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Body weight, length, and vocal tract length were measured for 23 rhesus madidaesca
mulatta of various sizes using radiographs and computer graphic techniques. Linear predictive
coding analysis of tape-recorded threat vocalizations was used to determine vocal tract resonance
frequencieg“formants”) for the same animals. A new acoustic variable is proposed, “formant
dispersion,” which should theoretically depend upon vocal tract length. Formant dispersion is the
averaged difference between successive formant frequencies, and was found to be closely tied to
both vocal tract length and body size. Despite the common claim that voice fundamental frequency
(Fo)provides an acoustic indication of body size, repeated investigations have failed to support such
a relationship in many vertebrate species including humans. Formant dispersion, unlike voice pitch,
is proposed to be a reliable predictor of body size in macaques, and probably many other species.
© 1997 Acoustical Society of Amerid&0001-496807)01808-7

PACS numbers: 43.80.Ka, 43.80.Jz, 43.70.Aj, 43.64HR1]

INTRODUCTION ian speciegAsquith and Altig, 1990; Sullivan, 1984This
lack of correlation in adult humans is particularly surprising

The acoustic characteristics of animal vocalizations have’

been postulated to provide information about many impor—g'ven the widespread assumption that a “deep” or low-

tant attributes of the vocalizer, including its size, age, sexP'tChed voice indicates !arge body size. .
The lack of correlation betweef, and size seems less

and reproductive status and emotional state. A particularly o hen th ¢ fth | folds i idered
important set of parameters may relate to the size of thgtrPrising when the anatomy ot the vocal 101ds 1S considered.

vocalizer. Body size is an extremely important variable inThe folds are housed within the flexible cartilaginous larynx,
animal physiology, mortality, and ecologiPeters, 1983; which itself floats at the top of a trachea and is unconstrained

Schmidt-Nielsen, 1984: Harvey, 1990: Alexander, 1996 N Siz€ by neighboring bony structurgthe hyoid bone,
and in many types of animal social behavior, including mosthough ossified, grows as a unit with the larynx, Stho
prominently aggressive interactiofBarker, 1974; Clutton- (1973 and Schneideet al. (1967]. Thus the larynx and
Brock and Albon, 197Pand mating behavigiClutton-Brock vocal fold_s can grow mde_pendently of the rest of the head or
et al, 1977. The size of various components of the soundP0dy, as indeed occurs in human males at pubgggus,
production apparatu.g., the lungs, vocal folds, and vocal 1949; Goldstein, 1980 At puberty, androgen receptors in
trach has an important effect on the acoustic outffeant, the laryngeal cartilages respond to increased circulating tes-
1960; Lieberman, 1994 Because the size of these produc-tosterone with a profound growth spuffuohimaaet al,
tion components may in many cases be related to the overal981; Beckfordet al, 1985. The result is a typicaF, for
weight or length of the animal, there is good reason to expectdult males which is about half that of adult females, despite
that some aspects of the acoustic signal may provide cues & average difference in body weights of only 20%llien,
the size of the vocalizer. 1960. Hypertrophy of the male larynx, out of all propor-
The most frequently cited acoustic parameter whichtion to body size, is carried to an absurd extreme in animals
could provide a cue to body size is mean and/or lowest funsuch as the howler monkejAllouatta seniculus Schao
damental frequencgDarwin, 1872. In particular, the lowest (1971], in which the larynx and hyoid together are the size
producible fundamental frequency of phonatidf,f;) is Of the entire skull, or the hammerhead Batypsignathus
determined by the length and mass of the vocal folds: thénonstrosus Kingdon (1974 and Schneideet al. (1967],
larger the folds, the lower iEqm,. If the size of the vocal where the larynx of the male occupies virtually the entire
folds were related to the vocalizer's body sifg,,would  thoracic cavity.
provide a good cue to body siz&lorton, 1977; Hauser, When such developmental flexibility is present there
1993. This indeed appears to be the case in some specieis, clearly noa priori reason to expect vocal fold siZand
including some toads and frogMartin, 1972; Davies and thusF,) to be well-correlated with body sizg-itch, 1994,
Halliday, 1978; Ryan, 1988 However, such a relationship Fitch and Hauser, 1995 Despite the common claim that
between body size and vocal fold size does not seem to beoice pitch provides an accurate cue to body $&g., Mor-
typical in other vertebrates. For instance, there is no correlaon, 1977, these data suggest that the larynx is ill-
tion betweenF, and body size in adult humarnid.ass and  suited to provide dependable cues to body size.
Brown, 1978; Kunzel, 1989; Cohemt al, 1980; van Dom- A different potential acoustic cue to body size derives
mellen, 1993, red deefMcComb, 199}, and other amphib- from the fact that, in most vertebrates, the sound signal cre-
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ated in the larynx passes through the supralaryngeal vocaell-correlated with changes in mandible position. A similar
tract (hereafter, simply “vocal tract) before being radiated result was documented in céEelis domesticusvocaliza-
into the environment. The column of air in the vocal tract hastions by Shipleyet al. (199]). Finally, Hauser and Sche
certain natural modes of vibration or formants, which affectYbarra(1994 experimentally eliminated vocal tract elonga-
the resultant output signdFant, 1960 (the terminology of tion via lip movementsusing injections of the nerve-blocker
speech scientists is adopted here, using “formants” as opxylocaine into the peri-oral region of rhesus macagues
posed to the more general term “resonances,” despite th&hey found that resonance frequencies were significantly
fact that the sounds produced by nonhumans differ in signifihigher than normal in the “coo” vocalization, which is nor-
cant ways from human speechf the cross-sectional area mally accompanied by rounded lips. No changes were ob-
function of the vocal tract is constant, the primary determi-served inFq or call duration. These experimental data are
nant of formant frequencies is the length of the vocal tracthus consistent with the predictions of source—filter theory
(Fant, 1960; Lieberman and Blumstein, 198® particular, (Fant, 1960, and indicate independence of source and filter
a lengthening of the vocal tract tube will lead to a decrease i these calls.
the average spacing between successive formants, or “for- Overall, a wealth of data suggests that the principles of
mant dispersion.” source—filter theory and acoustic phonetics, originally devel-
Several researchers in speech science have postulate®ped for human speech, are applicable to nonhuman vocal-
relationship between body size and formant frequencie&ations as well. Source and filter appear to be independent in
(Fant, 1960; Nearey, 1978; Lieberman, 1984; Peterson an@iost cases, and movements of the articulators affect the vo-
Barney, 1952, and Peterson and Barney provided evidencecal tract filter in the predicted ways. A variety of vertebrates
suggestive of such a relationship in humdokildren have can use the differences in formant frequency to discriminate
higher formant dispersion than adults, and women greate§ynthesized vowelébaboons: Heinz and Brady, 1988; dogs:
than men. Because the mammalian vocal tract is made up oBaru, 1975; cats: Dewson, 1964; blackbirds and pigeons:
the pharyngeal, oral, and nasal cavities, which are firmijHeinz etal, 1981, and macaques can perceive formants
bounded by the bones of the skull, and skull size is closelyvith accuracy rivaling that of humanéSommerset al,
tied to overall body size(Morita and Ohtsuki, 1973; 1992. However, the only conclusive evidence that suprala-
Dechow, 1983; Janis, 1990; Valkenburgh, 1990; Alcantardyngeal acoustic cues are utilized in nonhuman communica-
et al, 1991; Sharma, 1990; and see data belawcal tract  tion comes from Owren’s work with vervet monkegSer-
length should be much less free to vary independently ofopithecus aethiopsOwren and Bernackil988 used linear
body size than larynx size. Thus we can expect vocal trad®redictive coding(LPC) analysis of vervet “snake” and
length and the attendant acoustic cue of formant dispersiorfagle” alarm calls to isolate characteristics of source wave-
to provide a correspondingly more robust cue to body size.form, presumed vocal tract filtering functions, and temporal
Systematic investigation of the role of the supralaryn-Patterning which distinguished these calls. Owr&@890h

geal vocal tract in nonhuman vocalization was inauguratednen used an operant paradigm to test classification of syn-
with the work of Liebermar(Lieberman, 1968; Lieberman thetic calls in which each of these characteristics was modi-

et al, 1969; Lieberman, 1975; Lieberman, 1984ho was fied independently. The results indicated that spectral char-
interested primarily in the differences between the humarcteristics played the dominant perceptual role in

and nonhuman vocal tract. Lieberman showed that producdistinguishing the two call types, suggesting that supralaryn-
tion of the full range of vowels, in particular the /i/ and /u/ geal articulation conveys distinctive information in these
vowels which are ubiquitous in human language, is impos€a/lS: _

sible without the “two-tube” vocal tract of modern human The literature reviewed above suggests that vocal tract
beings. However, Liebermail968, p. 157 also described Igngt_h and formant frequenci_es may be correlated with body
modifications of monkey calls via changes in vocal tractSiZ€ in many vertebrate species, and that nonhumans possess

length, and did not rule out the possibility that such changef® Perceptual machinery to make use of this correlation.
have communicative significance. Further suggestions of 5|owever, despite th? fact.that several. re;earchers have _SUQ'
possible communicative role for vocal tract resonances id€Sted such a relationshifant, 1960; Lieberman, 1984;

nonhumans came from spectrographic analyses of baboofhi&terson and Barney, 19520 study has addressed this is-

(Papio hamadryas geladas(Theropithecus gelada and sue directly in any species. The goal of this study was to
vervets(Cercopithecus aethiopgAndrew, 1976; Richman, measure body weight and body length, the lengths of the oral

1976; Seyfarth and Cheney, 1984, respectively and nasal vocal tracts, and formant frequency dispersion in
More recent work has documented the role of supralapans’ and to quantify the relationsiig between these vari-

ryngeal articulation in modifying acoustic characteristics Ofables, using rhesus macaques as the study species.
nonhuman vocalizations. Bau€t987 built on Marler and

Tenaza's§(1977 technique of frame-by-frame video analysis || METHODS

of vocal production in chimpanzeg®an troglodytep to
show thatF is related to mouth-opening size during chimp
vocalizations. However, whether any causal acoustic mecha- The subjects were 20 healthy rhesus macagMesaca
nism underlies this correlation remains unclear. Haesal.  mulattg, housed at the New England Regional Primate Re-
(1993 used video analysis to analyze rhesus macaque callsearch Center in Southboro, MA. Animals were between 1
showing that changes in the first resonance frequency wermnd 9 years of agémean 4.7 yr, and between 2.6 and 15.6

A. Study animals
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| Skull length

FIG. 1. Schematic of anatomical featufésft) and morphometric featurésght) used in this study: G: glottis, H: hyoid bone with subhyoid air sac, OC: oral
cavity, LO: lip opening, NC: nasal cavity, NO: nostril opening, T: tracheal lumen, TB: tongue body, VTL: vocal tract length.

kg in weight (mean 7.13 kij Both males(N=11) and fe- the 3-cm lead strip, in pixels, which was later used to derive
males(N=9) were studied. Animals were fed primate chow, the actual VTL in cm. The length of the entire skull from the
fresh fruit, andad libitum water, and were maintained at occipital ridge to the front of the incisors was also recorded.
their ad libitum body weight. The accuracy of this technique was very high: ten re-
peated measures of one animal’s x ray yielded standard de-
viations of 5 pixels or les§l mm or less Standard errors

were a fraction of a millimeter for all x-ray measures.
Animals were anesthetized with 5—7 mg/kg of Telazol

(a standard veterinary anesthetic mixture of tiletamine an% ACOUSHC Measures
zolazepany or 10 mg/kg of Ketasetketamine hydrochlo- '
ride), rendering them unconscious for approximately 1/2 h.  Recordings were made with a Sony WM-D3 Walkman
They were weighed on a Mettler Toledo SM 30-K digital Professional recorder and Sony PC-62 microphone using
electronic balance to an accuracy10 g, and their crown— Maxell XL 1l high-bias cassette tapes. Animals were re-
rump length was measured to centimeter accuracy. Each anderded in their home cages before being captured or anesthe-
mal was laid upon its side on the radiographic table, andized. Lip configuration was carefully observed during re-
midsagittal radiographéhereafter x rayswere made of the cording, because macaques, like humans, can substantially
head and neck regio(l/40-s exposure time, 100 mA, 92— shorten their vocal tract by retracting the lips, or lengthen it
116 kV depending on animal siz€To allow accurate deter- by protruding the lips(Hauser and SchwYbarra, 1994
mination of absolute size from the x-ray films, a 3-cm leadAnimals typically emitted aggressive “pant-threats” and
reference strip was placed within the area of exposure, heltpant-barks” (Hauseret al, 1993 when faced or stared at
above the table by a cardboard support at the animals’ midsy an unfamiliar observer. These vocalizations were made
sagittal height. with an almost completely closed mouth and no lip protru-
X-ray clarity was sufficient to delineate the outlines of sion (the “tense-mouth face” of van Hoof, 19¢,7and thus
both the oral and nasal vocal tracts, as well as the location afhould be closely registered with the anatomical measure of
the glottis (Fig. 1). The location of the glottis was made oral vocal tract length employed in this study. Threat calls
clearer by the presence of a subhyoid air sac in this specieme brief, noisy, coughlike call§ig. 2 and Bercovitclet al.,,
(Geist, 1933, which opens into the larynx via a thin tube 1995, with a very broadband source, making them well-
directly above the level of the ventricular folds, and wassuited for formant frequency measuremeuanlike a high-
clearly visible in the x-ray images. frequency tonal call, where formants are only detectable if a
Vocal tract length(VTL) was determined from tracings harmonic and formant coincide, see Lieberman and Blum-
of the x-ray images using a Wacom ArtZ UD 0608 digitizing stein, 1988; Ryalls and Lieberman, 198Zherefore al-
tablet and NIH Image softwar@ersion 1.52, available free though some other call types were recordethinly coos,
on the Internet from NIK A curvilinear line equidistant all acoustic analyses were performed on these threat vocal-
from the medial and external walls of the oral or nasal vocalzations.
tract was drawn from the middle of the glottis to the opening Recordings were digitized at 16 bits quantization and
of the lips or external nares, respectivélig. 1). This mea- 22-kHz sampling rate using the built-in sound input on an
sure of VTL is acoustically motivated: It follows the path of Apple Power Macintosh 6100/60, using Macromedia
plane-wave propagation of sound from the glottis to the oraSoundEdit 16 software. Formant frequencies were measured
or nasal radiation site, and should on theoretical grounds besing LPC analysi¢éMarkel and Gray, 1976; Wakita, 1976
associated with formant frequency dispersigant, 1960. implemented via autocorrelation in Matlab 4(@sing the
The VTL, in pixels, was recorded along with the length of Matlab Signal Processing ToolbpX_PC analysis has been

B. Anatomical measures
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FIG. 2. Spectrograms of threat vocalizations from three different individuahulattaof increasing size. Note the decreasing formant disperdiom left
to right: 2.6 kg female; 5.3 kg female; 9.2 kg femal2048-point Hamming window FFT, 50% frame overlap, 176 Hz bandwidth

used to analyze similar primate vocalizatiof@wren and the single best calhighest signal-to-noise radiavas chosen

Bernacki, 1988; Rendall, 1996and its applicability has (if there were multiple possibilities, the first one on the tape

been verified by Owrei1990a, b. was chosen A single call was used for each animal because
Vocal tract length variation between monkeys shouldfor many animals only a single good-quality call was avail-

theoretically result in a variable number of formants belowable, and this avoided the statistical complications caused by

the Nyquist frequency, with short vocal tracts producing fewmixing single measurements for some animals with mean

formants and long tracts producing many. Using a simplevalues for others.

quarter-resonator tube modélieberman and Blumstein, Formant dispersion[¥;), which is the average distance

1988, a 5-cm vocal tract would have three formants belowbetween each adjacent pair of formants, was calculated using

our Nyquist frequency of 11 kHz, while a 10-cm vocal tract the following formula:

would have seven. A variable number of poles was used in sN-1p P

the LPC analysig3-9; LPC order8-20. All LPC mea- D=t 1t 1)

surements were visually verified by superimposing the LPC- N—1

derived frequency response over an 512-point fast Fourighere D; is the formant dispersiotin Hz), N is the total

tl’anSfOI‘m(FFT) of the same time Slice, a.”OWing the user to number of formants measured, aﬁd is the frequenc)(in
empirically determine the optimum number of poles for eachHz) of formanti.

call by trial and error.
The 512-sample arrays from locations chosen interac-
tively by the user were input to the LPC functiéno pre- Il RESULTS
emphasis, no weighting windgwAt least five LPC spectra Summary data for each variable measured are given in
were derived by analyzing successive time-slices of eaclfable I, and a summary of all the correlations examined in
call. Due to the noisy and random nature of the glottal sourcehis study is given in Table II. In general, intercorrelations
in pant-threats, all formants were not excited in each timavere very strong between vocal tract leng#TL ), formant
slice; therefore, the successive LPC spectra were averagefispersion, and both measures of body size. All of the vari-
together resulting in a single long-term averaged LPC specables measured were roughly normally distributed, so the use
trum. Typically, formant locations did not change apprecia-of parametric statisticéi.e., regression analygisvas justi-
bly during the course of a call; occasionally there was slighfied.
(=100 H2 variation in a given formant frequency over the Although males tended to be slightly larger than fe-
course of the call(probably due to slight mouth closing or males, there was no significant sex difference in any ana-
opening. tomical or acoustic variable measurddnpairedt tests,
Animals varied greatly in the number of usable vocal-p>0.05. Therefore, unless otherwise noted all of the analy-
izations produced, with some producing only a few and othses reported here combine data from males and females.
ers producing dozens. However, due to noise in the anim
room from cage movements and other animals, most cal
recordings obtained were unanalyzable. Fortunately, formant Extremely tight correlations were found among mea-
frequency measurements are extremely consistent from orsurements of body size, skull length, and vocal tract length.
call token to the nextsee Resuljs Thus for most analyses, Body weight and body length were highly correlated

. Anatomical correlations
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TABLE |. Basic descriptive data for acoustic and anatomical varialftess the standard deviation, S.E. the
standard error of the meaN, the count, and “min” and “max” the minimum and maximum valyes

Mean o S.E. N Min. Max. # Missing
Age (yr) 4.667 2.590 0.610 18 1.000 9.000 2
Weight (kg) 7.128 3.774 0.844 20 2.600 15.580 0
Body length(cm) 47.417 6.576 1.550 18 35.000 60.000 2
Skull length(cm) 12.204 1.558 0.348 20 9.254 15.022 0
Oral VTL (cm) 7.850 1.290 0.289 20 5.514 9.739 0
Nasal VTL (cm) 8.915 1.348 0.301 20 6.739 10.891 0
# Formants 4.800 1.399 0.313 20 3.000 7.000 0
Formant D(kHz) 2.146 0.700 0.157 20 1.250 3.510 0
Log;gwt 0.792 0.243 0.054 20 0.415 1.193 0

(r=0.911,p<0.0001, as were body length and lggbody  seven(mean 4.8, and as predicted by theory was correlated
weight (r=0.953, p<0.000) (Fig. 3. Because body With oral vocal tract lengthr=0.828, p<0.0001)and in-
weight should theoretically be proportional to the cube of aversely correlated with formant dispersion=<{—0.918, p
linear dimension, log, body weight is used hereaftdoga-  <0.0001). Because formant density is an integer value, it is
rithms were not taken for all measurements because the r¢ess sensitive than formant dispersion and is not further used
lationships between body length, skull length, VTL, and for-(see Sec. I\
mant dispersion appear to be lingar _ There were always at least three formants for any given

Skull - length was correlated with body length oo Therefore, acoustic analyses were done in two ways for
(r=0.974, p<0.0001) and IQQJ weight  (r=0.955, each call: including all formants presdfitus making use of
p<0.0003. VTL was correlated with skull lengtforal VTL, all information available for any given callor including
r=0.957, p<0.0001; nasal VTL,r=0.927, p<0.0002, . .

glnly the lowest three formants per cédissuring equality of

as was expected given that the main dimensions of the voc . . . .
tract are delineated by the skffig. 3. As expected due to analysis between animalsThe pattern of results was identi-

the intercorrelations between body size, skull length, andg@! for the two analyses, and therefore only the measure of
VTL, VTL correlated with log, body weight(oral VTL, formant dispersion defined in Eql), which includes all
r=0.947,p<0.0001; nasal VTLr=0.906, p<0.000) and  available formats, is reported.
body length(oral VTL, r=0.950, p<0.0001, Fig. 3; nasal Formant dispersion was correlated significantly and
VTL, r=0.928, p<0.0001). negatively with VTL, as predicted by the source—filter theory
of vocal productionoral VTL, r=—0.915, p<0.0001; na-
sal VTL, r=-0.852, p=0.0001. Given the anatomical
correlations described above, it is thus unsurprising that for-
The number of usable pant-threat calls obtained varie¢hant dispersion correlated with Igg body weight
greatly among anﬁmal(srange 1-10, model, for four ani_— (r=—0.868, p<0.0002 and body length r(=—0.816,
mals. For four animals, seven or more calls were obtained, - 0003, Stepwise multiple regression analysis indicated
allowing an analysis of _Con5|s_tency in formant IOCatlor'Sthat logo body weight accounted for the most variance in
among the calls of a particular individual. The formant Val'formant dis . ; . .. i
persion(partial correlation coefficients: age

ues for these monkeys are shown in Fig. 4, which illustrates

the impressive consistency of formant locations for each in—_o'713’ body length0.821, log, body weight —~0.876,

dividual, and the substantial differences between individuals2Nd that it alone accounted for all significant variance in

Therefore, the rest of the analyses were performed with onljPrmant dispersion.

one call per animal, as explained in the Methods section. The formant dispersioniDeq in Hz) predicted by a
There was variation in the number of formants found forsimple one-tube model of the vocal tragtithout end cor-

different animals. The number of formants below the 11 kHzrection, since no data was available on size of the oral open-

Nyquist frequency“formant density”) varied from three to ing) is

B. Acoustic correlations

TABLE Il. Correlation coefficients between the various acoustic and anatomical variables measured in this
study. All correlations are significant at tipe<0.0001 level.

1 2 3 4 5 6 7
1. Logyowt 1.000 0.942 0.944 0.904 -0.723 —0.886 0.953
2. Skull length 0.942 1.000 0.963 0.939 -0.711  —0.869 0.974
3. Oral VTL 0.944 0.963 1.000 0.972 -0.724 —0.922 0.950
4. Nasal VTL 0.904 0.939 0.972 1.000 —0.625 —0.868 0.928
5. F1 -0.723 -0.711 -0.724 -0.625 1.000 0.699 -0.702
6. Formant D —0.886 —-0.869 —-0.922 —-0.868 0.699 1.000 -0.816
7. Body length 0.953 0.974 0.950 0.928 —0.702  —0.816 1.000
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FIG. 3. Bivariate plots illustrating intercorrelations of the base 10 logarithm of wekgpt oral vocal tract lengtlicm), and formant dispersiotkHz).

c the smaller sample sizdut was still very significant statis-
Dpred= 5 (2)  tically (N=11, r=—0.73, p=0.008). The correlation also
held for juveniles only N=7, r=—0.84, p=0.015). Simi-
wherec is the speed of soun@35 m/g andL is the vocal |51y, the correlation between lggbody weight and formant

tract length in m. This prediction is the same for open orgispersion was strong in the 11 males considered separately
closed tube$where the resonances are related as 2,4,@r.. (r=—0.896, p=0.0002), as in the nine females separately

half-open tubegwhere the relation is 1,3,5)..The formant (r=—0.913, p=0.0008. Thus the relationship between

dispersion observed did not differ significantly from that pre-j,oqy size and acoustic output described here does not result
dicted by Eq.(2) (pairedt tests,t=0.63, p=0.53). Thus  gjmply from differences between adults and juveniles, or be-
although the x-ray data indicate that the monkey vocal tracfyeen males and females. Instead, it appears to result from a

is not a tube of exactly uniform diameter, use of & moregjrect anatomical relationship between body size, vocal tract
complex model of vocal tract anatomy than a simple t(@se length, and formant dispersion.

suggested by Shiplegt al,, 1991 does not seem warranted
by the current data. The good fit between predicted and ac-

tual values also provides further evidence of the usefulness

of low-order LPC for isolating and measuring spectral peaks

of nonhuman vocal tract§Owren and Bernacki, 1988; || DISCUSSION
Owren, 1990a,b Because the excitation signal for the threat

vocalizations analyzed here is coughlike and néEgsum- The results reported here indicate that formant disper-
ably generated by noise at the glokig is plausible to in- sion, which is determined by vocal tract lengt¥TL), is

terpret the low-order LPC spectrum as characterizing the VOglosely correlated with body weight and length in rhesus
cal tract filter function, and thus the spectral peaks in th%acaques. As predicted by source—filter acoustic theory, in
LPC spectrum as formant frequencies. tandem with the tight anatomical correlations reported

These results were consistent across both ages anghove, the spacing between formants provides an accurate
sexes. When only adult animals were included in the analysigeans of predicting a vocalizer's body mass and/or length.
(i.e., animals aged 4 years or olglethe correlation between rormant dispersion in the threat vocalizations of rhesus

logyo body weight and formant dispersion droppgllie 10 acaques thus provides an excellpotential cue to body
size in the population of rhesus macaques studied fiére

10 - Monkey 167-91 _ Monkey 7391 greater than 75% Whether rhesus macaques use this infor-
g Jp—0—g—F—g—0o—0 |B—o o o oo g mation remains unknown, but a growing body of data
6_D“D—DWDDD 4F—t—o—0—F—o0—0 viewed in the Introductionstrongly suggest that nonhuman
4 AT animals attend to formant cues and make use of them in their
z_m AT e species-specific communication systerfBewson, 1964;
0 kiz (BB O— 0000 e e e Lieberman, 1968; Baru, 1975; Andrew, 1976; Richman,
1 2 3 4 5 6 7 1 2 3 4 5 6 7 1976; Heinzet al, 1981; Seyfarth and Cheney, 1984; Heinz
10 - Monkey 241-95 — Monkey 100-95 and Brady, 1988; Owren and Bernacki, 1988; Owren,
Slﬁ_kn/u\n_g\n o = N 1990a,b; Sommerst al, 1992; Hauser and Scheybarra,
6 - 1994; Hauseret al,, 1993; Fitch, 1994; Fitch and Hauser,
4B o800 _D’”‘D‘D/D\D\D_D/D\D 1995; Rendall; 1996; Owreet al, 1997. Rendall (1996
Z_D/D\n——u——ﬂﬂsﬂ N = suggested that one use of formant information in macaque
o-—0n——7—_——0
0 kHz

T T communication is to provide a relatively stable indicator of
T2 3 4 5 6 7 123545678910 individual identity. The data in this paper support this idea

Call Number Call Number .
(because formants were found to be very stable over multiple

FIG. 4. Consistency of formant frequency measurements across differerﬁalls), _and_SUQQeSt that anOther_pOtential US? for formant in-
calls for each of four individual monkeys. formation is to evaluate a vocalizer's body size.
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A. Reliability of formant dispersion mant dispersion recommend it. Thus formant dispersion is
accurate, robust to environmental deterioration, and resistant

Despite the common conception t rovides a cue L
P P g p to errors due to variability in individual formants.

to body size(e.g., Morton, 197y, the preponderance of evi-
dence now suggests thit, does not provide an accurate
indication of size in adult humandass and Brown, 1978;
Kiinzel, 1989; Coheet al, 1980; van Dommellen, 199%r When it comes to providing vocal tract information, not
in several other animaldMcComb, 1991; Asquith and Altig, all calls are equal. If the source contains energy at only a
1990; Sullivan, 1981 | suggest that this lack of correlation few, widely spaced frequencigg.g., a high-pitched tonal

is due to the relative independence between body size amzhll), it will provide little information about the vocal tract
larynx size(which determines vocal fold length and hencetransfer function. Thus low-pitched calls provide for better
lowestFg). The cartilages of the larynx can grow indepen-resolution of formants than do sounds with higgis (Ryalls
dently of the rest of the body, and experience a hormoneand Lieberman, 1982 Better yet, a noisy or impulsive
dependent growth spurt in many mamm@alsiohimaaet al,, source is ideally suited for accurately outlining the transfer
1981; Beckfordet al, 1985; Hollien, 196D that leads to a function (e.g., Tartter and Braun, 1994 with whisperghe
decoupling of body size ané,, particularly in males. In accuracy of formant dispersion as an acoustic cue to body
contrast, vocal tract length is anatomically dependent uposize will thus depend on the particular type of call, with
skull size, which is in turn closely correlated with body size harsh, noisy or impulsive caldike the threat vocalizations

in all mammal species which have been examiédrita  studied hergbeing ideal, and high-pitched tonal calls being
and Ohtsuki, 1973; Dechow, 1983; Janis, 1990; Valkenworst. As well as having clear methodological implications,
burgh, 1990; Alcantarat al, 1991; Sharma, 1990The re-  this observation leads to an interesting behavioral prediction.
sults of the current study indicate th@) body size, skull In contexts where accurate information about size is favored
size, and VTL are anatomically correlated in macaques, an¢e.g., a large animal demonstrating its size to competitors or
(b) VTL determines formant dispersion, which thus providesmates, noisy or low-pitched calls might be expected since
an acoustic indication of body weight and mass. Hence, unthey provide more accurate delineation of vocal tract cues
like Fo, formant dispersion should provide a robust, reliable(see also Peters, 1984rhis provides alternative grounds for
cue to body size in most mammals and perhaps terrestriélorton’s (1977 ‘“motivational-structural rule” that low,
vertebrates in general. noisy sounds accompany aggression.

Two key factors underlie this reliability: the link be- Another potential source of unreliability is changes in
tween formant dispersion and VTL, and the link betweenvocal tract length due to articulatory movements. Opening or
VTL and body size. Each of these are discussed in turnnearly closing the mouth, dfin animals with mobile lips
Because tract length affects the overall pattern of formanprotruding or retracting the lips will alter tract length to some
frequencies, any given formant provides some informatiordegree(around 20% in humans, Fant, 196@s will raising
regarding tract length. Thus, for example, the lowest formanbr lowering the larynx. However, the manipulation of VTL
(F1) could potentially be used as a cue to tract length. Howvia lip movements does not necessarily rendedpitrelated
ever, using one formant as the sole cue to VTL would entaibcoustic cugsunreliable. There is still a maximum VTL,
several problems. First, if the frequency band of the chosefixed by skull dimensions, which is attained when the mouth
formant is obscured by environmental noise or degradatioris nearly closed and the lips are pursed. This articulatory
no VTL information would be available. In contrast, formant position is characteristic of the threat vocalizations studied
dispersion capitalizes on the redundancy of the formant spadiere, along with threats in a wide variety of other species
ing pattern, and is thus robust to the degradation of informa¢see below The observed correlation between lip rounding
tion in any one(or even severalformants. Second, indi- and threat raises an interesting possibility. If listeners asso-
vidual formants are more sensitive to changes in the vocatiate long vocal tracts with larger bodies, an animal that
tract transfer functiofas seen in human vowels and, to aelongates its vocal tract while vocalizing would maximize its
lesser degree, in baboon grunts: Oweral, 1997. As a  perceived body size. This suggests that aggressive vocaliza-
statistical measure encompassing all formant informationtions made with nearly closed mouths and protruded lips
formant dispersion is less sensitive to deviations in a singlevould be more threatening, and submissive vocalizations
formant. made with lips retraced more appeasing, and that the evolu-

Another potential cue to VTL is “formant density(the  tionary origin of certain facial expressions is not purely vi-
number of formants in a particular frequency range, e.g., irsual, but arises also from their acoustic effg@sala, 1980;
this study the total number of formants below the 11-kHzFridlund, 1994; Fitch, 1994; Fitch and Hauser, 1995
Nyquist frequency, which is inversely related to formant Vocal tract elongation is associated with threat behavior
dispersion. The main problem with density as an acoustitn many species. van Hooffl967; p. 18, in his general
cue to tract length is that, as an integer measure, it is consideview of primate facial displays, cited the “tense-mouth
erably less sensitive to changes in VTL than formant disperface” in which the “mouth corners are brought forward... as
sion, which is as accurate as discrimination of individuala result the mouth often looks like a narrow slit.” This dis-
formants[formant difference limens are 1%—5% in both hu- play is usually performed by a dominant animal immediately
mans and macaques, Sommetsl. (1992]. Of course, it preceding an attack, and is associated with a low-pitched
would be possible to devise more accurate formant densithark in at least some speciéshimpanzees and babogns
indices, but the simplicity and numerical tractability of for- Similar “pouts” or “pucker” behavior is associated with

B. Source of unreliability for vocal tract cues
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threat in other primate@Kaufman, 1967; Fitch, 1994; Epple, is used by human listeners as a cue to body $kitch,
1967, seals(Miller, 1975), bears(Pruitt and Burghardt, 1994, it is possible that the original function of the descend-
1977, and in dogs and other cani@ox and Cohen, 1977 ing larynx in early hominids was to exaggerate body size.
Similarly, the use of mouth corner retraction to signal This idea gains support from the observation that there is
submission and absence of threat appears to be extremedgxual dimorphism in the degree to which the human larynx
widespread in mammals. A vast number of species, includdescendga full vertebra lower in males than females, Sen-
ing dogs, seals, ungulates, and almost all primates shareegail, 1979; Harrison, 1995with no accompanying advan-
submissive “grin” facial display(van Hooff, 1967, 1972; tage for males’ vowel clarity over that of females. The de-
Miller; 1975; Fox and Cohen, 1977; Oppenheimer, 1977gree to which vocal tract length, formant dispersion, and
Marler and Tenaza, 1977; Gautier and Gautier, 1977pody size are related in humans remains an interesting matter
Walther, 1977, 1984; Goodall, 1986; Preuschoft, 1992for further research.
1995. This expression is variously ascribed a defensive or .
submissive role and is occasionally seen during play. Thg' Vocal tract cues and human speech perception
human smile appears to be an example of this display, al- One key phenomenon in human speech perception that
though its use has been extended into nonaggressive situaay be related to the data in this paper is vocal tract normal-
tions to denote an unthreatening or friendly attitud@an ization, which is the use of overall formant pattern to “nor-
Hooff, 1972; Preuschoft, 1992, 1995These observations malize” the vowels of a given speakdiadefoged and
prompted Ohald1980 to suggest that shortening the vocal Broadbent, 1957; Nearey, 1978; Lieberman, )9&&cause
tract in order to seem smaller would provide an acoustiof variations in vocal tract length, tiel-F2 vowel space of
(rather than visualfunction for the human smile. The data in a child is quite different from that of an aduPeterson and
this paper are consistent with this hypothesis. Barney, 1952 A result is that children imitating adults, or
Finally, the anatomical correlation between VTL and adults listening to children, need to adjust their perception of
skull size reported here and suspected in most mammals doasspeaker’s vowels to their VTL-related formant space. If a
not hold for all vertebrates. In birds, the sound-producingmechanism for estimating body size from formant dispersion
source is the syrinx, which lies at the base of the trachea nea&xisted in our prelinguistic ancestors, this could have pro-
the lungs(Nowicki and Marler, 1988 Thus the trachea is an vided a preadaptive basis for vocal tract normalization in
integral part of the bird vocal tract, and the length of thehumans.
trachea must be added to the length of the oral/nasal cavities The current results joins a collection of recent studies
to derive the bird’s total vocal tract length, which is not suggesting that the role of the supralaryngeal vocal tract in
limited by the size of the skull. The trachéike the laryny ~ nonhuman animal communication may be more prominent
is a flexible structure, floating free from any rigid skeletal than traditionally realized(e.g., Bauer, 1987, Owren,
attachments. It is thus interesting that a wide variety of birdsL990a,b; Owreret al, 1997; Shipleyet al, 1991; Hauser
exhibit tracheal elongation where the trachea is looped ind Scha-Ybarra, 1994; Owren and Bernacki, 1988; Ren-
great coils within the chest or sternuiiBerndt, 1938; dall, 1996. Although formant frequency perception plays a
Neimeier, 1978 This bizarre character is found only in large fundamental role in human speech perceptidoos, 1948;
birds, and often only in males, suggesting that it may repreLieberman and Blumstein, 1988he evolutionary basis for
sent an adaptation for acoustically exaggerating body siz#his is poorly understood, mainly because we have so little
(Fitch, in preparation, 1994 information about the uses to which formant frequencies
A second potential exception is anatomically modernmay be put in animal communication systems. The results of
Homo sapiensOur species has abandoned the structural pathis work suggest that the use of formant frequency patterns
tern typical of mammalian vocal tract anatomy. In humansto gauge body size could have been a factor promoting the
the larynx has descended from its normal position at the bacRriginal evolution of formant perception, a capability later
of the mouth to a position deeper in the thré@degus, 1949; Pput to such extensive and sophisticated use in human lan-
Laitman and Crelin, 1976; Leiberman, 1984; géliand Ro- guage.
hen, 1991, which allows the tong_ue body to move freely ACKNOWLEDGMENTS
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