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Pulse register phonation in Diana monkey alarm calls
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The adult male Diana monkeys (Cercopithecusdiana) produce predator-specifialarm calls in
responseo two of their predatorsthe crownedeaglesandthe leopards.The acousticstructureof
thesealarmcalls is remarkablefor a numberof theoreticaland empirical reasonsFirst, although
pulsedphonationhasbeendescribedn a variety of mammalianvocalizationsyery little is known
aboutthe underlyingproductionmechanismSecond Dianamonkeyalarm calls are basedalmost
exclusivelyon this vocal productionmechanisimto an extentthat hasneverbeendocumentedn
mammalianvocal behavior.Finally, the Diana monkeys’pulsedphonationstrongly resembleghe
pulseregisterin humanspeechwhere fundamentalirequencyis mainly controlled by subglottal
pressureHere, we reportthe resultsof a detailedacousticanalysisto investigatethe production
mechanisnof Dianamonkeyalarmcalls. Within calls, we found a positive correlationbetweerthe
fundamentafrequencyandthe pulseamplitude suggestinghat both humansand monkeyscontrol
fundamentalfrequency by subglottal pressure.While in humanspulsed phonationis usually
consideredpathologicalor artificial, male Diana monkeysrely exclusively on pulsedphonation,
suggestinga functional adaptation. Moreover, we were unable to documentany nonlinear
phenomenagdespitethe fact that they occur frequently in the vocal repertoireof humansand
nonhumansfurther suggestinghatthe very robustDianamonkeypulseproductionmechanisnhas
evolvedfor a particularfunctional purpose We discussthe implicationsof thesefindings for the
structural evolution of Diana monkey alarm calls and suggestthat the restrictedvariability in
fundamentalfrequency and robustnessof the source signal gave rise to the formant patterns
observedn Dianamonkeyalarmcalls, usedto conveypredatorinformation.

I. INTRODUCTION mental frequency of the sound produced by the vocal folds is
additionally directly related with the tension of the vocal fold
The vocalizations of many mammals are the result oftissue(Titze, 1989, 1991).
two distinct components: the oscillating vocal folds within Adult male Diana monkey$Cercopithecus dianapro-
the larynx produce a primary acoustic signal, which thenduce acoustically distinct alarm calls to two of their preda-
undergoes a filtering process within the vocal tract whereors, the crowned eagle and the leopézdberbinler et al.,
various frequency bands are dampened to different degred997; Zuberbhler, 2000a). Playback experiments have
(van den Berg, 1958; Fant, 1960; Titze, 1994; Owren andghown that nearby listeners respond to these alarm calls as if
Linker, 1995). Basic vocal fold behavior can be described aghe corresponding predator were present, suggesting that
the following: Bernoulliforces cause the vocal foldi$ close  these calls inform nearby recipients about important ongoing
to each otherto be sucked together, creating a closed air-€vents in the environmeriZuberbinler et al., 1999; Zuber-
space below the glottis. Continued subglottal air pressuréthler, 2000b). Acoustically, the Diana monkeys’ alarm vo-
from the lungs builds up underneath the closed folds. Oncéalizations consist of a bout of calls. Bouts vary in the num-
this pressure becomes h|gh enough, the folds are blown oub.er of calls from one to more than a dozen. Individual calls
ward, thus opening the glottis and releasing a single “puff”are characterized by a highly stereotypic pulse pattern and
of air (van den Berg, 1958). As the subglottal pressure inalls are interspersed by short harmonic eleméfi. 1).
creases, two effects can be observed. First, the motion of the The single pulses within each call resemble a damped
vocal folds becomes fastédemonstrated in computer mod- oscillation: a rapid, transient change in signal amplitude from

els: Ishizaka and Flanagan, 1972; Steinecke and Herzef baseline value to a higher or lower value, followed by a

1995, andn vitro: Titze, 1989). Second, the sound pressurerapld return to the baseline value. Elsewhere, We_s_howed that
level increase$Gramming, 1988; Titze, 1994The funda- the formant peqk frquency and-formant transition of thg
pulse elements is the single most important parameter to dif-
N ferentiate eagle versus leopard alarm cé@fiede and Zuber-
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completely adducted and a small vocal fold excurgidol-
lien et al., 1977).

The fundamental frequency is affected by different fac-
tors in each of the three registers. In the modal register, the
fundamental frequency is mainly determined by changes in
vocal fold length and stiffneséMurry and Brown, 1971).
Moreover, there is a positive correlation between vocal fold
thickness(i.e., mass, length, and stiffnessnd fundamental
frequency[reviewed in Titze(1994)]. This relationship is

= 3 - absent in the pulse registérollien et al., 1969; Allen and

L3 Ry St Hollien, 1973). Instead, the fundamental frequency of the

‘;3 : 0t 53‘“’ pulse register appears to be predominantly determined by

§ “’i' el ; changes in subglottal air pressure.

%1 ‘.’_".‘\ A - S\-‘l \__\‘\__,‘ v _ To investigate the vocal production mephanism of the

& W i A - W - — Diana monkey, we analyzed the relationship between call
time amplitude (a reliable estimator of subglottal pressuend

fundamental frequency. We predicted a positive relationship
FIG. 1. Time domain and spectrogram of a leopard alarm bout, consisting Of)etween these two parameters if Diana monkey alarm calls
seven calls. Basic unit of the call is the pulse as shown in the “zoom in”

picture of Fig. 2. are the product of the same source production mechanism
that is responsible for the human pulse register.

on the structural evolution of animal vocalizations is not new IA secor;]d aim of th!s ?:]udy wa? tot!nvestlfggt.e the rolekof
(Morton, 1977), comparatively little is still known about how noniinear phenomena in the vocaiizations of Liana monkey

natural and sexual selection affected the acoustic structure @{arm calls. Nonlinear phenomena are relevant in this context
primate alarm call§Zuberbinler, 2003). Here, we provide a ecause they can be directly related to events at thg laryngeal
detailed acoustic analysis of the source characteristics of pource. Several lines of resea rqh suggest that n.onlmear .phe-
ana monkey alarm calls to elucidate the adaptive significanc@omena are common and ubiquitous in mammalian vocaliza-
and physiological constraints of this remarkable vocalizationt'(_)n behavior (Wilden et aI._, 1998; Mergelletal., 1999;
Human speech sounds can be produced using three dilf?—Iede etal., 1997, 2_000; Fischest al., 2_000)._Phenomena
ferent registers. A register can be described by the frequen ch as frequency jumps, subharmonics, biphonation, and

range covered and by the specific mode of vocal fold beha deterministic chaos are commonly observed, usually the re-
ior by which it is producede.g., Hollien, 1974: Titze, 1994 sult of deviations from the regular harmonic vibration pattern

Svecet al., 1999). Although each register covers a certainOf the_ vocal folds, such as nonsynchronou.sly _oscillat.ing left
frequency range, neighboring registers overlap significantly?md rlght.vocal folds or simultaneously oscillating horizontal
Normal speech is delivered in the so-called mddalchest) and vertlcall components of the vocal f?'@9-9-= Herzel
register (fundamental frequency range 100—300)HElu- et al., 1994, I?er_ry, 2001; Berrgt .al., 1994; Steinecke and
mans are also capable to produce speech using either t rzel, 1995; _Tlgge$t al., 1997; Ne_ubaueet f"‘l" 2001)'
falsetto (or flagolet) register (fundamental frequency300 . € two _combmed approaches are likely to Y'eld |mport<'_int
Hz) or the pulse(or vocal fry) register [fundamental fre- |nS|ghts_ into the sound production mechanism underlying
quency <100 Hz (Blomgrenet al., 1998)]. Recent studies male Diana monkey alarm calls.
suggest the existence of a separate fourth register, i.e., the
vocal-ventricular phonation mode, like pulse register cover{|. MATERIAL AND METHODS
ing the frequency range below 100 Hz but unlike pulse reg- . .
ister involving the ventricular fold¢‘false folds”) into the A. Study site and subjects
mode of production(Fuks et al., 1998; Lindestackt al., Data were collected in an approximately 40%study-
2001). According to this terminology we used the termarea of primary rain forest surrounding the Centre en
“pulse register” to describe the Diana monkey calls, becausé&kecherche d’Ecologi€University of Cocody, Abidjah re-
these vocalizations strongly resemble the pulse register afearch statio5°50'N, 7°21'W) in the TaiNational Park,
humang see Blomgreret al. (1998)for a review]. Cote d’lvoire, between June 1994 and June 1997. Seven
Pulse register differs in acoustical, physiological, andmonkey species are regularly observed in the area: the west-
perceptual characteristics from other phonation tyfres  ern red colobugColobus badius), the western black-and-
viewed in Gerratt and Kreimaf2001)]. Vocal fold vibration  white colobus(Colobus polykomos), the olive colob(Rro-
during pulse register is characterized by glottal pulses of aleolobus verus); the Diana monkdZercopithecus diana),
ternating amplitudes or by irregular trains of pulgellien  the lesser white-nosed monkéZercopithecus petaurista),
and Michel, 1968). The vocal fold length is shorter for thethe Campbell's monkeyCercopithecus campbeélliand the
pulse register than for even the lowest frequency of phonasooty mangabey(Cercocebus torquatus). Diana monkey
tion in the modal registe(Hollien et al., 1969). The vocal groups typically consist of about 20—25 individuals with one
fold vibratory pattern of the pulse register in humans exhibitsadult male and several adult females with their offspring.
a very short open perio@probably less than 25% of the Groups occupy stable home ranges of approximately 60 ha.
entire cycleland a very long period where the vocal folds areDiana monkeys eat primarily fruit and insects and they are



found at all levels of the forest but prefer the main upper |
canopy. None of the animals were habituated to human pres-
ence. However, all data were so that the animals were un-
aware of the observer’s presence.

B. Recordings and acoustic analysis

We recorded Diana monkey alarm vocalizations given in
response to playbacks of African leopdfhanthera pardus)
and crowned eagléStephanoaetus coronatugycalizations,
using a Sony WMDG6C tape recorder and a Sennheiser mi-
crophone(ME88 head with K3U power moduleon 90-min
type IV metal tapes. The frequency response of the micro-
phone(40 Hz to 20 kHz;*=2.5 dB)and the tape record¢40
Hz to 14 kHz, =3 dB; distortion of 0.1%; signal-to-noise-
ratio of 57 dB)are flat and within the frequency range of
analysis. Playbacks of predator vocalizations were conducted | ! i !
randomly throughout the day, usually between 08:00 and o gt S EE VNI e
17:00 GMT. Daytime therefore cannot explain the differ- v
ences in the vocal patterns. All recordings were made at dis- ¢
tances of about 50 m from the focal animal, i.e., the adult
male of a Diana monkey group. Individual distances varied
randomly across trials and therefore cannot explain the pat-
terns. Male alarm calls transmit to about 700 m, i.e., sound ‘ ‘ A
attenuation at short distances was unlikely to have affected ‘ I ‘ ‘
the acoustic variables. The study area contained between 40 ‘
and 80 different groups of Diana monkeys with one adult
male each. Because we did not know the exact location of
these groups’ home ranges, we selected ten different groups
for experimental playbacks that were located at least 1 km
apart from each other, which guaranteed that data came from
ten different groups, i.e., were independent. This data set
resulted in a set of 25 eagle alarm bogisbouts from 5
different malesjand 25 leopard alarm bou(S bouts from 5 _
different males). We digitized all recordings at a 16-bit quan- 0 time (s) 3

tization and a 44-kHz sampling rate using Signalize soft- ) ) . . )
We rformed sianal analvsis on a PC using the sian FIG. 2. Time series of pulses of five different individuals. The pulse is the
ware. Ve pe 9 y 9 g %Iasic acoustic unit in the alarm call; it is defined as a rapid, transient change

processing software HYPERSIGNAL-Macro™ using ain the amplitude of the signal from a baseline value to a higher or lower
DSP32C PC System Board. We completed the spectrotalue, followed by a rapid return to the baseline value. Arrows point to the
graphic analysis by using 512-point fast Fourier transformsfi'st o second peak in the pulse waveform.

with 75% frame overlapping, a 44-kHz sampling frequency,

and a Hanning window. To avoid aliasing effects we low- o
passed filtered all calls at 22 kHz. fined as cycle-to-cycle variability in the fundamental

frequency(Titze, 1994). Fundamental frequency ranges be-
tween 8.3 and 24 m@nean=SD 16.1+2.0in eagle alarm
calls and between 13.3 and 29.9 mean=SD 17.4*2.4n
A male Diana monkey alarm vocalization consists ofleopard alarm call§Riede and Zuberthler, in press). Call
one to many calls per bouFig. 1). The basic acoustic unit duration and jitter ranges in eagles and leopard alarm calls
within a call is the pulse, defined as a rapid, transient changkbetween 6.4% and 9.2%Riede and Zuberkhier, in press).
in the amplitude of the signal from a baseline value to aln this study we investigate the development of the two pa-
higher or lower value, followed by a rapid return to the basetameters maximum amplitude of a pulse and fundamental
line value, resembling a damped oscillatigfig. 2). frequency within a call. Both parameters were normalized
Pulse duration is measured as the interval between theithin calls. For the correlation between maximum ampli-
onset of a pulse to the onset of the subsequent pulse. Fundarde of a pulse and fundamental frequency we considered the
mental frequency is defined as the inve(se., 1/pulse du- means of the pulses at position 0%, 25%, 50%, 75%, and
ration in Hz; pulse duration measured in seconds). Throught00% within the call. Only calls with more than ten pulses
out the paper we use the term “fundamental frequency” toand with very low background noise level, i.e., a high signal-
refer to the inverse value of “pulse duration” in the wave- to-noise ratio, were considered, resulting in a data set of 10
form. We quantified the variation of the fundamental fre-leopard and 21 eagle alarm calls, respectively.
guency within calls by the parameter within-call jitter, de- To test if pulse time series are the result of individual-

amplitude

a

C. Call parameters
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@ pulse In the call Even maximum amplitude of pulses depended on the
position of the pulse within a call. Pulses in the middle of the
fundamental frequency within calls call were louder than those at the beginning or the end of the
oo call (Fig. 4).
_ Figure 5 summarizes the development of maximum am-
2:; 80+ plitude of pulses within calls of leopard alarm calld= 10
§ wl calls) and eagle alarm calldN=21 calls).
g Comparing both parameters, there is a suggestive posi-
g 401 tive correlation between fundamental frequency and maxi-
s w0l mum amplitude of pulses within a call in leopard alarm calls
H + + (PearsonN=5, r=0.8, P=0.1) and there is a significant
% 0 positive correlation between fundamental frequency and
® maximum amplitude of pulses in eagle alarm céitgearson,
= e, N=5, r=0.96, P=0.0089). For the correlation the five
® pulse in the call mean values, as shown in Figs. 3 and 4, have been used.
FIG. 3. Fundamental frequency over syllables(&) leopard alarm calls
(N=10 syllables)yand (b) in eagle alarm callsN=21 syllables). Each data maximum amplitude of pulses
point in the diagram represents the mearstandard deviation of the rela-
tive fundamental frequency withiN= 10 calls(leopard alarmand N=21 100
call.s (eagle alarm). Since calls are of qiﬁerent duration, _i.e., they c_onsist of T 80 +
a different number of pulses, call duration was standardized. The five pulses?y
on positions 0%, 25%, 50%, 75%, and 100% of the total number of pulsesg 60 1 ’

within a call were considered for the graphs. ©

imum ampl

20
specific patterns, cross correlations between pulse time series k
were undertaken. Five pulses were selected from each of five® °7
calls, cut and saved as a text compatible ASCII file. In NCSS 2
2001 statistical software single cross correlations were run
(a) on the within-call level(b) the between-call and within-
individual level, andc) on the between-individual level. Fi- maximum amplitude of pulses
nally, we were interested in the occurrence of nonlinear phe-
nomena (frequency jumps, subharmonics, biphonation,
deterministic chaosin the alarm calls. For this purpose we
inspected the call spectrograms visually for consistency of
the pulse pattern, using a data set of 50 calls plus an addi-
tional data set of 100 calls from other individuals.

1 2 3 4 5
pulse in the call

f=1
=]

maximum amplitude (%)
ES
o

IIl. RESULTS -20

1 2 3 4 5
A. Fqndamental frequency versus maximum ®) pulse in the call
amplitude of a pulse

. FIG. 5. Maximum amplitude of pulse@) in leopard alarm callsN=10
Fundamental frequency depended on the position of th@alls) and(b) in eagle alarm callsN= 21 calls). Each data point within the

pulse within the call. Fundamental frequency was lower atliagram represents the meanstandard deviation of the maximum ampli-
the beginning and at the end of the call than in the middle ofude of pulses oN=10 calls(leopard alarmandN =21 calls(eagle alarm).

the call Figure 3 summarizes the development of fundamens_ince calls are of different duration, i.e., they consist of a different number
’ of pulses, call duration was standardized. The five pulses on positions 0%,

tal frequency over a call of leopard alarm callé< 10 calls) 250, 5006, 75%, and 100% of the total number of pulses within a call were
and eagle alarm calldN=21 calls). considered for the graphs.
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1.0 is a short harmonic element, a sound probably uttered during
T inspiration. The pulse pattern is very robust, being not inter-
] rupted by other phonation typewibration modes of the
1 T source). In 150 different calls produced by more than a
0.74 dozen different males we did not find any other than the
. i pulse pattern. The fundamental frequency of male Diana
monkey alarm calls ranges between 33 and 120(Riede
7 and Zuberbhbler, in presskimilar to fundamental frequency
ranges of pulsed phonation irelidae [FO in purring be-
1 tween 10 and 45 HzPeters and Tonkin-Leyhausen, 1999)]
] and humangFO in pulse register between 10 and 90 Hz
. (Henton and Bladon, 1988)]. Although similar patterns were
4 found for instance in felidgPeters and Tonkin-Leyhausen,
0.2 WS BSaW| . ' 1999)or humangTitze, 1994)unlike to male Diana monkey,
cats do produce all kinds of other vocalizatio(Reters,
FIG. 6. Cross correlations of pulse time series on three levels. WS—withill981) and in humans the occasional occurrence of a subhar-

viduals. Cross correlation values can be considered as similarity index?f;ntze 1994)
between two time series, saying the higher the cross correlation coefficie ! o . .
the higher the similarity. Within calls the similarity between pulses is high- The aim of the present study was to investigate the

cc coeffcient

est. acoustic characteristics of pulsed phonation in Diana mon-
keys. The sound production mechanism in this species is of
B. Similarity in the pulse waveform particular interest since it has been shown that formant char-

. - acteristics of a single pulse conveys important information to
The waveform of a pulse varied within and between : . .
nearby listeners about ongoing predation evefZiaber-

individuals. For instance, the faximum amplitude of a pUISe[)Uhler, 2000b; Riede and Zubethler, in press). Our data
can be consistent within the first single cycle of a pulse or

alternatively, within one of the later cyclémdicated by ar- confirmed the very narrow range in fundamental frequency

rows in Fig. 2). Cross correlations between single pulseén the Diana monkey pulse register, suggesting very limited

showed an individual specific pattern, delivering highestvocal fold adjustments. In a given adjustment of the vocal

cross correlation values within calls, being less similar be—fOIdS (i.e., a given length and tension), which is not changed

tween calls within individuals, and being least between indi-durlng a single utterance, fundamental frequency seems to be

viduals (Fig. 6). The differences between conditions Wereexclusively regulated by the one variable.—subglottal pres-
L i _ _ _ sure(Murry and Brown, 1971). This stands in contrast to the
significant (N, =25, N,=25, N;=25, F=89.2, P<0.001) . ;
modal phonation type, where the fundamental frequency is
controlled mainly by vocal fold tension. Subglottal pressure
ehas been found to correlate both with fundamental frequency
tween calls)were closer to each other than the “between(l.‘c’hizaka and Flanggan, 1972; Stginecke and. Herzel, 1995;
individual” condition to each of the other two conditions T!tze, 1989)and with signal amplitudg¢Gramming, 1988;
(Fig. 6). Titze, 1994). _ N .

In male Diana monkeys, we found a positive correlation
between the fundamental frequency and the maximum am-
plitude of a pulse. Since signal amplitude is mainly con-

We investigated the calls for the occurrence of nonlineatrolled by subglottal pressur¢Gramming, 1988; Titze,
phenomena. Pulses occurred in a very regular pattern, i.e1994), we conclude that fundamental frequency in male Di-
visual inspection of the spectrograms delivered no deviationgha monkey alarm calls is similarly controlled by subglottal
from the pulse pattern, suggesting a rigid and not deviatingpressure. Male Diana monkeys differ from humans in that
vibration pattern of the oscillating systetof the sound they apparently do not switch to a higher register to produce
source). This was true for the whole data set of 50 callsvocalizations with higher fundamental frequencies. Male Di-
Even in the additional data set of 100 additional calls noana monkeys, it appears, are constrained by a pulsed phona-
nonlinear phenomena were discovered. tion mechanism whose fundamental frequencies are entirely

regulated by subglottal pressure.

with posthoccomparisons showing that all means differed
from one another. As illustrated in Fig. 6, the means of th
two “within individual” conditions (within calls and be-

C. Nonlinear phenomena

IV. DISCUSSION A. The evolution of Diana monkey alarm calls

The acoustic structure of male Diana monkey alarm  Previous work has shown that the fundamental fre-
calls is remarkable. These vocalizations consist of trains ofjuency of mammalian vocalizations tends to covary with
loud and low-pitched calls that carry over long distances ofcontext relevant aspects, like individual identity, sex or de-
up to a kilometer through dense tropical forest habitat. Agree of arousdlreviewed in Tembrock1996)]. If, however,
pulse of 8- to 30-ms duration is the basic unit of male Dianathe primary signal is rigid, repetitive and broadband and
monkey alarm vocalizations. Up to 30 pulses are associateshows little variability in its most important parameter fun-
to a call. Several calls build a bout. Between two calls theralamental frequency, as it is the case in the Diana monkey,



TABLE |. Examples of pulsed utterances in other species than Diana monkeys, giving the name of the utter-

ance, the extent of occurrence, and the reference.

Species Call type Description Reference
Primates
Human,Homo Creaky voice Voluntarily, end-of Reviewed in
sapiens utterance Henton and Bladon
phenomenon or as (1988)

Chacma baboon,
Papio ursinus
Gelada baboon,
Theropithecus
gelada

Pigtailed macaque,
Macaca nemestrina

Squirrel monkey,
Saimirisciureus
Red howling
monkey,Alouatta
seniculus

Other mammals
Several felidae
Koala,
Phascolarctos
cinereus

Cetaceans

Wahoo

Intention notes,
inspiratory note,
vibrato growl, bark
Girren, churr

Roars

Purring
Bellow

Clicks

a pathological voice

End of call with
some few pulses

A group of calls
subsummarized as
“harsh sounds”

A separate call within
the repertoire

In the climax of the
roar

Seemingly the
whole utterance is
pulsed

Part of the sonar

Fischeret al. (2002)

Richman(1976)

Grimm (1967)

Winter (1969) Fig. 9);
Plooget al. (1975)
Scho Ybarra(1986)
(p. 209)

Peters(1981)
Smith (1980) p. 21,
Figs. 9 and 10)

Au (1993)

system or of other
repertoire

then this might provide a reliable and fruitful basis for the of the source, i.e., to engage in articulatory maneuvers. Re-
evolution of more sophisticated vocal tract performance. Insearch focusing on the signal production mechanisms will be
deed, other work has shown that formant modulation playsiecessary to determine the general evolutionary trends that
the most important role in the acoustic differentiation ofwere likely to have affected Diana monkey vocal behavior.
eagle and leopard alarm calls in male Diana monkeys In recent years it became more evident that the mamma-
(Zuberbinler, 2000b; Riede and Zubeiter, in press). Di- lian larynx can be considered as a nonlinear system; several
ana monkeys manage to filter the primary source signal prostudies showed that sudden changes in the vibration mode of
duced by the vocal folds in their vocal tracts to productthe vocal folds are more the normal picture rather than an
acoustically distinct eagle and leopard alarm calls. Becausexception(Wilden et al., 1998; Riedeet al., 2000). Those
of their broad bandwidth, pulses are particularly well suitedstudies are contrasted by the findings presented here, show-
to picture the resonance characteristics of the vocal tract andg that male Diana monkey alarm call pulsed phonation was
serve as acoustic raw material for filtering effects in the vo{ree of any interruption of the pulse pattern. Anatomical data
cal tract. on the male Diana monkey larynx will be necessary to illu-
Interestingly, human singing tutelage is often based omminate the evolution of this special kind of vocalizations.
using pulse register phonation as an exercise to “tune” théPossibly, anatomical adaptations make the vocal folds “spe-
vocal tract (Miller etal.,, 1997). By singing a particular cial” for this kind of vibration behavior, leading to the ob-
vowel in pulse register the trainee can examine his or heserved highly stabilized vibration pattern.
vocal tract performance. Once successful, the trainee ) ) _
switches back to the actual singing voice while maintaining®: PuISe phonation—an exclusive vocal pattern in
the vocal tract configuration. This exercise should enable thEznale Diana monkeys?
performer to tune the formants and fundamental frequency Table I reviews studies that mention pulsed phonation as
optimally. part of a species repertoire or present spectrograms, which
This example illustrates that the simple and robust pulsesuggest the occurrence of pulsed vocal utterances.
signal is physiologically easy to produce, but is insufficient In land mammals, the felids seem to be the most inten-
as a source of acoustic variation to be useful to convey corsively studied group that show pulsed phonatiBeters and
textual information. Instead, phonation based on a pulse sigFonkin-Leyhausen, 1999The time series of purring, how-
nal is likely to favor the evolution of vocal tract characteris- ever, appears different from Diana monkey alarm calls and
tics that enable the caller to engage in sophisticated moldingumans pulse registeiFig. 7). In humans, pulse register
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(e.g., Abel, 1972; Buus and Florentine, 1988ssuming the
gap detection ability of nonhuman primates is comparable to
that of humans, the pulse duration of male Diana monkey
alarm calls lies comfortably above that threshold, suggesting
the pulsed structure of Diana monkey alarm calls is per-
ceived as an attention attracting structure. Psychophysical
experiments manipulating the number of pulses might be
suitable to determine the minimum amount of information
necessary for a Diana monkey to discern eagle from leopard
alarm calls or to identify calls as those of a conspecific.

V. CONCLUSION

To investigate the mechanisms of sound production in
Diana monkeys, eagle and leopard alarm calls from ten dif-
ferent Diana monkey males were digitized and subjected to
spectrographic analysis. Results showed that the fundamental
frequency of these calls ranged between 33 and 120 Hz,
comparable to the human pulse register, which tends to range
between 10 and 90 Hz. Jitter was very small and did not vary
significantly between individuals or alarm call type. Nonlin-
ear phenomena were virtually absent in male Diana monkey
vocalization and pulses were not interrupted by any other
vibration modes of the vocal folds. Over the entire calls,
fundamental frequency was low at the beginning and at the
end of the syllable and highest in the middle of the call,
A e BT AR AR IRG I AR AL A ILLMIAS while the amplitudes of pulses increase towards the middle
LA INR It ‘ 1 Al and then decrease toward the end of the call, indicating that
a fundamental frequency and maximum amplitude of a pulse
were correlated, which suggested that the fundamental fre-
quency in Diana alarm calls is controlled by subglottal pres-

time sure rather than vocal fold stiffness changes. The pulsed pho-
_ , o nation in male Diana monkey alarm call, therefore, appeared
FIG. 7. Time series of pulsed phonation in different land mammalk.

Domestic cat(c) leopard,(b) human creaky voice, an@) Diana monkey. to be a SpeCIaI adaptanon del've”ng a rOngt source broad-
band signal for subsequent vocal tract filtering.

amplitude

does not seem to play an important role in everyday speech.
Instead it is considered an “end-of-utterance” phenomenonACKNOWLEDGMENTS

indicating that pulses often occur at the end of words or We thank Michael Owren and two anonymous reviewers
sentences, and in men more often than in wortidenton for important comments on an earlier version of the manu-

and Bladon, 1988). However, no studies have dealt in an¥,cript. This work was supported by a fellowship within the

depth with the incidence of vocal fry in natural, unprovoked Postdoc Program of the German Academic Exchange Service
conditions in humangHenton and Bladon, 1988). For other (DAAD) to TR.

species this kind of a “single mode” source signal was ap-
parently not yet described. In contrast to all these findingsAbel, S. M.(1972). “Discrimination of temporal gaps,” J. Acoust. Soc. Am.

our results suggest that in male Diana monkeys pulse registep?: 519-524. . .
. . 99 ysp 9 %Ien, E., and Hollien, H(1973). “A laminagraphic study of pulsevocal
is the main mode at the source. fry) phonation,” Folia Phoniatr25, 241—-250.

Au, W. W. L. (1993). The Sonar of the DolphiriSpringer Verlag, New
o . York).
C. Implications for the receiver Berry, D. A. (2001). “Mechanisms of modal and nonmodal phonation,” J.
Ani al lls h ft. b h tob ti Phonetic29, 431-450.
. _nlma a a_rm_ calls have often een shown to be repe I'Berry, D. A, Herzel, H., Titze, I. R., and Krischer, K1994). “Interpreta-
tive, i.e., consisting of short and similarly structured seg- tions of biomechanical simulations of normal and chaotic vocal fold os-

ments which are repeated, for instance in the vervet monkeycillations with empirical eigenfunctions,” J. Acoust. Soc. A8b, 3595
snake alarm call§Owren, 1990). Studies on the psychologi- _3604 . .

| | f Vi ﬂl) d ) . s h TII) 4 h 9 Blomgren, M., Chen, Y., Ng, M. L., and Gilbert, H. R1998). “Acoustic,
ca \{a ue of visual and acoustic S|.gna s have shown that re- aerodynamic, physiologic, and perceptual properties of modal and vocal
peating short elements to form a signal are the most effectivefry registers,” J. Acoust. Soc. AmL03, 2649—2658.
way to attract attention and alert oth¢reviewed in Brad- Bradbury, J. W., and Vehrencamp, S.(1998). Principles of Animal Com-

. munication(Sinauer, Sunderland

bury and Vehrencampjl99$)']. Dlana, monke,y alarm call Buus, S., and Florentine, M1985). “Gap detection in normal and impaired
pulses are short and repetitive. It is interesting to note that|isteners: The effect of level and frequency,” Time Resolution in Audi-

silent gaps of about 5 ms can still be detected by humanstory Systems, edited by A. MichelséBpringer, New York).



8

Fant, G.(1960). Acoustic Theory of Speech Producti¢gMouton, The cation signals of mammals: friendly close range vocalizations in felidae
Hague). (Carnivora),” J. Mammalian Evol6, 129-159.

Fischer, J., Hammerschmidt, K., Cheney, D. L., and Seyfarth, R2002). Ploog, D., Hupfer, K., Jgens, U., and Newman, J. 0L975). “Neuroetho-
“Acoustic features of male baboon loud calls: influences of context, age, logical studies of vocalization in squirrel monkeys with special reference
and individuality,” J. Acoust. Soc. Aml11, 1465-1474. to genetic differences of calling in two subspecies,”Gmowth and De-

Fuks, L., Hammarberg, B., and Sundberg, (1998). “A self-sustained velopment, edited by M. A. B. BraziéRaven, New York).
vocal-ventricular phonation mode: acoustical, aerodynamic and glotRichman, B.(1976). “Some vocal distinctive features used by gelada mon-

tographic evidences,” TMH-QPRS, 49-59. keys,” J. Acoust. Soc. Am60, 718-724.
Gerratt, B., and Kreiman, J2001). “Toward a taxonomy of nonmodal Riede, T., and Zuberlhler, K. (in press). “The relationship between acous-
phonation,” J. Phonetic29, 365—381. tic structure and semantic information in Diana monkey alarm calls.” J.
Gramming, P.(1988). “The phonetogram: An experimental and clinical ~Acoust. Soc. Am.
study,” Malmoe Sweden, Dept. Otolaryngology, Univ. of Lund. Riede, T., Wilden, I., and Tembrock, G1997). “Subharmonics, biphona-
Grimm, R. J.(1967). “Catalogue of sounds of the pigtailed macaque tions, and frequency jumps—common components of mammalian vocal-
(Macaca nemestringd J. Zool. Lond. 152, 361-373. ization or indicators for disorders,” Z. Bgetierkundes2, 198—203.

Henton, C., and Bladon, A1988). “Creak as a sociophonetic marker,” in Riede, T., Herzel, H., Mehwald, D., Seidner, W., Trumler, E.hBe, G.,
Language, Speech, and Mind: Studies in Honour of Victoria A. Fromkin and Tembrock, G(2000). “Nonlinear phenomena in the natural howling
edited by L. M. Hyman and C. N. L{Routledge, London pp. 3—29. of a dog-wolf mix,” J. Acoust. Soc. Am108, 1435-1442.

Herzel, H., Berry, D., Titze, I. R., and Saleh, (8994). “Analysis of vocal Schoen Ybarra, M. A(1986). “Loud calls of adult male red howling mon-
disorders with methods from nonlinear dynamics,” J. Speech Hear. Res. keys (Alouatta seniculus” Folia Primatol (Basel)47, 204—-216.

37, 1008-1019. Smith, M. (1980). “Behavior of the Koala, Phascolarctos cineré@sld-

Hollien, H. (1974). “On vocal registers,” J. Phoneti@ 125-143. fuss), in captivity, Ill. Vocalizations,” Aust. Wildl. Res?, 13-34.

Hollien, H., and Michel, J(1968). “Vocal fry as a phonational register,” J. ~ Steinecke, I., and Herzel, H1995). “Bifurcations in an asymmetric vocal
Speech Hear. Redl, 600-604. fold model,” J. Acoust. Soc. Am97, 1874—-1884.

Hollien, H., Damste H., and Murry, T.(1969). “Vocal fold length during ~ Svec, J. G., Schutte, H. K., and Miller, D. G1999). “On pitch jumps
vocal fry phonation,” Folia Phoniat21, 257-265. between chest and falsetto registers in voice: Data from living and excised

Hollien, H., Girard, G. T., and Coleman, R.[®977). “Vocal fold vibratory human larynges,” J. Acoust. Soc. Arh06, 1523-1531.

patterns of pulse register phonation,” Folia Phonia®, 200—-205(1972). Tembrock, G.(1996). Akustische Kommunikation der &petiere. Wissen-
Ishizaka, K., and Flanagan, J. (1972). “Synthesis of voiced sounds from  schaftl(Buchgesell, Darmstagt

a two-mass model of the vocal cords,” Bell Syst. Techb1), 1233-1268.  Tigges, M., Mergell, P., Herzel, H., Wittenberg, T., and Eyshold(1997).
Lindestad, P., Soedersten, M., Merker, B., and Granqvis@®1). “Voice “Observation and modeling of glottal biphonation,” Acusti&3, 707—

source characteristics in Mongolian ‘throat singing’ studied with high- 714.

speed imaging technique, acoustic spectra, and inverse filtering,” J. Voicditze, I. R.(1989). “On relation between subglottal pressure and fundamen-

15, 78-85. tal frequency in phonation,” J. Acoust. Soc. A5, 901-906.

Mergell, P., Fitch, W. T., and Herzel, H1999). “Modeling the role of  Titze, I. R. (1991). “Mechanisms underlying the control of fundamental
non-human vocal membranes in phonation,” J. Acoust. Soc. A@%, frequency,” in Vocal Fold Physiology: Acoustic, Perceptual and Physi-
2020-2028. ological Aspects of Voice Mechanisneslited by J. Gauffin and B. Ham-

Miller, D. G., Sulter, A. M., Schutte, H. K., and Wolf, R. FL997). “Com- marberg(Singular, San Diego pp. 129-138.
parison of vocal tract formants in singing and nonperiodic phonation,” J.Titze, I. R. (1994). Principles of Voice ProductioriPrentice Hall, Engle-
\oice 11, 1-11. wood Cliffs, NJ.

Morton, E. S.(1977). “On the occurrence and significance of motivation— van den Berg, J1958). “Myoelastic-aerodynamic theory of voice produc-
structural rules in some bird and mammal sounds,” Am. Naf, 855— tion,” J. Speech Hear. Re§, 227-244.

869. Wilden, I., Herzel, H., Peters, G., and Tembrock,(298). “Subharmonics,

Murry, T., and Brown, W. S., J1971). “Subglottal air pressure during two biphonation, and deterministic chaos in mammal vocalization,” Bioacous-
types of vocal activity: vocal fry and modal phonation,” Folia Phoniatr.  tics 9, 171-196.

23, 440-449. Winter, P.(1969). “Dialects in squirrel monkeys: vocalization of the roman
Neubauer, J., Mergell, P., Eysholdt, U., and Herzel,(2D01). “Spatio- arch type,” Folia PrimatolBasel)10, 216—-229.
temporal analysis of irregular vocal fold oscillations: biphonation due to Zuberbihler, K. (2000a). “Causal knowledge of predators’ behavior in wild
desynchronization of spatial modes,” J. Acoust. Soc. A0, 3179— Diana monkeys,” Anim. Behaws9, 209-220.
3192. Zuberbihler, K. (2000b). “Referential labeling in Diana monkeys,” Anim.
Owren, M. J.(1990). “Acoustic classification of alarm calls by veret mon-  Behav.59, 917-927.
keys (Cercopithecus aethiop$)J. Acoust. Soc. Am.101, 2951-2963. Zuberbihler, K. (2003). “The effects of natural and sexual selection on the
Owren, M., and Linker, C. D(1995). “Some analysis techniques that may evolution of guenon loud calls,” iThe Guenonsedited by M. Glenn and
be useful to acoustic primatologists,” @urrent Topics in Primate Vocal M. Cords(Plenum, New York).
Communication, edited by E. Zimmermann, J. Newman, and tgeds Zuberbihler, K., Cheney, D. L., and Seyfarth, R. NL999). “Conceptual
(Plenum, New York), pp. 1-27. semantics in a non-human primate,” J. Comp. Psychb8 33-42.
Peters, G(1981). “Das Schnurren der Katzen,” Ggetierkundl. Mitteilun-  Zuberbihler, K., Noe, R., and Seyfarth, R. N1997). “Diana monkey long-
gen29, 30-37. distance calls: messages for conspecifics and predators,” Anim. Behav.

Peters, G., and Tonkin-Leyhausen, B.(A999). “Evolution of communi- 589-604.





