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The vocalizations from two, captive false killer whal@seudorca crassidepsvere analyzed. The
structure of the vocalizations was best modeled as lying along a continuum with trains of discrete,
exponentially damped sinusoidal pulses at one end and continuous sinusoidal signals at the other
end. Pulse trains were graded as a function of the interval between pulses where the minimum
interval between pulses could be zero milliseconds. The transition from a pulse train with no
inter-pulse interval to a whistle could be modeled by gradations in the degree of damping. There
were many examples of vocalizations that were gradually modulated from pulse trains to whistles.
There were also vocalizations that showed rapid shifts in signal type—for example, switching
immediately from a whistle to a pulse train. These data have implications when considering both the
possible functiofs) of the vocalizations and the potential sound production mechdsisi
short-time duty cycle measure was developed to characterize the graded structure of the
vocalizations. A random sample of 500 vocalizations was characterized by combining the duty cycle
measure with peak frequency measurements. The analysis method proved to be an effective metric
for describing the graded structure of false killer whale vocalizations.1998 Acoustical Society

of America.[S0001-496@38)03609-1

PACS numbers: 43.80.K&D]

INTRODUCTION a “train.” Click trains can contain a few to hundreds of
clicks.

One of the most remarkable characteristics of dolphin ~ When the interval between pulses in a pulse train is
(Delphinidag behavior is the diversity and apparent com- sufficiently brief (around 5 ms or legs human perception
plexity of their vocalizations. Most descriptions of dolphin can no longer separate the pulses in time and the vocalization
vocalizations have used aural analysis and/or visual analysis perceived as a continuous tonal sound. Although such
of spectrogramge.g., Caldwell and Caldwell, 1968; Dahl- pulse trains may be structurally identical to click trains, to
heim and Awbrey, 1982; Evans and Prescott, 1962; Fordthe human ear they sound very different and are given a
1989; Herzing, 1996; Kaznadzeit al, 1976; Lilly and different name: burst-pulse sounds, which sound subjectively
Miller, 1961; McCowan and Reiss, 1995; Sjare and Smithjlike screams, squeals, or moafSaldwell and Caldwell,
1986; Tyack, 1986 As a result of such studies, dolphin 1967; Dahlheim and Awbrey, 1982; Dawson and Thorpe,
vocalizations have been classified traditionally into three dis1990; Schevill and Watkins, 1966The peak frequencies of
tinct signal types(1) click trains;(2) burst-pulse sounds; and burst-pulse sounds vary between species. For example, killer
(3) whistles. Click trains and burst-pulse sounds are colWhales produce burst-pulse sounds with peak frequencies be-
lapsed sometimes into a single category: pulsed sounds/pulV 20 kHz (Ford, 1989. Hector’s dolphins(Dawson and
trains (e.g., Herman and Tavolga, 1980 Thorpe, 199D and Commerson’s dolphmsEvan_s et al,

Click trains are comprised of a sequence of brief acous1988, however, produce burst-pulsed sounds with peak fre-

tical pulses spaced over time. The pulses can be described @4encies above 100 kHz. Burst-pulse sounds range in dura-
exponentially damped sine waves and range in duration fror{on from tens of milliseconds to several secor@ord,

approximately 40us in bottlenosed dolphinéAu, 1993 to 1989|; Ove(;strﬁm, 1983 Fir:lall]}/, whistles arg Tarrgw—band,
over 10 ms in killer whalegSteineret al,, 1979. Because tonal sounds that are usually frequency modulated. Most spe-

their durations are short, pulses have a wide frequency band‘€S of dolphins produce whistles between 5 and 20 kHz with

width, making them sound clicklike. Their peak frequenciesranges o (.1ur'at|on similar to burst—pu!se sour{d:gldwell
. et al, 1990; Richardsoet al, 1996. While all dolphin spe-
can vary tremendously, from 5 kH&teineret al,, 1979 to . .
over 150 kHz in some speciéau, 1993, The repetition rate cies produce pulsed sounds, some species may not produce
I 1€ Spe ’ ' P whistles(Herman and Tavolga, 1980
of pulses within a click train range from a pulse every 1-2 s
to hundreds of pulses per secofféord and Fisher, 1978; A. Traditional analysis
Dawson, 199}, pulse rate can also change over the course of Determining thetype of vocalization (e.g., whistle,

burst-pulse, click trainhas often been the first step in past
dElectronic mail: smurray@braindev.uoregon.edu analyses of dolphin vocalizations. As previously mentioned,
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most characterizations of dolphin vocalizations have beehowever, the acoustic structure of the signals is comprised of
based on aural impressions and visual inspections of spectrdiscrete categories, it would suggest that the various signal
grams. Through aural analysis, labels such as “whistles,'types may serve unique functions.
“squawks,” “screams,” “clicks,” etc. are derived. Signals The existence of a graded acoustic structure would also
may be reliably classified by individual researchers usinghave implications for possible sound producing mechanisms.
such labels, but such classifications are highly subjective an@ne of the questions regarding dolphin vocalizatiossthe
generalize poorly across researchers. Additionally, these catrechanisr(s) responsible for producing sound. Many theo-
egories are highly dependent upon the perceptual capabilitieges have been suggested; the two most commonly suggested
of humans. We may be incapable of distinguishing or recogsources being the laryne.g., Purves and Pilleri, 198and
nizing subtle differences in the underlying acoustic structuréhe nasal sac syste(e.g., Cranforcet al, 1996. It is some-
and, consequently may be forming categories that are irretimes assumed that there is a generator for echolocation
evant for dolphins. pulses and a separate site for whistleg., Evans and Pres-

Researchers have also analyzed spectrographic represantt, 1962. This assumption is partly due to the fact that
tations of dolphin vocalizations in attempts to describe theimwhistles and clicks are regularly produced simultaneously,
structure. These analyses have relied on the notion that disuggesting that there are two distinct mechanisms. If the vo-
ferent signal types yield visually discriminable spectrogramscal structure is shown to be graded, however, another possi-
For example, because clicks are short, broadband signalsility may be that the same mechanism produces both pulsed
click trains are represented on a spectrogram by a series sbunds and whistlelike vocalizations. The occurrence of si-
vertical lines with intervals between lines corresponding tomultaneous clicks and whistles could be the result of twin
the intervals between clicks. A whistle, on the other handmechanisms each capable of producing whistles and clicks
appears as one or more horizontal lines with the bottom lineas well as all gradations in between.
usually representing the fundamental frequency of the signal
and lines above it representing harmonics. C. Study goals

Forming categories based on visual inspection of spec- ) .
trograms can be problematic. The determination of whether ~FalSe killer whales(Pseudorca crassidensre an ex-
one whistle or burst-pulse sound looks different from anothef"€Mely vocal delphinid species and have a diverse reper-

is highly subjective and thus may generalize poorly betweerfoiré: They produce sounds that meet the “traditional” cat-
investigators. Additionally, spectrograms are subject to £9°ries described abovelicks, burst-pulse, and whistleas

time versus frequency resolution tradeoff. A gain in timeell @ many other sounds that appear to be “intermediate”
resolution results in a loss in frequency resolution, and vic®®tween categorie.g., have both pulsed and continuous-

versa. Therefore, the choice of the analysis bandwidth calyave characteristigs This diversity provides a unique op-
dramatically affect the visual representation of the signal. IPOrtunity to analyze the acoustic similarities between what
is possible to arrive at similar looking spectrograms througH'ave traditionally been considered distinct categories.

quite different underlying waveforms. For example, what The determination of whether the structure of false killer
may appear to look like a whistl@ line on a spectrogram whale vocalizations is graded or consists of discrete catego-
with many harmonicscan be created by pulsing a signal ries should be based on acoustic structure and not on human

faster than can be resolved by the analysis window of a spe@€rception, which may introduce arbitrary groupings. Given
trogram (Davis, 1964; Watkins, 1967 Simply decreasing the c_zllfflcultles in descrll_al_ng signal typ@.g., pulsed versus
the size of the analysis window will resolve the pulsed signafOntinuous through traditional methods such as aural analy-
into what appears to be a click train. In other words, with oneSiS O Visual inspection of spectrograms, this study developed
signal and two window sizes, you can arrive at two very@" alternative measure of signal type base.d on a short_—nme
different looking spectrograms. duty cyclg cglcglaﬂon. The advantage to this new technique
was that it eliminated human judgment and subjected all vo-
calizations to the same measure. The signal type measure
was combined with peak frequency measurements. Each vo-

~ The traditional model for classifying dolphin vocaliza- cajization, consequently, was characterized by simultaneous
tions assumes that their repertoires consist of acousticallyhanges in signal type and peak frequency.

discrete signal typeée.g., whistles, burst-pulse sounds, and
click traing. However, click trains and whistles may be at
opposite ends of a continuutwith burst-pulse sounds being
intermediatg This continuum may have been previously un- Recordings were made of two false killer whales, one
recognized because subjective analyses and single windomale and one female, located at Sea Life Park, Oahu. They
size spectral analyses have been the norm. were approximately 3 years old when captured and approxi-
Determining whether the structure of dolphin vocaliza-mately 9 years old when the recordings were made. At the
tions lie along a continuum or occupy discrete categories isime of recording, the male was 3.9 m and weighed approxi-
important when considering the potential funct®nof the  mately 600 kilograms and the female was 3.7 m and weighed
signals. For example, if the structure is graded, with no cleaabout 450 kilograms. The two animals had been housed to-
acoustic demarcations, some funct®nof the signals may gether since capture.
not be discrete. One possible function of a graded structure Recordings were made by moving each animal to a dis-
may be to communicate arousal level or behavioral state. Iftant portion of its tank. The other animal remained behind a

B. Graded signals

|. DATA COLLECTION
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FIG. 1. A simulated signal representing the graded structure of the vocaIFlG. 2. The 256-point spectrogram of example 1 showing a vocalization

izations. The bottom panel is a close-up view between 28 and 37 ms. Fro'Brade from a click train to a burst-pulse sound. The horizontal banding

0to 29 ms, the signal is comprised of discrete, exponentially damped puls§5ayeen 1000 and 1200 ms is characteristic of rapidly pulsed signals.
and the inter-pulse interval is gradually reduced to 0.0 ms. From 29 ms to 36

ms the damping function is gradually reduced until a continuous sinusoid
remains. gradually until there is no interval between the pulésse
Fig. 1, bottom panel The signal is graded as a function of

gate in another portion of the tank. The minimum distanceiime between pulses, where the minimum interval between
between the animal being recorded and the other animal bgulses is zero milliseconds. At an interval of zero millisec-
hind the gate was approximately 30 m. The trainer turned thends, the signal is pulsed in that it consists of damped sinu-
animal on its back in order to get the mel@orehead region soids that regularly oscillate. It is continuous in that there is
of the animal from which it is believed sound emanates no interval in the vocalization without energy. From there,
underwater and positioned the animal so that its head wabe signal grades into a “whistle{i.e., continuous sinusojd
about 1-2 m away from the hydrophone. Because the amplas a function of the degree of damping on the sinusoid, even-
tude of the signals was higher in this upside down positionfually reaching a continuous, nondamped sinusoid.
this procedure ensured very high signal-to-noise ratios as Visual examination of the waveforms of the false killer
well as confidence concerning the identity of the animalwhale vocalizations revealed that there were vocalizations
making the sounds. that represent each stage of the model. Moreover, some vo-

All sounds were recorded with a Sony Digital Audio calizations gradually modulated through each stage of the
Tape-recordetDAT), TCD-D8, which uses a sampling rate model. Examples of such vocalizations are described below.
of 44.1 kHz, for a frequency bandwidth to 22 kHz. A custom
built hydrophongW. Au) with a sensitivity of—185 dB and
a bandwidth to 200 kHz was used for all recordings. Usinga  The 256 point spectrogram of the first example is shown
quasi-random procedure, 500 vocalizations were chosen fdf Fig. 2. This example demonstrates the grading that occurs
analysis and digitized onto a PC computer using a Soundrom pulses that are spaced apart to pulses that have no inter-

A. Example 1

Blaster 32 sound card. pulse interval. This vocalization covers the traditional cat-
Pseudorca produce ultrasonic vocalizatidgas: et al,, egories of click trains and burst-pulse sounds. The beginning
1995; Kamminga and van Velden, 1987; Thomesal. of the vocalization is characterized by pulses with a maxi-

1988. To test whether higher-frequency signals were missednum inter-pulse interval of 12 ms. The intervals gradually

due to the relatively low bandwidth of the DAT recorder, reduce in length. At 900 ms into the vocalization the pulses

broader band recordings were made using a RACAL reel-toare approximately 5 ms apart. At 1000 ms they are about 2

reel recorder at a tape speed of 30-in.-per-second, resultifgs apart and at 1100 ms there is no inter-pulse inteseg

in a bandwidth of 170 kHz. One additional recording sessiorfig. 3). The aural and spectrographic appearance of the vo-

was made with this equipment. calization changes dramatically from the beginning to the
end. However, the only change in the waveform is the time

Il. GRADED MODEL between each pulse.

Through visual inspection of the waveforms, the follow-
ing model was developed to describe how the structure of th
vocalizations is graded. Clicks and burst-pulse vocalizations  This example of a pulse traiffrig. 4 demonstrates how
can be modeled as exponentially damped, brief sinusoiddhe degree of damping changes on the pulses as they begin to
pulses spaced over time. Figure 1 shows a computer genespproximate a sine wave. The waveform at 420 ms shows
ated signal that is comprised of exponentially damped, 5-kHzhat the vocalization has approximately 2 ms between each
pulses. The figure begins arbitrarily with 5 ms between eaclpulse. At 1330 ms there is no interval between the pulses and
pulse. The time interval between each pulse is reducedt 1460 ms the damping function reduces and the waveform

. Example 2
8
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FIG. 3. Close-ups of the waveform of example 1 at three different location FIG. 5. The 128-paint spectrograftop pane) and a close-up of the wave-
Lo >€-up ple ; S‘form of example 3. There is a pulsed component to the signal between 6 and
in the vocalization. The three panels show the inter-pulse interval graduall)_/LG ms shown in the bottom panel

reduce from approximately 5 ms in the top panel to 0.0 ms in the bottom
panel.
nondamped sinusoidal puls@®., regular oscillations in am-
plitude) and looks very similar to the waveform of the model

begins to approximate a sinusoid. This vocalization rét 34 ms(see Fig. 1

sembles the moddFig. 1) between 28 ms and 35 ms.

lll. ANALYSIS PROCEDURE

C. Example 3 A. Duty cycle

The final example is a vocalization that appears aurally In order to describe the structure of thg vocalizations
and spectrographically to be a whistiee Fig. 5, top pankgl with respect to the above model, a short-time duty cycle

In general, the spectrograms of false killer whale whistled€2Sure was developed in an attempt to characterize the

look similar to whistles produced by other odontocete speShape of the waveforms and thus characterize changes in

cies (e.g., Herzing, 1996; Sjare and Smith, 1986: Sayighsignal type. Duty cycle refers to the percentage of time that a

et al, 1990; Tyack, 1986 The peak frequency of the vocal- signal is “on” versus the total _Ien_gth of the s_ignal. At one
ization ascends from approximately 4 kHz to 7 kHz. The 128end of the extreme are vo<_:aI|zat|ons co_mprlsed of widely
point spectrogram shows a relatively narrow-band signal. sSpaced puls_eée.g., a click tralmcorresp_ondlng to a low duty
close examination of the wavefor(fig. 5, bottom panglof F:ycle. That is, the pulses are very brief as compared to the
the whistle, however, reveals that it has pulsed componentdltérval between pulses. As the interval between pulses de-

Between 8 and 16 ms the whistle is comprised of a series Jfreases, duty cycle increases until there is no interval be-
tween pulses: the vocalizations begin to approximate a con-

stant sine wave and correspondingly have a high duty cycle.

1 . : At this end of the extreme, the vocalizations sound whistle-
3 like.
'%;L OWWMW&%NJWAAWVMNVM All signals were compared to a nonamplitude modulated
<, . ‘ sine wave. The duty cycle measure was calculated by taking
415 420 425 430 the rectified digital waveform and converting each point to a
1 ' ' percentage of the maximum value in 512-point “windows”

ol (about 11 ms for a 44.1-kHz sampled signdhe average of

1 i , these percentages was calculated and normalized to a sine
o , wave by dividing the value by 0.636, the approximate sine
1320 1325 1330 1335 wave value for the calculation. Therefore, if the signal was
' ' an unmodulated sine wawgtonal” ), it received a value

LAl very close to 1.0. A threshold was used such that windows
| it ‘ that did not surpass the threshold received a value of 0.0. In
-1 A LA this way it was possible to represent inter-pulse intervals that
1450 1455 Time (ms) 1460 1465 were longer than 512 points.

The duty cycle measurement took into account the de-
FIG. 4. The waveform of example 2 at three different locations. The topgree to which the waveform of a signal deviated from an

panel shows discrete pulses with an inter-pulse interval of approximately nmodulated sine wave Signals received values between 1.0
ms. In the middle panel the inter-pulse interval is 0.0 ms. The damping . ) o " . '
reduces in the bottom panel and the signal is beginning to approximate ﬁuandUIated sine wave—a perfeCt WhB}Iand 0.0(no

continuous sinusoid. signa). Values between 1.0 and 0.0 reflected the degree of

Relative
o
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FIG. 6. The 128-point spectrogram of the first exam(pdg) and a close-up

view of the transition between the pulses and the whistle occurring at apEIG. 7. Plots of the characterization vectors for the vocalization shown in
proximately 67 ms. Fig. 6. Duty cycle is shown in the top panel and peak frequency in the

bottom panel. The initial and final duty cycle values are approximately 0.35,
corresponding to the pulse trains. The values of close to 1.00 correspond to
pulsing. For example, a typical click train might have a valuethe whistle portion of the vocalization.
of approximately 0.05, a typical burst-pulse signal between
0.3 and 0.6, and a typical whistle-like signal may have dowed by pulsed sounds. The inter-pulse intervals of the
value of 0.8 or greater. pulsed components vary but are approximately 2—3 ms. The

There were additional circumstances in which valuespulsed portion of the vocalizatiofiop panel extends from
less than 1.00 could have arisen. For example, if the dutgpproximately 0 to 65 ms and from 260 to 360 ms. The
cycle measure was applied to a continuous sine wave thathistle shows as the series of dark lines beginning at ap-
changed amplitude, values less than 1.00 would occur. Eagbroximately 65 ms. The bottom line represents the funda-
point of the signal was expressed as a percentage of theental frequency of the whistle and the lines above it repre-
maximum of the signal. The measure assumed that the ovesent harmonics. Before and after the whistle are the pulse
all amplitude of the signal was not changing. For this reasontrains.
choosing an appropriate window size was important. The  Although the vocalization is comprised of several sound
512-point window size was chosen after analyzing the wavetypes it is treated as a single vocalization because there are
forms of many vocalizations with changes in amplitude. Inno “breaks”—the transition between sound types is imme-
general, the overall amplitude of the vocalizations changedliate. Figure 6, bottom panel, is a close-up view of the wave-
little in the 512-point window. form showing the transition from a pulse train to a whistle
that occurs at approximately 67 ms.

Figure 7 shows the measurement values for this vocal-
. ) ization. The top panel represents duty cycle values. ¥he

Signals were also analyzed for peak freque(i®y, the  is represents each analysis window and ytfeis repre-
frequency with peak energiyA 512-point window was used  gents quty cycle value. Visual examination of these values
(to correspond to the duty cycle windpand peak frequency  gives an easily interpretable representation of how signal
was calculated. Thus each vocalization was characterized tﬁjpe is changing over time. The whistle is clearly seen as

B. Peak frequency

changes in duty cycle and peak frequency. values approaching 1.0. The pulse trains before and after the
whistle are represented by the lower duty cycle values of
IV. RESULTS approximately 0.35. The bottom panel of Fig. 7 represents

A. Analysis procedure peak frequency as it changed throughout the vocalization.

The following examples demonstrate how various vocal-2, Example 2
ization types were represented by the analysis procedure. The second example is a pulse train that is approxi-
Vocalizations that changed waveform structure were COM- ~telv 900 ms lona. In the spectroaram disolay. each click is
mon. The first vocalization has multiple sound typesistle y 9. b 9 piay,

I clearly visible as a vertical linésee Fig. 8 The duty cycle
and burst-pulseand is included to demonstrate how the dUtydispIa); in Fig. 9, shows the rgativels I(?w valuéegs t)r/1an

cycle measure is able to represent changes in signal type 0V8r1() The zeros result from windows that did not exceed the
time. The second example is a click train. The examples arﬁw.res.hold and represent inter-pulse intervals

not meant to represent all of the observed signal types; the ’
emphasis of the demonstration is on the performance of thg High-frequency recordings

analysis procedure.
Pseudorca also produce ultrasonic vocalizati¢ag.,

1. Example 1 Au et al, 1995. The ultrasonic vocalizations observed by
The first exampldFig. 6) is a whistle preceded and fol- Au et al. (1995 were produced in an echolocation task in
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FIG. 8. The 256-point spectrogram of example 2 showing the inter-pulse Peak Frequency (kHz)

interval gradually increasing. FIG. 10. The distribution of peak frequencies recorded with the RACAL
reel-to-reel recordetbandwidth to 170 kHg Very few (1%) of the values
are above the limit of the DAT recorder.

which the animal had to detect small differences in the wall

thickness of a target. The maximum peak frequency ob-
served in that experiment was approximately 100 kHz. Thec. Peak frequency
DAT recorder used in this study has a bandwidth limited to

22.05 kHz. Therefore, it was necessary to evaluate whether Peak frequenmes_, range_d from a IOW.Of 3 k(-tfze mini-
mum frequency considered in the analysgsa maximum of

higher-frequency vocalizations were being missed with the22 KHz (the frequency limit of the DAT. The average start-
DAT recorder. ing peak frequency for all 500 vocalizations was 6212 Hz

A total of 5 min of recordings made with the RACAL )
. : (s.d=2651 H2. The average ending frequency was 7834 Hz
reel-to-reel recordetbandwidth to 170 kHegwere analyzed (s.d=2843 H2. A two-samplet-test comparing the average

for peak frequency. The analysis did not consider frequenétarting and ending frequency revealed a significant differ-
cies below 3.5 kHz in order to reduce tank noise. Each Vc.)_ence,t(499)= 1059, p<0.0001. The trend for the vocal-

calization was analyzed in 512 point windows and the maxi-_ . ) .
y P zations to begin at a low frequency and end at a higher

mum value of the power spectrum was calculated. A total o%fre uency may have resulted from the frequent occurrence of
1% of peak frequencies were outside the 22-kHz range of the q y may q

DAT recorder(see Fig. 10 The maximum peak frequency sh(_)rt duration, ascendi_ng whistle vocalizations. Although
recorded with the RACAL was 50 kHz and was a pulse in aWh'Stk':'S showed a variety Of. frequt_ancy modulations, the
click train. Additionally, vocalizations with peak frequencies most common was an ascending whistle.
below 22 kHz often had ultrasonic harmonic components,

and these components changed in parallel with the sonic

peak frequencies. It appears that in this context ultrasonic

vocalizations are rare. The observance of few vocalization®. Duty cycle

having peak frequencies above the limit of the DAT recorder

suggests that the following discussion of peak frequency is values on the duty gycle measure rar)ged from a mini-
valid. mum of 0.0 (inter-pulse intervalsto a maximum value of

1.31. Values above a score of 1.00, the theoretical limit of
the scale, were not expected. A total of 3% of the values
0.15 , i i , were above 1.00. Upon closer inspection, values greater than
1.00 seemed to result from distorted sign@lessibly due to
. one of the recording instruments being overdriven
1 | [ x A significant negative correlatiof—0.49, p<<0.0001,
il T:' i ',:"I"-' :'.:".:". b "':." B 1 see Fig. 11was found between the average peak frequency
AR TR for each vocalization and the average value on the duty cycle
Y 100 measurgremoving duty cycles values greater than 1.00 re-
sulted in a correlation of-0.48. Low duty cycle vocaliza-
tions such as click trains tended to be higher in peak fre-
T T quency than higher duty cycle vocalizations such as whistles.
o
i
]

011 xX ’.’f *
CARET L. 8 B
0.05}

Duty Cycle

10000

Whistles tend to be lower in frequency than pulées., Au,
1993; Popper, 1980Employing the duty cycle measure re-
vealed a direct linear relationship between waveform struc-
ture and peak frequency; peak frequencies drop as the vocal-
izations shift from pulse trains to whistles. Models of
FIG. 9. The duty cyclétop panel and peak frequency values for example 2. 0dontocete sound production must take this finding into ac-
The zeros correspond to inter-pulse intervals. count.

5000f yrijt

Peak Hz
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FIG. 13. The distribution of nonzero duty cycle values. There are many low
values corresponding to pulse trains. The values above 1.0 appeared to result

FIG. 11. The distribution and regression lime<(—0.49) of the relationship from distorted signals.

between average duty cycle and average peak frequency showing that as

duty cycle increases peak frequency tends to decrease. values. The values on this measure reflect sigyye (e.g.,
click train, burst-pulse, whistjeoy comparing each vocaliza-
E. Duration tion to a sine wave. If discrete signal types exist, they should
The duration of each vocalization was measured to th%ee;itlﬁgted as discontinuities in the values obtained on this

nearest millisecond. The average duration was 506 ms The total of 18 515 nonzero duty cycle values were dis-

(s.d=761 m3. Longer duration vocalizations tended to be tributed throughout the entire range of possible values, indi-

pulse trains, evident in a significant negative correlation be-

tween the average duty cycle for each vocalization and dugatmg a graded structure with whistles and clicks being at

ration (—0.37 p<0.0001, see Fig. 32 This means that as opposite ends of a continuufeee Fig. 13 The distribution

0,
duty cycle was lower, the average duration was longer, im-OIc duty cycle scores shows mar§3%) low values(<0.20

plying that there may be a limited air supply for each vocal-and many(149 high va!ues(>0.80): These value§ roughly
ization. This supply can be released to drive the productiorﬁJorresDOnd to pulse trains and whistles, respectively.
mechanism gradually, over a longer time in the form of pulse L
trains or more quickly in the form of whistles. G. Maintaining peak frequency
Many vocalizations contained more than one signal
F. Graded signals type. For example, a vocalization could begin as a whistle
and switch to a pulse train. Approximately 10% of the vo-
calizations were whistles that switched suddenly to a pulse
One way to examine whether the vocalizations arerain. The peak frequency of many of these vocalizations was
graded is to observe the frequency distribution of duty cyclemaintained across this switch in signal tyfsee Fig. 1%
The spectrogram clearly shows the whistle ending and the
1800 T ' ' ' ' ] pulse train beginning at approximately 100 ms. Figure 14
. ] (bottom panel also shows a plot of peak frequency where
. . . 1 the line represents the peak frequency of the whistle and the
1a00[ + . | asterisks represent peak frequency of the pulses. The peak
. frequency of the end of the whistle is 6.1 kHz and peak
e Lo o ] frequency of the first pulse is 6.0 kHz. A two sampitest
y ' comparing the mean frequency of the whistle
(M=5.32 kHz, s.d=0.18 and the mean frequency for the
pulses(M =5.52 kHz, s.d=0.09 revealed no significant dif-
ferencet(9)= —0.46,p<0.33. In other words, there was no
change in peak frequency when switching from the whistle
to the pulses.
o] Figure 15 shows the waveform of a transition between a
te whistle and a pulse train. The first pulse starts at the end of
' and is “attached” to the whistle waveform. The maintenance
of peak frequency across changes in signal type, when con-
FIG. 12. The distribution and regression lime{(—0.37) of the relationship sidered along with the evidence of a graded vocal structure,

between duration and average duty cycle showing that the duration of th&trongly suggests tha_lt a sing!e mechanism is the source of
vocalizations tends to decrease with increasing duty cycle values. both pulsed and continuous signals.

1. Distribution of duty cycle values

Duration (ms)
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FIG. 14. The 128-point spectrograftop) and a graph of peak frequency F|G, 16. The 256-point spectrografiop) and a close-up of the waveform
(bottom of a vocalization switching from a whistle to a click train. The line  5;ound 300 ms of a click produced simultaneously with a whistle. The click
represents peak frequency of the whistle and the asterisks represent pegkin and whistle begin at different times and have different amplitudes.
frequency of the pulses in the click train. Peak frequency is maintained
across the change in signal type.

the vocalizations fit into the traditional categories of

H. Independent/simultaneous signals whistles, burst-pulse sounds, and click trains. However,

The available evidence suggests that a single mechanishfsed on detailed visual analyses of the waveforms, a better
is able to produce both pulsed and continuous waveformgnodel does not recognize discrete categorical differences in
However, there appear to be vocalizations comprised of “in-signal (i.e., waveform type. The vocalizations are graded,
dependent” and simultaneous signal types. There are numethat is, they lie along a continuum with trains of discrete,
ous reports of other dolphin species producing simultaneougxponentially damped sinusoidal pulses at one end, and con-
whistles and clickge.g., Lilly and Miller, 196) and it ap- tinuous sinusoidal signals at the opposite end. Therefore, the
pears that pseudorca do the same. Figure 16 shows an dxaditional categoriege.g., pulse trains, burst-pulse sounds,
ample of a concurrently produced whistle and pulse train. Onvhistles should not be viewed as distinct, but instead,
the spectrogranitop panel, the whistle and pulses begin at should be viewed as occupying locations along a continuum
different times. The bottom panel shows a disparity in am{from widely spaced pulses to a continuous sinusoid.
plitude between the two signal types with the lower ampli- Pulse trains are graded as a function of the interval be-
tude portion of the waveform corresponding to the whistle; &ween pulses where the minimum interval between pulses is
higher amplitude pulse occurs at approximately 301 ms. It i$.0 ms. The transition from pulse trains with no inter-pulse
difficult to explain the co-occurrences in signal type withoutinterval to a whistle can be modeled by gradations in the
the attribution of two production mechanisms, given thatdegree of damping. There were many examples of vocaliza-
many of these co-produced vocalizations begin and end &ons that were gradually modulated from pulse trains to
different times and often have different amplitudes. We disWwhistles, encompassing the entire continuum. There were

cuss this apparent contradiction later. also vocalizations that showed sudden shifts in signal type—
for example, switching immediately from a whistle to a pulse
V. GENERAL DISCUSSION train.

The two false killer whales recorded in this study vocal- ~ Because of the changes in signal type, it was important

ized often and produced a wide variety of sounds. Most ofo have a measure that could objectively represent the loca-
tion of a vocalization along the continuum. The short-time

1 — : : : . . . duty cycle measure seemed to be effective in this capacity.
Values on the duty cycle measure occupied the entire range
from zero to one, which seems to reflect the graded structure
of the vocalizations. It was possible, however, to identify
il ‘ modal duty cycle values. The majority of valug3%) were

A H ‘ ] below 0.20. These vocalizations subjectively sounded like

05

click trains. There were also many duty cycle val(®4%)

Relative Amplitude
[w]

‘ Whistle Ends above 0.70, which subjectively sounded like whistles.
05 ‘ Correlations between behavioral state and vocalizations
‘ First Pulse have often been noted in both wild and captive animals and
4l . . , . . . in a variety of dolphin speciege.g., Ford, 1989; Herzing,
92 94 96 98 100 102 104 1996; Mortonet al., 1986; Norriset al, 1994. Describing
Time (ms) the behavior of Hawaiian spinner dolphins, Norgsal.
FIG. 15. An example of a whistle to click transition. The first pulse occurs (1994) remarked, “One hears a quiet ‘muttering _OT clicks’
at the very end of the whisti@pprox. 93 ms during(res)...” (p. 179. They observed that as activity level
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increased, the number of whistles and burst-pulse signals irnng through the nasal passage. The air stream apparently
creased. There may be a strong correlation between the dupasses between the so-called monkey lip/dorsal bursae
cycle values of the vocalizations and the activity level of the(MLDB) region and causes the monkey lips to open and slap
Hawaiian spinner dolphin. Anecdotally, a similar trend wastogether. Cranforcet al. suggest that pulse repetition rate
observed with the false killer whales used in this study. Atcould be regulated by such factors as air pressure and/or
the beginning of each recording session, they were generalijpiuscle tension on vibratory elements. Once muscle tension
much more active and produced many whistles and rapidlyeaches a critical value, the monkey lips might operate har-
pulsed vocalizations. Toward the end of each recording sesnonically and produce whistlelike sounds. There is a pair of
sion, after resting on their back for 20-30 mins, the animalgnonkey lips in each nasal passage, meaning that there are
were much quieter and generally emitted only widely spacedwo potential sound producing mechanist@anfordet al,
clicks. 1996. Additionally, delphinids have moderately asymmetric

All of the recordings for this study were made in a single MLDBs, suggesting that one side may be favored for high-
behavioral context: the animals were resting on their backdrequency vocalizations and the other for low-frequency vo-
It may be that modal duty cycle values shift as a function ofcalizations: “...if the duration of the vibratory event and the
behavioral state. For example, if the animal were highlyevent locationalong the length of the monkey lipare un-
active/aroused, the proportion of high duty cycle valuesder voluntary control of the dolphin, then a rich variety of
might increase. If the animals were at rest, possibly at nightpossible combinations could help explain the varied reper-
there would likely be many more low value signals. toire of signals recorded from delphinidgCranfordet al.,

Although the acoustic structure of the vocalizations is1996, p. 27%
best modeled as lying along a continuum, this does not mean
that the animals are perceiving them as such. In humaACKNOWLEDGMENTS
speech perception, for example, continuous changes in
voice-onset time are perceived discontinuoygly., Cutting
and Rosner, 1934Dolphins, in general, have a hearing sys-
tem that is adapted for higher frequencies and greater tim
resolution than humané&etten, 1992 While false Kkiller - . . .
whales probably do noté?)erceive thtﬁr own vocalizations a{LOC\ggl?ogr Eg?'pﬂfhnzzpadct;f:cq:gil assistance, and to Molly
humans do, categorical perceptual processes may be occur- P '
ring. . . S . .

The observation of the entire continuuliiiok train 10 yscal fods are necessary the mechanisin procucing the sounds. 1t s used
whistle) in single vocalizations suggests that a single produc-as a general term for dolphin sounds that are internally generated via air
tion mechanism can potentially produce all of the observedflow in the head region.
signal types. Additionally, the maintenance of peak fre-
quency in single vocalizations across abrupt changes in sight, W. W. L. (1993. The Sonar of DolphinéSpringer-Verlag, New York
nal type(e.g., whistie- click trai) is further evidence for & "¢ 1yoqg " aiocaion signais and ansmision bean pater of a ase
single mechanism. However, seemingly independent signaliler whale (Pseudorca crassidens J. Acoust. Soc. Am98, 51-59.
types such as whistles and clicks commonly occur simultacaldwell, M. C., and Caldwell, D. K(1967. “Intra-specific transfer of
neously. The two signal types would often begin and end at information via pglsed sound in captive odont_ocete ceta(;eans_%’himal
different times and exhibit differential changes in amplitude. tsl’ onar Systemedited by R. G. Busndlaboratoire de Physiologie Acous-

que, Jouy-en-Josas, Francpp. 879-836.
Such occurrences are difficult to explain without invoking atcaldwell, M. C., and Caldwell, D. K(1968. “Vocalization of naive captive
least two production mechanisms. dolphins in small groups,” Sciencks9, 1121-1123. _
The confiict between the likelihood that a single produc- 38 0t CEUEE . Bl TXE 2, onose dalphin/The
tion mechanism can produce everything from click trains to gaiienose Dolphinedited by S. Leatherwood and R. R. ReevAsa-
whistles and the apparent need to posit two mechanisms mayiemic, San Diegp pp. 199-235.
be resolvable. The sound production system in dolphins magatchpole, C. K., and Slater, P. J. 8995. Bird Song(Cambridge U.P.,
be analpgou_s to that foun_d in birds in that there_ may be tw%gi?;t:gd_gll_éw Amundin, M., and Norris, K. $1996. “Functional mor-
production sites. The syrinx, the sound-producing organ in phology and homology in the odontocete nasal complex: Implications for
birds, is located at the junction of the two bronchi. This sound generation,” J. Morpho228, 223-285.
means that there are two potential sound sources, one in eaEHting, J. E., and Rosner, B. §1974. “Categories and boundaries in
bronchus(Catchpole and Slater, 1998n some specie.g., D;Eﬁg:ﬁm IrEnuesllr?d AF\);t;(r:g;t.Fl.D'sK)gL%hSOzp.%-Elgis_igzgt.ion and compari-
canariey there is considerable lateralization where one side son of vocalizations of captive killer whales,” J. Acoust. Soc. AT,
of the syrinx produces the majority of soun@sottebohm, 661-670.

; ; ; ; Davis, L. I. (1964. “Biological acoustics and the use of the sound spec-
19713). In other speme_Qe.g., Catblrd)s_ both sides _contrlbute trograph.” The Southwestern Natural@t 118145,
equally, each producing its own unique repertoire of sound$,,son, . M., and Thorpe, C. WL990. “A quantitative analysis of the
(Suthers, 1990 sounds of Hector's dolphin,” Etholog$6, 131—145.

Odontocetes have two separate nasal passages. PossiByson, S. M.(199]). “Clicks and communication: The behavioural and

; ; ; ; social contexts of Hector’s dolphin vocalizations,” Ethold8g 265—-276.
there is a sound producing mechanism in each of them. Crar&-vans W. E., Awbrey, F. T. aﬁd Hackbarth, (1988. “Hi(é??frequency

fO.I’d et al. (1996. proposgd that t.he likely m?Chanism for -~ puises produced by free-ranging Commerson’s dolpBiephalorhynchus
click generation is an oscillator driven by an air stream mov- commersonjicompared to those of phocoenids,” Reports of the Inter-

This study was conducted as part of an M.A. program at
the University of Hawaii, and was made possible through the
support of Marlee Breese, formerly of Sea Life Park, Oahu.
ﬁ/lany thanks to Dr. Paul Nachtigall, to Dr. Whitlow Au for

1687 J. Acoust. Soc. Am., Vol. 104, No. 3, Pt. 1, September 1998 Murray et al.: Characterizing graded structure 1687



national Whaling Commission (Special Issue 9). Biology of the genudNottebohm, F(1971). “Neural lateralization of vocal control in passerine

Cephalorhynchusedited by R. L. Brownell and G. P. Donovéimterna- bird song,” J. Exp. Zool177, 229-262.
tional Whaling Commission, Cambridgepp. 173-181. Overstrom, N. A.(1983. “Association between burst-pulsed sounds and
Evans, W. E., and Prescott, J. £1962. “Observations of the sound pro-  aggressive behavior in captive Atlantic bottlenosed dolphins,” Zoo Biol.
duction capabilities of the bottlenosed porpoise: A study of whistles and 2, 93-103.
clicks,” Zoologicaz'w, 121-128. o Popper, A. N.(1980. “Sound emission and detection by delphinids,” in
Ford, J. K. B., and Fisher, H. 11978. “Underwater acoustic signals ofthe  Cetacean Behavior: Mechanisms and Functjcedited by L. M. Herman
narwhal(Monodon monocergg’ Can. J. Zool.56, 552—560. (Wiley—Interscience, New Yok pp. 1-52.
Ford, J. K. B.(1989. “Acoustic behaviour of resident killer whales off pyryes, p. E., and Pilleri, G1983. Echolocation in Whales and Dolphins
Vancouver Island, British Columbia,” Can. J. Zo@l7, 727-745. (Academic, London

Herman, L. M., and Tavolga, W. N1980. “The communication systems Richardson, W. J., Greene, C. R., Malme, C. I., and Thomson, [1995.
of cetaceans,” inCetacean Behavior: Mechanisms and Functjoedited Marine Mammals and NoistAcademic, San Diego
by L. M. Herman(Wiley-Interscience, New Yotk pp. 149-209.  gauigh | 'S, Tyack, P. L., Wells, R. S., and Scott, M.(D990. “Signa-
Herzing, D.(1996. “Vocalizations and associated underwater behavior of ture whistles of free-ranging bottlenose dolphigrsiops truncatusSta-

free-ranging Atlantic spotted dolphirgtenella frontalis and bottlenose " g h : » s
dolphins, Tursiops truncatu$ Aquatic Mammals22, 61-79. gi‘;y_;gg mother-offspring comparisons,” Behav. Ecol. Sociobid,

Kig?slirljge?g%’cir;? \;arinsc\)/nel\(/jv?trr]\'Tﬂ.rs(?c-)g?t.ruﬁggigsignS;StigplvTae:q%);T: Schevill, W. E., and Watkins, W. A(1966. “Sound structure and direc-
P P q tionality in Orcinus (killer whale),” Zoologica 51, 71-76.

13, 43-49. . . . . .
Kaznadzei, V. V., Krechi, S. A., and Khakhalkina, E. (4976. “Types of Sjare, B. L., a_nd Smith, T. G(1988. _The_ vocal _repert0|re of white
whales, Delphinapterus leucassummering in Cunningham Inlet, North-

dolphin communication signals and their organization,” Sov. Phys. e
Acoust.22, 484—488. west Territories,” Can. J. Zoob4, 407-415.

Ketten, D. R.(1992. “The cetacean ear: form, frequency, and evolution,” Stéiner, W. W., Hain, J. H., Winn, H. E., and Perkins, P(1879. "Vo-
in Marine Mammal Sensory Systemedlited by J. A. Thomas, R. A. calizations and feeding behavior of the killer wha&@rcinus Orca,” J.

Kastelein, and A. Y. SupifiPlenum, New York pp. 53—76. Mammal.60, 823-827. _ _

Lilly, J. C., and Miller, A. M. (196). “Sounds emitted by the bottlenose Suthers, R. A(1990. “Contributions to birdsong from the left and right
dolphin,” Sciencel33 1689-1693. sides of the intact syrinx,” Naturé_ondon 327, 473-477.

McCowan, B., and Reiss, 011999. “Maternal aggressive contact vocal- Thomas, J., Stoermer, M., Bowers, C., Anderson, L., and Garvef,988.
izations in captive bottlenose dolphiiursiops truncatus Wide-band, “Detection abilities and signal characteristics of echolocating false killer
low-frequency signals during mother/aunt-infant interactions,” Zoo Biol. Whales(Pseudorca crassidel$ in Animal Sonar: Processes and Perfor-
14, 293-309. mance edited by P. E. Nachtigall and P. W. B. MoofBlenum, New

Morton, A. B., Gale, J. D., and Prince, R. 01986. “Sound and behavioral York), pp. 323-328.
correlations in captiveOrcinus orcg” in Behavioral Biology of Killer ~ Tyack, P. L.(1986. “Whistle repertoires of two bottlenosed dolphin&yr-
Whales edited by B. C. Kirkevold and J. S. Lockatdlan R. Liss, New siops truncatusMimicry of signature whistles?,” Behav. Ecol. Sociobiol.
York), pp. 303—333. 18, 251-257.

Norris, K. S., Wursig, B., Wells, R. S., and Wursig, M., with Brownlee, S. Watkins, W. A.(1967). “The harmonic interval: Fact or artifact in spectral
M., Johnson, C. M., and Solow, 1994. The Hawaiian Spinner Dolphin analysis of pulse trains,” iMarine Bio-acoustics, Vol.,2dited by W. N.
(University of California Press, Berkelgy Tavolga(Pergamon, New Yok pp. 15—42.

1688 J. Acoust. Soc. Am., Vol. 104, No. 3, Pt. 1, September 1998 Murray et al.: Characterizing graded structure 1688



	INTRODUCTION
	I. DATA COLLECTION
	II. GRADED MODEL
	III. ANALYSIS PROCEDURE
	IV. RESULTS
	V. GENERAL DISCUSSION
	ACKNOWLEDGMENTS

