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Summary

Kinematic analyses have demonstrated that the extent
to which a songbird’s beak is open when singing
correlates with the acoustic frequencies of the sounds
produced, suggesting that beak movements function to
modulate the acoustic properties of the vocal tract during
song production. If motions of the beak are necessary for
normal song production, then disrupting the ability of a
bird to perform these movements should alter the
acoustic properties of its song. We tested this prediction
by comparing songs produced normally by white-
throated sparrows and swamp sparrows with songs

dependent amplitude changes in the songs of both
white-throated sparrows and swamp sparrows. Canaries
with mass added to their beak sang with their beak open
more widely than normal and produced notes with

greater harmonic content than those without weights.

Both manipulations resulted in acoustic changes
consistent with a model in which beak motions affect
vocal tract resonances, thus supporting the hypothesis
that dynamic vocal tract motions and post-production

modulation of sound are necessary features of normal
song production.

produced when the beak was temporarily immobilized.
We also observed how temporarily loading the beak of

canaries with extra mass affected vocal tract movements Key words: birdsong, beak, vocal tract, sound, communication,

and song production. Disruption of vocal tract white-throated sparrowZonotrichia albicollis swamp sparrow,
movements resulted in the predicted frequency- Melospiza georgianacanarySerinus canaria
Introduction

Many aspects of song production in songbirds are thouglis model was generally accepted as the mechanism of song
to parallel human speech, including a dependence on learnipgoduction in songbirds.
(Marler, 1970), gradual motor development (Marler and Peters, By analyzing the acoustic structure of the songs of several
1982) and lateralized neural specializations for production arngpecies of birds in a helium-enriched atmosphere, Nowicki
perception (Nottebohm, 1971; Vicario, 1993; Wild, 1993a).(1987) later demonstrated that the vocal tract does indeed play
Mechanisms of post-production modulation by the vocal traca role in birdsong production and, in this way, its function is
during song production have, however, traditionally beersimilar to that of the vocal tract in human speech. The effects
considered to differ from human speech, in which the vocabf helium on song suggested that the vocal tract plays a role in
source is coordinated with a vocal tract resonance filtesong production by influencing the relative amplitudes of
(Flanagan, 1972; Lieberman and Blumstein, 1988). In humaneyertones produced at the syringeal source. Nowicki (1987)
sounds produced by the laryngeal folds are selectively filterduypothesized that birds must actively modify vocal tract
by the vocal tract during speech production. In songbirdgesonances during song production to track the fundamental
sound is produced by the vibration of membranes in the syrinkequency produced by the syrinx (see also Nowicki and
(Greenewalt, 1968; Suthers et al., 1994; Goller and LarseMarler, 1988; Fletcher and Tarnopolsky, 1999). Such tracking
1997a; Larsen and Goller, 1999) or labia (Goller and Larsenyould be necessary to maintain the pure-tonal quality of songs
1997b; Larsen and Goller, 1999). Unlike human speectacross a range of fundamental frequencies (Nowicki and
Greenewalt (1968) proposed that the acoustic characteristicsfrler, 1988).
birdsong are based completely on the syringeal source and thatAccording to the hypothesis of Nowicki (1987), dynamic
the vocal tract plays no role in sound modification.changes in song timing and frequency features require
Greenewalt's (1968) proposition was based primarily orcorresponding dynamic changes in the physical configuration
interpretation of acoustic patterns and syringeal anatomy, arad the vocal tract. The resonance properties of the avian vocal
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Fig. 1. Predicted effects of immobilizing the beak during ¢ Normal Beak immobilized
production. In the hypothetical example depicted in A and RF C RF
normal, unmanipulated bird produces two notes, one w
fundamental frequencyy, of 1750Hz (A) and the other wi
fo=3250Hz (B). As the bird switches from one note to the
the resonance frequendyF, of the vocal tract also shifts, tr
‘tracking’ fo. This shift to higher frequencies corresponds t
beak opening wider. With the beak immobilized as in C ar
RF is fixed at some frequency (2200Hz in this hypothe
case). The manipulation has no predicted effect on the n
ability of the bird to modulaté with its syrinx. Becaus&F is
close tofp for the lower-frequency note (C), its amplitude
only slightly affected by the manipulation. The higt
frequency note (D) is strongly attenuated becd@&Becanno
shift to higher frequencies. Frequency-modulated notes st .
those produced by swamp sparrows, will be affected simi
0 ; ; -201 r T T -20+4 T T
with attenuation decreasing fssweeps towards the center 0 2 4 6 0 2 4 6
the fixedRF and increasing afs sweeps away from the cen —fo —
of the fixed RF. These amplitude changes are observe Frequency (kHz)
changes in the bandwidth and peak amplitude frequency of
averaged power spectra. For clarity, this diagram is drawn as though immobilizing the beak completely fixes tract resormheesobal
tract motions may also influence its resonances. Thus, immobilizing the beak is expected only to limit the extent to waniclesesonbe
modified by the bird.
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tract might be modified in at least four ways during soundrequency of the sound being produced. In the northern
production, including (i) changing the length of the tracheaardinal Richmondena cardinalis gape is correlated with
using the tracheolateralis muscles, (ii) changing the extent fondamental frequencies below 3.5kHz, although the
which the trachea is occluded using the glottis, (iii) changingorrelation is lost at higher frequencies (Suthers and Goller,
the effective length of the vocal tract by opening and closind996; Suthers et al., 1996). These results strongly suggest that
the beak, and (iv) moving the tongue (Nowicki and Marlerbeak movements during singing are capable of modulating the
1988; Patterson and Pepperberg, 1994; Fletcher aratoustic properties of the vocal tract, although additional
Tarnoplosky, 1999). In songbirds, the beak is particularly wellexperimental evidence is necessary to demonstrate a direct role
positioned to modify the acoustic resonances of the vocal tradgr beak movements in modulating vocal tract resonances
either by changing the actual length of the vocal tract, as in lipduring normal song production.
rounding in speech (Lieberman and Blumstein, 1988), or by If beak motions influence sound production, then disrupting
changing the impedance at the open end, and thus the effectihe ability of a bird to perform these movements should alter
length, of the vocal tract. The vocal tract may, therefore, act aong production. We tested this hypothesis in two ways. First,
a filter by selectively attenuating (i.e. reducing the amplitudeve temporarily immobilized the beak and compared songs
of) all but a single, dominant frequency to produce the purgaroduced normally with those produced when the beak was
tonal sounds characteristic of many birdsongs (Fig. 1A)immobilized. Second, we temporarily loaded the beaks of birds
Alternatively, vocal tract resonances may directly influencevith extra mass and observed how this loading affects vocal
the vibration characteristics of the syringeal membranes biyact movements and song production. We hypothesized that
suppressing the production of overtones at the source thsrupted beak movements should effectively restrict the
produce pure tonal notes (Nowicki and Marler, 1988) in ability of the bird to modify vocal tract resonances, which
manner similar to that proposed for human soprano singinghould, in turn, result in frequency-dependent changes in the
(Rothenberg, 1987). Both these models predict that a mosmplitudes of sounds produced or in losses in the pure-tonal
closed beak will correspond to lower-frequency vocal tractjuality of song. Our experiments provide direct evidence for a
resonances, while a more open beak should correspond rmle of beak movements in normal birdsong production and,
higher-frequency vocal tract resonances (Nowicki and Marlethereby, further support the contention that source-tract
1988). coordination is an important aspect of the motor control of
Kinematic analyses of singing in four species, the whitesong.
throated sparrow Zpnotrichia albicolli§ (Westneat et al.,
1993), the swamp sparrowlélospiza georgiana(Westneat )
et al., 1993), the song sparroMdlospiza melodjp(Podos et Materials and methods
al., 1995) and the Bengalese finchorfchura domestiga Beak immobilization experiment
(Moriyama and Okanoya, 1996), demonstrated that the degreeWe recorded songs from three white-throated sparrows
of beak opening during singing is positively correlated with thg€Zonotrichia albicolliy and three swamp sparrows
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Beak weighting experiment

The goal of this experiment was to reduce the precision with
which birds could perform beak movements by temporarily
affixing small weights to their lower beak. The songs of three
adult male canariessérinus canaripwere recorded with and
without their beaks weighted. Small wedges of Plasticine were
temporarily attached to the lower beaks, using cyanoacrylate
glue, and fishing weights were clipped onto these wedges.
Weights were attached for no more than 4h per day. Over
the course of several weeks, the birds habituated to the
experimental procedure and sang with weights of up to
1.5-2.5g (wedge + fishing weight) added to their lower beak.
F|g 2. Diagram of the immobilized beak. A small paper dowel iswe hypotheSized that added mass would alter the ablllty of the
attached between the upper and lower bills. The dowel is held ihirds to move their vocal tracts with precision, resulting in a
place by two dental rubber bands, both anchored by the ends of ttiming mismatch between the vocal source and vocal tract
dowel on either side of the beak. A drop of cyanoacrylate glugesonances. Unlike the beak-immobilization experiment, we
prevents the rubber bands from sliding towards the narrow tips of theguld not predict in advance how the added mass might affect
bills. beak movements — presumably both the timing and magnitude

of beak motions could be affected — although we expected to

observe changes in the relative amplitudes of different
(Melospiza georgianabefore, during and after their beaks frequencies and/or changes in the tonal quality of notes.
had been immobilized (8-20 songs per condition). To Tg characterize the effects of beak weighting on beak
immobilize a bird’s beak, a small paper dowel was inserteﬂwovements, birds were videotaped as they sang, both with
between the upper and lower bills. The dowel was held iBnq without weights, using a Panasonic SVHS AG-450
place by two dental rubber bands, both anchored by the endgmera (60 Hz sampling rate, 0.01 s shutter speed) positioned
of the dowel on either side of the beak (Fig. 2). One band_ m from the bird. Videotaped segments of selected singing
extended over the upper bill and the other beneath the lowg{ents (a subsample of the songs used for acoustic analyses,
bill; a d_r(_)p of cyanoacrylate glue_ prevented_ the rubbt_er bandg.e below) were displayed on an Amiga 2000 computer as
from sliding towards the narrow tips of the bills. The diametefgivigual video fields, and data points were selected with an
of the QOweI and its position along the length of th_e beakn-screen cursor. These data points were stored,yas
determined the beak gape (2.59+0.42niwr3, for white-  coprdinates using VidiTrack System software (Crenshaw,
throated sparrows and 2.99+0.30mMz=3, for swamp 1992) (for complete descriptions of this technique, see
sparrows; means £p.). With the dowel in place, the bird’s \yestneat et al., 1993; Podos et al., 1995). Three points were
beak was fixed in a partially open position. The dowel wagptained for each video field: (i) the tip of the upper bill, (ii)
left in place for up to 4h, after which time the glue holdingthe tip of the lower bill and (iii) a stationary reference point.
the rubber bands in place was loosened with a drop of acetopgch point was selected three times and averaged to minimize
and the beak was freed. After 2—4 days of experience WitBror associated with the process of point selection. Beak
the procedure, birds behaved normally and sang with thgane was calculated as the distance between the upper and
dowel in place. Motions of the head and neck were unaffectgdyer pill tips, and was plotted as a function of time (in
by the manipulation. Fixed gape distances were relativelyg 67 ms intervals), thus providing gape profiles for each
small compared with the normal range observed in kinematig, ;nd analyzed. Inspection of gape profiles provided
analyses, corresponding to the production of relatively lownformation about the effects of weights on the timing (e.g.
acoustic frequencies (approximately 3.0kHz for white-cyclical nature) of beak movements and also about the effects

throated sparrows and 3.5kHz for swamp sparrows)f weights on the magnitude of gape achieved during song
(Westneat et al., 1993). The dowel itself may also increasgyoduction.

the acoustic impedance of the open end of the vocal tract. For

both these reasons, following the acoustic resonance models Acoustic recording and analysis

of sound production (Nowicki and Marler, 1988; Gaunt and Recordings were made in semi-anechoic rooms using Shure
Nowicki, 1998), we predicted that lower-frequency songSM-57 or Realistic 33-1070B microphones, a Yamaha MLA7
components should be relatively less affected by thamplifier, a Lexicon PCM-42 digital delay and Marantz PMD
experimental manipulation than should higher-frequency21 or Sony TC-D5M tape recorders. The frequency response
song components (Fig. 1); specifically, we predicted thaof these systems were 40Hz to 14kHz, £3dB. Acoustic
higher-frequency song components would suffer greatemnalyses were performed using SIGNAL digital signal
attenuation or a greater increase in harmonic content becawsmgalysis software (Beeman, 1992), with songs digitized at
the acoustic resonances of the vocal tract were constrained26x10%points s for the beak-immobilization experiment and
be centered at lower frequencies. 40x103points st for the beak-weighting experiment.
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The songs of white-throated sparrows typically consist of The songs of swamp sparrows are composed of notes
a series of pure-tonal notes sung at different constamrganized in repeated units of syllables. Notes are short
frequencies. The relative amounts of acoustic energy fq20-40ms), and most are rapid, pure-tonal frequency sweeps
different notes are stereotypic and characteristic of the song (Fig. 4). The rapid frequency sweeps characteristic of swamp
an individual (Fig. 3). Relative amplitude differences weresparrow song notes prohibited a comparable analysis of
obtained by measuring the root mean square (RMS) amplitudesnplitude changes between individual notes at different
integrated across entire notes after the peak amplitude in tieenstant frequencies. We compared, instead, the bandwidth
song had been normalized to 1.0V. Normalizing pealaveraged across four syllable repetitions between the control
amplitudes within songs before comparing the relativeand immobilized conditions (Fig. 4). The upper frequency
amplitudes of notes alleviated problems associated with thHgand limit of songs was measured-24 dB relative to the peak
comparison of absolute sound amplitudes. amplitude, as produced before, during and after the beak had
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on a Kay Elemetric Digital Sona-Graph, 0-8kHz [ = = b=t L—d 2 - s e e
analysis range, 300 Hz frequency resolution. 05s

been immobilized. Amplitude spectra were generated as singtesolution (Beeman, 1992). We measured the relative
digital Fourier transforms (DFT), calculated across four entiramplitude (dB) of the fundamental frequency and the second
syllables (3%103points fast Fourier transform, FFT, harmonic of each note, using an on-screen cursor, and
frequency data smoothed at 300 Hz resolution). calculated the difference between them (see Figs 6, 7). The
The canaries in our experiment produced songs that consistemhal quality of each trill type rendition was calculated as the
mainly of trilled repetitions of notes or note groups. Themean tonal quality of individual notes for up to five notes per
repertoire of ‘trill types’ of each bird was identified from trill type rendition. For another three trill types (B, | and L;
baseline songs by visual analysis of spectrograms using a K&jg. 5), we calculated amplitude spectra only for the portion of
DSP Sona-Graph model 5500, 300Hz resolution. Trill typeshe note that was the least frequency-modulated. For a twelfth
were identified on the basis of their time-varying frequency anttill type (C; Fig. 5), which had a rapid rate of note repetition
amplitude properties. Four trill types from each of the thresvithin songs (approximately 25Hz), tonal quality was
birds were chosen for detailed analysis (Fig. 5). Nine to twelveneasured from single amplitude spectra calculated across the
renditions of each trill type from the baseline and test weighteentire duration of each trill rendition (similar to the swamp
conditions (excepting trill type ‘K’, weighted condition, for sparrow analysis).
which N=2) were digitized for analysis of acoustic structure.
We calculated the tonal quality for each trill type rendition
as follows. For eight trill types (A, D, E, F, G, H, J and K; Results
Fig. 5), amplitude spectra of complete notes were calculated Our results demonstrate that disrupting vocal tract
at 3210%points DFT, and smoothed to 100Hz frequencymovements causes a consistent decrease in the relative
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amplitude of higher frequencies in the songs of both the white ~ Table 1.Maximum and minimum gape as a function of
throated sparrow and the swamp sparrow. In addition, noteexperimental condition for ten trill types (labeled as in Fig. 5)
expressed decreased tonal quality both in the canary and

: ) ) Maximum gape (mm) Minimum gape (mm)
higher-frequency notes in the white-throated sparrow.
Trill type  Baseline Weighted Baseline Weighted
Immobilization experiment A 0.99+0.57  3.14+0.47 0.07+0.06  0.91+0.2
Immobilizing the beak of singing white-throated sparrowsB 0.99+0.46  3.58+1.04 0.03£0.03  0.56+0.2
resulted in the attenuation of the relative amplitudes of higheC 0.12+0.04  0.23+0.26 00 00
frequency notes far more than the amplitudes of lowerP 1.80£0.43  4.23+0.86 1.01+0.38  2.87+0.66

0.71+0.42  0.97+0.67 0.01+0.01  0.03+0.03
0.16+0.12  0.55+0.42 0+0 0.02+0.02
0.36£0.29  0.50+0.31 0.01+0.01  0.02+0.02

frequency notes (Fig. 3). This effect was more pronounced E
higher absolute frequencies. As shown in Fig. 3 in birds 1 an
2, the first note (‘N‘l’) yvas produced at a onver amplltude thal 0174012  0.23+0.19 0014001  0.04%0.04
Fhe segpnd note (‘N2’) during normal singing; with the t_)eal~ 0.06+021  0.76+0.78 00 0.040.04
immobilized, the lower-frequency first note became relatively 0.22+0.21  0.39+0.36 0+0 0.02+0.03
higher in amplitude compared with the second note (Fig. 3). |

bird 3, the first note (‘N1’) and third note (‘N3’) were produced values are meanss.p., N=3 (except C, weighteN=2).

at approximately the same amplitude during normal singin¢c For details of experimental conditions, see Materials and methods.
with the beak immobilized, the lower-frequency third note
became relatively higher in amplitude compared with the
first note. In all cases, higher-frequency notes (with the The effect of immobilizing the beaks of swamp sparrows
fundamental frequency farther from the vocal tract resonanc&as, in all cases, a loss of energy in the high-frequency portion
in the immobilized condition) are attenuated more than loweref the averaged spectrum, including a downward shift in the
frequency notes (with fundamental frequency closer to thapper band limit and a lowering of the peak amplitude
fixed vocal tract resonance frequency). Songs returned to ndaequency of the spectrum (Fig. 4). These changes reflect the
normal following removal of the dowel (Fig. 3). decrease in amplitude of the higher-frequency portions of the

12, Trill H baseline treatment
Power spectrum of note 3
10 Note 3 0 Fundamental

{_A_\

Amplitude difference

Second harmonic

¢y (kH2)
S

Fig. 6. Representative spectrograms andg

amplitude spectra of a canary trill type H % : I |
(see Fig.5) sung in both baseline andI 4[ K ‘
weighted conditions. In the baseline gttt A

condition, the acoustic energy of the signal 2
is concentrated primarily in the

Amplitude (dB)
5

fundamental frequency components; in the gL 01s -80 ‘ ‘ ‘ ‘ ‘ ‘
weighted condition, acoustic energy is 0 2 4 6 8 10 12
more evenly distributed among the Frequency (kHz)

fundamental frequency and second

harmonic ~ overtone. ~The amplitude 15 Trill H weight treatment
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frequency-modulated notes. Values returned to normalrecise kinematic variables such as gape acceleration and

immediately after removal of the dowel. velocity. Such variables can be calculated with greater
o _ reliability using video systems with higher sampling rates or
Weighting experiment the Hall-effect sensor that has been successfully used in

Inspection of kinematic gape profiles indicated that theardinals (Suthers, 1997).
temporal aspects of gape movements (e.g. periodicity of beak The addition of weights to the beak of canaries altered the
opening and closing) were not affected by the addition ofonal quality of the song significantly, with the expression of
weights to the lower bill of canaries. However, the addition ofyreater harmonic content than normally observed (Figs 6-8;
beak weights consistently increased both the maximum gapilcoxon signed-ranks test=-2.82, d.f.=11P=0.0047). The
distance and the minimum gape distance for every syllablmean difference between the baseline and weighted conditions
analyzed (Table 1). That is, the addition of weights causedas 12.01+3.2dB (meanste.m., N=2—12). Further, the extent
birds to open their beak to wider gapes than normal ant which tonal quality was altered by the weight manipulation
prevented them from closing their beak as much as they woultepended upon the fundamental frequency of the note
during normal song production. Maximum and minimum gape&nalyzed: lower-frequency notes tended to suffer a greater
achieved during song production, across the 10 trill typeshange in tonal quality (Fig. %1,11=6.632,P=0.028).
analyzed, differed significantly between baseline and weighted
conditions (Wilcoxon signed-rank tests: for maximum gape,
7=1.988, d.f.=9,P=0.0469; for minimum gapeZ=2.675, Discussion
d.f.=9, P=0.0075). The sampling resolution of our video Recent studies of singing behavior in songbirds suggest that
system turned out to be insufficient, relative to canary song trisong production involves the coordination of the syringeal
rates, to allow reliable quantification of additional, morevocal source with movements of the vocal tract (Westneat et

Power spectrum of note 3

12 Trill K baseline treatment 0 Fundamental Amplitude difference
10F
_ 2201 Second harmonic
2 8f =
x 3
3 gl Note 3 @
°
: N
o
T 4r l ' ’ \ N
Fig. 7. Extreme example of the sesw \
effect of how adding weights 01s
; ; ot ) -80 ‘ w ‘ ; ‘ ‘
affects tonal quality of song in 0 2 4 6 8 10 12

the canary. Spectrograms and
amplitude spectra of a trill
type K (see Fig.5) sung in
both baseline and weighted

Frequency (kHz)

Power spectrum of note 3

conditions. In this example, the 15 Trill K weight trestment Amplitude difference
baseline condition has acoustic 0- \
energy concentrated primarily Fundamental Second harmonic

in the fundamental frequency; in
the weighted condition, the .
acoustic energy of the second ¥ 8
harmonic is greater than that of <
. Note 3
the fundamental. The amplitude 2 6l
difference between the 8 e
fundamental frequency and the @

g |
L A |
second harmonic in the baseline" 4 f' ‘F |’ F N
-,
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A X
e Q

Jo)
3
‘

conditon was 37dB. The
amplitude difference between
the fundamental frequency and

the second harmonic in the ot 0ls -80 ‘ : : : : ‘
weighted condition was-8dB. 0 2 4 6 8 10 12
Further details as in Fig. 6. Frequency (kHz)

2., 4 oh 6B e
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al.,, 1993; Podos et al, 1995; Suthers et al., 1996). Wmodified the acoustic properties of vocalizations, supporting
experimentally tested the functional significance of thighe hypothesis that changes in vocal tract acoustic properties,
coordination by disrupting the ability of birds to achievemediated by beak motions, are a necessary feature of normal
normal movements of the vocal tract in two different ways: byirdsong production.

disrupting normal movements and by immobilizing the beak In our immobilization experiment, the changes in amplitude
in white-throated sparrows and swamp sparrows, and bye observed presumably occurred because the acoustic
adding mass to the lower beak in canaries. Both manipulatiofi,equencies of sounds produced at the syrinx fell outside the

50 50 50
0 ) Trill type A 40 Trill type B 0 Trill type C
30 : 30 = i 30 §
20 20 20 ’
10 10 10
0 12 12 0 12 12 0 10 12
-10 -10 -10
-20 : : -20 : : -20
50 : 50 : 50 -
0 T TanI type D 20 Trill type E 20 Trlll type F
30 30 - 30
20 20 20
10 10 10
%‘ 0 12 12 0 12 12 0 12 12
§ -10 -10 -10
:% -20 T T -20 T T -20
E:J % = Trill type G % Trill type H % Trill type
2 40 40 x 40
§ 30 : 30 ) 30 T
20 20 20
10 10 10
0 12 12 0 12 12 0 10 11
-10 -10 -10
-20 . . -20 . . -20
50 50 50
0 Trill type J 20 Trill type K 20 Trill type L
30 30 : 30 !
20 20 20 -
10 10 10
0 11 9 0 12 \—12—‘ 0 12 11
-10 -10 -10
20 5w 20 5w 20 B W
Treatment

Fig. 8. ‘Pure-tonal quality’ calculated as the difference between the fundamental frequency and the second harmonic lioetberizhisen
(B) and the weighted conditiol\{j for 12 trill types in the canary. Means, standard errors and sample sizes are shown. Labels A—L correspond
to trill types in Fig. 5.
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range of experimentally fixed vocal tract resonances (Fig. 1¥lifferent frequencies. Immobilizing the beak decreased the
It appears that birds ordinarily modify vocal tract resonanceeelative amplitude of higher-frequency notes. In the swamp
to maintain alignment between syrinx motor patterns and vocabparrow, we compared the frequency bandwidth of syllables
tract resonances (Nowicki and Marler, 1988; Gaunt angroduced under normal conditions with those produced with
Nowicki, 1998), at least within certain frequency rangegshe beak immobilized. When the beak was immobilized, the
(Suthers et al., 1996). With the beak immobilized, the birdselative amplitude of higher-frequency sounds decreased. In
were no longer able to fully alter vocal tract resonances, arttie canary, we measured the relative amplitude of the
thus the acoustic properties of notes were affected. Wiindamental frequency and the second harmonic within a note.
expected to observe a more pronounced misalignment betweAdding weights disrupted beak movements and led to
vocal tract resonance frequencies and vocal source frequenciaecreased differences in the relative amplitudes of the
for high-frequency notes because the beaks were held infandamental and second harmonic (i.e. increased harmonic
relatively closed position and because the presence of tlentent).
dowel may increase the acoustic impedance of the vocal tract. The experimental effects we observed are consistent with
Indeed, in both the white-throated sparrow and the swamivo different models for how dynamic changes in vocal tract
sparrow, we observed a loss of energy at high frequenciegoustics might influence song production. In the first model,
relative to low frequencies, supporting our prediction. which is similar to the ‘source—filter model of human speech
By adding mass to the lower beak of canaries, we disruptgatoduction (Lieberman and Blumstein, 1988), vocal tract
normal beak movements in a different way. While the birdsesonances are thought to act as an acoustic filter that
were able to open and close their mouth as rapidly as normsglectively attenuates frequencies falling outside the filter's
with mass added to their beak, they sang with their beakzsassband (Nowicki, 1987). In this model, the pure-tonal quality
generally open more widely with weights than without weightgi.e. lacking harmonic overtones) of much birdsong results
(Table 1). The effect of adding weights on minimum andfrom the fact that the vocal tract filter removes most of the
maximum values of beak gape was highly significant. In effecenergy in all but a single dominant frequency. An alternative
birds with weights on their beak experienced a change in theodel of vocal tract function suggests that vocal tract
set point of beak gape and were unable to maintain alignmergsonances may be more directly coupled with the syringeal
between vocal production and vocal tract resonances. Thisembranes, directly influencing their vibration characteristics
mismatch between the vocal source and vocal tract resonanaesl suppressing the production of overtones at the source
resulted in the production of notes with greater harmoni¢Nowicki and Marler, 1988; Gaunt and Nowicki, 1998;
content. Even slight increases in beak gape, caused by thitcher and Tarnopolsky, 1999). This second model is similar
addition of weights, were sufficient to change tonal qualitto a mechanism proposed to account for the efficient
(compare Table 1 with Fig. 8). production of highly pure-tonal sound in human soprano
Both our experimental manipulations effectively altered thesinging, in which overlap between a dominant resonance
relative amplitudes of sounds produced. In the white-throateflequency of the vocal tract and the frequency of the signal
sparrow, we compared the amplitudes of notes produced ptoduced at the laryngeal source is thought to result in a
coupling between source and tract that reinforces the acoustic
power of the fundamental frequency and diminishes the power
in overtones (Rothenberg, 1987). Although these two models
differ in how the acoustic properties of the vocal tract exert
their influence on the quality of sound produced, both models
require that the resonance frequency of the vocal tract
correspond to the fundamental frequency (or perhaps a
dominant overtone) produced by the syringeal source; thus,
both models predict that vocal tract configuration must be
dynamically modified in coordination with changes in the
frequencies produced by the syrinx. In this sense, the vocal
tract can be thought of as tracking frequency changes in the
output of the syringeal source.
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.50 : : : ‘ The changes we observed in vocal output following our
2 3 4 5 6 vocal tract manipulations were all frequency-dependent. In the
Fundamental frequency (kHz) white-throated sparrow, the amplitudes of notes with higher

Fig. 9. Regression between fundamental frequency and experimen{éflndame,ntalI frequencies were attenuateq more than those of
loss of tonal quality in the canary beak-weighting experiment. Ther@0t€S Wwith lower fundamental frequencies. In the swamp
is a frequency-dependent effect: notes with lower fundamentatP@rrow, energy was lost at the high end of the frequency
frequencies experience a greater loss of tonal quality than notes wigstribution, while the peak amplitude shifted to a lower
higher fundamental frequencieg=6.58-37.6, r>=0.4, F=6.632,  frequency. These results can be explained by the fact that the
d.f.=11,P=0.028. beaks were immobilized at a gape distance that normally
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corresponds to lower-frequency notes; lower-frequency notex auditory inputs, both of which interact with neural song
were closer to the vocal tract resonances, while highecontrol centers (Vicario, 1994; Wild, 1995). For example,
frequency notes fell further away from the vocal tractduring development, birds may assess the extent to which their
resonances. Thus, lower-frequency sounds were less affecteahg lacks pure-tonal quality and adjust their vocal tract
than higher-frequency sounds. movements accordingly. The present data demonstrate that the
We also observed a frequency-dependent effect on the bespecies studied here, over the course of our experimental
weight manipulation, although in this case lower-frequencyreatment, do not possess the ability to modify their syringeal
notes suffered greater degradation (Fig. 9). While we did naiutput to compensate for changes in vocal tract function.
predict this outcome in advance, it is explained by ouOtherwise, we might have observed birds modifying their
kinematic results showing that the added weight caused thsgringeal output so as to match the resonance frequencies of
bird’s beak to gape more widely overall (Table 1). Thus, theheir reconfigured vocal tracts. This lack of compensation is
physical effect of the beak weight manipulation was essentiallgonsistent with other observations indicating that the motor
the opposite of the beak immobilization manipulation, in whichaspects of song production, including the coordination of
gapes were fixed in a relatively more closed position (althougbource and filter components, become much less plastic after
the dynamics of the beak weight manipulation are clearly morie motor development of song (Marler, 1976).
complex given that the beak can still move). In normal song We do not suggest that the beak is the only functional
production, a more closed beak gape corresponds to a loweleterminant of vocal tract properties; postural changes in other
frequency sound (Westneat et al., 1993; Podos et al., 1995pcal tract structures seem likely to play some role in
Because the effect of adding weight to the beak was to prevemtodifying tract resonances (see also Westneat et al., 1993;
the birds from closing their beak as much as they normally dBodos et al., 1995; Fletcher and Tarnopolsky, 1999). Nor is it
when singing, it is not surprising that we observed a strongerecessarily the case that all kinds of sounds produced by
effect on lower-frequency notes. These findings are alssongbirds require the same degree of source—tract
consistent with recent theoretical and experimental modelingoordination. Suthers et al. (1996), for example, found that the
work by Fletcher and Tarnopolsky (1999), who predict a noneorrelation between beak motions and song frequency was lost
linear effect of beak gape changes on vocal tract resonances higher frequencies in cardinal song. Nonetheless, our results
with gape changes at small gapes leading to disproportionatefemonstrate that vocal tract movements, and those of the beak
larger changes in vocal tract resonances. in particular, play a necessary role in many aspects of song
production. This functional link suggests the need to
Coordination of vocal tract movements with the vocal sourceynderstand better the motor mechanisms responsible for
We demonstrate here that beak movements are an importaniordinating vocal tract activity with syringeal and respiration
functional element of vocal tract acoustic properties. Bymechanisms, and confirms another intriguing parallel between
confirming the role of the beak in song production, we havéirdsong and human speech.
also shown that models of song motor control must take into
account the mechanisms by which vocal tract movements arewe thank M. Hughes, J. H. Long Jr, D. Margoliash, P.
coordinated with those of the syrinx and the respiratory systemvarler, S. Patek, M. Westneat and an anonymous reviewer for
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