounding tissue, and seconthted and displayed in the figures. To simulate radiation from
by mechanical transmission of vibrations to excite the esophthe glottis in the absence of the IE, it is adequate to simply
ageal sac. set the effective sac mass equal to zero in the calculation.
Quantitative consideration shows, however, that thes&he result, when output power is plotted against frequency,
two contributions are probably negligibly small. In regard tois a peak similar to that in Fig. 4, but reduced in amplitude
direct radiation, the radiated sound power for a given wallpy a factor of about 12, corresponding to a decrease in radi-
motion is proportional to the square of the area of the vibratated sound level of about 11 dB, and with a smaller peak at
ing wall, and the sac wall area is an order of magnitudearound 2300 Hz representing the mistuned second resonance
larger than that of the tracheal walls. The tracheal wall vi-of the trachea and glottal constriction.
brational amplitude is also unlikely to be much larger than A similar calculation is now, in principle, required for
that of the sac walls because of the restricting effect of theadiation from the beak. The beak is acoustically complex,
cartilage rings along its length and the mass of the surrounchowever, even at low frequencies where beak resonances are
ing tissue. not involved. The acoustic behavior of a beak model has,
Transmission of vibration directly from the tracheal however, been investigated in detail by Fletcher and Tarnop-
walls to the inflated sac could certainly occur but, because ofisky (1999, and their results show that, to a reasonable
the nature of the quarter-wave tracheal resonance, it wouldpproximation, a partly opened beak imparts an acoustic
actually be 180° out of phase with the excitation producedhower gain of about 6 dB, or a factor of 4, compared with the
by air flow through the glottis into the sac, and would thuspower that would be radiated from the open glottis, assuming
reduce rather than increase the radiated sound. Once agaihat the acoustic input power is the same in each case. If the
however, the actual magnitude of this effect is likely to betotal input power, rather than the acoustic power, is kept
negligible compared with the major mechanism discussedonstant, then the beak gain will be rather less than this, say
above, as can be established by examining resonance condi-or 5 dB.

A. Tracheal vibration

tions in a slightly expansible tube. From this analysis it is thus reasonable to conclude that
the inflated-esophagus strategy gains the dove a significant
B. Comparison with open-beak calls advantage of about 6 dB in terms of radiated power at the

It is interesting to examine the acoustic reasons unde'f_undamental coo freguency, _compared \.N'th a normal call
through the beak. This numerical value will depend upon the

lying the strategy of esophageal inflation in doves, as con . . .
trasted with simple vocalization through an open beak. Cer\-/alue of the quality factoQ of the IE resonance, increasing
ith increasingQ. The beak-radiated call will, however, also

tainly the pure-tone nature of the dove coo provides cleal’ tai ¢ hiaher h ic f es that i
species identification, but much of the reason for vocalizaﬁ:n a:jn sotm;z pt(kjlwelzzaThlg IeEr armonic requetr;]ues bab;s
tion lies with the communication range achievable. How!!'€r€d out by ine Ik. The €00 possesses the probable

does the acoustic output from an inflated esophagus Compaggvantage of being very different in acoustic spectrum from

with that which the bird could achieve in an open-beak call? typicall be_ak-radiated call, which may aid in conspecific
communication.

The simplest way to examine this is to compare the
acoustic power in each type of call with that which could be
produced from the trachea and glottis tuned to the same frd¥. CONCLUSIONS
guency and simply vented to the environment. In all cases,
glottis, beak or esophageal sac, the maximum dimensions ?(fam
the radiating structure are small compared with the acoustiFo WS
wavelength at the coo frequency of 600 Hz. An analysis
treating the radiation as that from a “simple sour¢®forse, (i) The vocal tract as a whole is tuned to the fundamental
1948; Fletcher, 1992, Chap) Therefore suffices, and the frequency of the dove coo. This involves both passive
expression if17) is an appropriate relative output measure. anatomical tuning of the inflated esophageal sac and

This detailed analysis of the acoustics of the vocal sys-
of the dove leads to several related conclusions, as fol-
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also active tuning by the bird of the glottal constric- In passing, it could be noted that there is a surprising
tion coupling the trachea to the esophagus. resemblance between the dove, with its inflated esophagus
(i)  To produce maximum acoustic output, the resonancend pure-tone coo, and the bladder cic&astosoma Saun-
frequency of the IE must be approximately matcheddersii (Westwood, whose abdomen consists simply of a
to the song frequency. This matching depends upomarge hollow ellipsoid, the resonance of which selectively
the total vibrating mass of the IE walls and the degreereinforces the fundamental of the 800-Hz sound generated by
to which the IE is inflated. The resonance frequencyrepeatedly buckling tymbal@-letcher and Hill, 1978
is, however, not critically dependent upon IE volume,
so that the inflation caused during a single coo does
not greatly affect this matching. ACKNOWLEDGMENTS
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