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Efforts to study the social acoustic signaling behavior of delphinids have traditionally been
restricted to audio-range<20 kHz) analyses. To explore the occurrence of communication signals

at ultrasonic frequencies, broadband recordings of whistles and burst pulses were obtained from two
commonly studied species of delphinids, the Hawaiian spinner doli@ienella longirostris and

the Atlantic spotted dolphiiStenella frontalis Signals were quantitatively analyzed to establish
their full bandwidth, to identify distinguishing characteristics between each species, and to
determine how often they occur beyond the range of human hearing. Fundamental whistle contours
were found to extend beyond 20 kHz only rarely among spotted dolphins, but with some regularity
in spinner dolphins. Harmonics were present in the majority of whistles and varied considerably in
their number, occurrence, and amplitude. Many whistles had harmonics that extended past 50 kHz
and some reached as high as 100 kHz. The relative amplitude of harmonics and the high hearing
sensitivity of dolphins to equivalent frequencies suggest that harmonics are biologically relevant
spectral features. The burst pulses of both species were found to be predominantly ultrasonic, often
with little or no energy below 20 kHz. The findings presented reveal that the social signals produced
by spinner and spotted dolphins span the full range of their hearing sensitivity, are spectrally quite
varied, and in the case of burst pulses are probably produced more frequently than reported by
audio-range analyses. @003 Acoustical Society of AmericdDOI: 10.1121/1.1596173

PACS numbers: 43.80.K&D]

I. INTRODUCTION topic of debate among researchéMcCowan and Reiss,
Dolphins (family: Delphinidae are known to produce 2001, but the general consensus is that they play an impor-

and hear sounds well beyond the frequency limits of humar@nt I’Ole_ in maintaining contact between dispersed indiv_idu-
hearing. Their use of short, broadband clicks with peak enEiIS (Janik, 2000a Burst pulses have also been strongly im-

ergies between 60 and 120 kHz is well documented in thé’”cated in cor.nmun-icatior(CaIdweII and_ Caldwell, 1967,
context of echolocation behavidsee Au(1993 for a re- Dawson, 1991; Norrigt al,, 1994, but their occurrence and

view]. In contrast, considerably less has been reported offctional significance are still only poorly understood.

their use of ultrasonic signaling for communicative purposes,Some authors have suggested they play an important role in

in part because broadband recorders were until recently qui&dOnistic en.counter(aCaIdweII and Caldwell, 1967; Over-
expensive and not very portallau et al, 1999. With afew  Strom, 1983; McCowan and Reiss, 199&hile others have

exceptions(Lilly and Miller, 1961; Brownlee, 1983: Daw- proposed they represent “emotive” signals in a broader sense

son, 1991; Rasmussen and Miller, 200e vast majority of ~ (Lilly @nd Miller, 1961; Herzing, 1988, 1996possibly rep-
studies examining dolphin social signals both in captivity"Senting graded signalBrownlee, 1983 _
and in the field have been restricted in bandwidth to the  DoIPhins produce whistles with fundamental frequencies
human-audible range. This has left the full-band characterisiSually in the human audible rangeelow 20 kH3. These

tics of their signals poorly described and the use of ultrasonj/nisties often also have harmonics, which occur at integer
frequency bands for communicative purposes all but unexMultiples of the fundamental and extend beyond the range of
plored. human hearing. Harmonics are integral components of tonal
Most dolphin species produce two primary types ofsig_nals produced by departures_of the waveform from a sinu-
sounds thought to play a role in social interactions: tonalStidal pattern. To date, no published efforts have been made

frequency-modulated whistles and rapid repetition ratd® €xplore the occurrence and functional significance of
“burst pulse” click trains (Herman and Tavolga, 1980A whistle harmonics. It is not presently known how often they

few species do not produce whistles and are believed to conCCUr in dolphin whistles, how far in frequency they extend,
municate exclusively via pulsed soundawson, 1991 how much energy they contain relative to the fundamental,

How whistles are used in communication is an ongoingOIhWhy harmonics are present in some whistles but not in
others.
Little is also known about the properties of burst pulses.

dElectronic mail: lammers@hawaii.edu The spectral, temporal, and amplitude characteristics of burst
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TABLE I. The characteristics of the fundamental frequency) (& spinner and spotted dolphin whistles. Values are given as fitandard deviation unless
indicated otherwise.

Duration Mean Ry FM range Fo max (kHz)* Fo min (kHz)? % energy in iy No. of
N (9)? frequency(kHz)* of Fy (kHz) meant=S.D.(95% C.I) meantS.D.(95% C.I) min, Q;, median Q,, max harmonics
S. longirostris 167 0.66-0.36 13.8:2.3 7.3t3.9 17.4-3.0(16.9-17.9 10.1+2.59.7-10.5 65.6, 83.393.1, 95.7, 99.3 1.830.87
S. frontalis 220 0.44t0.30 10.9:2.0 7.4:2.9 14.5-2.514.1-14.9 7.1+-1.56.9-7.3 47.1, 88.6,93.5 96.9, 99.7 1.991.03
3P <0.01.

pulse click trains have been only marginally explored. Early ~ The A/D card was programmed to sample a single chan-
descriptions in the literature were mostly qualitative, reflect-nel continuously into a circular memory buffer in the com-
ing the subjective aural interpretations and classifications oputer’s random access memo(RAM). Incoming signals
human listenergBusnel and Dziedzic, 1966; Caldwell and were detected aurally through headphones and by monitoring
Caldwell, 1967, 1971 Later efforts were more quantitative, a LED bar graph display that revealed the presence and am-
but as with studies of whistles, these also relied primarily orplitude of signals independent of their frequency. When sig-
audio-range analysesOverstrom, 1983; Herzing, 1988, nals were heard or observed on the LED, the system’s opera-
1996; McCowan and Reiss, 1995; Van Parijs and Corkerorntor pressed a trigger switch that initiated the transfer of data
200)). Presently, the only quantitative description of burstfrom RAM to the computer’s hard disk. Usually, alidus of
pulsing at ultrasonic frequencies is for a nonwhistling spepretrigger data ah2 s ofposttrigger data were automatically
cies, the Hector’s dolphifiCephalorhynchus hectgriDaw-  stored with each trigger.
son, 1991 Only anecdotal accounts exist about the occur-  Recordings were obtained from free-ranging spinner
rence of burst pulses above human-audible frequencies fatolphins in Hawaii on 18 occasions and Atlantic spotted dol-
whistling species(Lilly and Miller, 1961; Norris et al, phins in the Bahamas on 17 occasions. Data were collected
1994). off the south and west shores of Oahu, Hawaii, during vari-
In light of the acute hearing sensitivity to ultrasonic fre- ous periods between June 1997 and August 1998 and in the
guencies exhibited by all dolphin species tested so faBahamas along the western edge of the Little Bahama Bank
(Nachtigallet al.,, 2000, the current lack of knowledge about during the month of August in 1999 and 2001. Vessels rang-
the broadband properties of whistles and burst pulses makeiitg from 13 to 62 ft in length were used to approach groups
difficult to fully appreciate their design as communicative of dolphins in each locale. The hydrophone was typically
signals. In this study, we used broadband recording technoplaced 3 m below the surface, between 50 and 200 m in front
ogy adapted for the field to examine the signaling behavioof moving or milling animals. Recordings were made as
of two commonly studied species of dolphins, the Hawaiiangroups approached and passed by the vessel. Group sizes
spinner dolphin(Stenella longirostrisand the Atlantic spot- ranged from 3 to approximately 100 individuals. The behav-
ted dolphin(Stenella frontalis Our objectives here are tt) ioral states of spinner dolphin groups included resting, trav-
report the full-bandwidth properties of the whistles and burseling, and socializing. The same states were observed for
pulses of these two specid®) present distinctions in their spotted dolphins in addition to both daytime and nighttime
production, and3) provide an estimate of the bias associatedforaging. Behavioral states were established using the classi-
with recording dolphin social signals narrow baf@-20 fication method of Norris and DoK{L980 for spinner dol-
kHz). phins and Herzing1996 for spotted dolphins.

B. Data analysis
IIl. METHODOLOGY 4

Cool Edit 96™ was used for the initial visualization of
recordings. A 1024-point Hanning window was used to plot

Recordings of dolphin whistles and burst pulses wereall sonograms. Subsequent quantitative analyses were carried
obtained using a portable broadband data acquisition systeout using custom-written Matlab™ 5.2 programs. Whistles
(PBDAS), previously described in Aet al. (1999. The sys- were analyzed quantitatively if they had harmonics, if their
tem employs a laptop computer to operate a National Instrusignal to noisgS/N) ratio was sufficient to unambiguously
ments DAQCard-Al-16E-4 12-bit analog to digitéh/D) establish their beginning and ending points, and provided
converter PCMCIA card. Dolphin signals were digitally they did not overlap in time and frequency with other
sampled at a rate of 260 kHz, providing a Nyquist frequencywhistles. The analysis algorithm employed a short-time Fou-
for all recordings of 130 kHz. Prior to sampling, signals wererier transform approach to establish several parameters of
conditioned by an analog signal processing unit consisting oihterest. These included) the properties of the fundamental
a high- and low-pass filter and variable gain. The high- andrequency contoufmaximum, minimum, and mean frequen-
low-pass filters were set at 600 Hz and 100 kHz, respeceies as well as signal duratipr(2) the number of harmonics
tively, and the gain provided was 60 dB. Recordings werepresent and the relative occurrence of each harmonic in the
obtained using a custom-built, 2.5-cm-diam spherical hydrowhistle (as a percent of signal duratipnii3) the relationship
phone flat(+=3 dB) to approximately 150 kHz with a cali- between amplitude modulation of the fundamerttedrmal-
brated sensitivity of~197 dBre 1 uPa. ized to the maximum amplitude within a sighand the

A. Data collection
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presence of a second harmonic; adpthe amount of energy 30

in each harmonic relative to the fundamental. ?A s
. . . L] o
Burst pulses were quantitatively analyzed provided the§§ 20
SIN ratio between the peak-to-peak amplitude of clicks andZ = -

the root mean squaréms) amplitude of the background

noise floor was greater than 12 dB. Burst pulses were evalu
ated with respect to the number of clicks in a train, their
interclick interval(ICl), and the peak frequency, center fre- 3
guency, and rms bandwidth of individual clicks. In addition,
the relative energy present above and below 20 kHz was e 0.73sec— |
calculated for each click. e

Amplitude
(Volts)
o=

criterion was based on previous work by Lammetsal. ¢ - 0.06 sec — - — »
(2003 and is discussed in more detail later.

Amplitude
(Volts)

Ill. RESULTS

-2

A. Whistles Time

A total of 1106 and 557 whistles were collected from FIG. 1. Amplitude-modulated spotted dolphin whistle showing the sono-
spinner and spotted dolphins, respectively. Visual inspectioﬁffllm (la)k the Wavefm][“ #aﬁef(av )andda(é))aogrﬁssive magpnification on ﬂk‘e
. . . ulse-like structure of the signflic) an . The arrow points to a weal
revealed that 6;.4% (_)f spinner dolphin whlstlgs and 69.30/§0ncurrent burst pulse.
of spotted dolphin whistles had one or more higher harmon-
ics. Of the 679 spinner dolphin whistles with harmonics, 167

(24.5% were deemed appropriate for quantitative analysis. ) .
This was the case for 2267.0% of the 386 spotted dolphin fundamental that were above 20 kHz. The highest maximum

whistles with harmonics. Fewer spinner than spotted dolfféquency measured for a spotted dolphin whistle fundamen-

phins whistles met the criteria for quantitative analysis be{8l Was 27.1 kHz. For spinner dolphins it was 24.9 kHz.

cause spinners tended to chorus md@eownlee, 1983 re- Spotted dolphins often produced whistles that were
sulting in multiple overlapping whistles that did not lend qualitatively very distinct from the whistles of spinner dol-
themselves well to further analysis. phins. To human listeners, many spotted dolphin whistles

had a coarse or “raspy” aural quality that was considerably
less pure-tone than those of spinner dolphins. This was be-
cause segments of the waveforms of spotted dolphin whistles
The contours of the fundamental frequency of spinnerfrequently exhibited such a high degree of amplitude modu-
and spotted dolphin whistles were roughly equal in their fredation (AM) that they took on pulselike propertiéSig. 1). In
guency modulatiofFM) range(approximately 7 kHg, but  the spectral domain, the energy in the fundamental frequency
spinner dolphin whistles were significantlgtwo-sample  of these kinds of whistles covered a wider baddg5 kH2
t-test; P<<0.01) longer in duration and higher in their mini- than the more tonal whistles of spinner dolpl#100 H2.
mum, maximum and mean frequency than those of spotted@hese rapid AM whistles often occurred either in conjunc-
dolphins(Table |). All fundamentals had most of their energy tion with or immediately following burst pulses. Bouts of a
below 20 kHz. Eigh{3.6% spotted dolphin and 4@24.5%9  specific contour type usually exhibited a very similar AM
spinner dolphin whistles had maximum frequencies of thepattern on consecutive whistles, suggesting that the modula-

1. Properties of the fundamental

100 4

X
<
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<

FIG. 2. A sequence of two spotted dolphin whisties
mixed with echolocation clickéb) and burst pulse€).
The first whistle contains 11 harmoni@sumberedl

Frequency
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-
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N
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TABLE Il. The occurrence, energy content, and amplitude of the second ¢hird (H,), fourth (H;), and fifth (H,) harmonics relative to the fundamental
(Fp). All values except maxima are given as meatandard deviation.

% of total signal energy dB less thag F
Harmonic N % of signal duration Mean Maximum Mean Minimum
S. longirostris H, 167 74.3:18.9 8.1-5.8 34.1 —-11.7+3.7 -2.8
H, 96 56.7-27.8 2.2:2.4 13.4 —18.4t5.0 =77
Hj 33 41.0:23.3 0.5:0.5 2.0 —24.6+4.9 —15.6
Hy 9 37.1+x175 0.2:0.3 1.0 —28.7£6.6 -19.1
S. frontalis H, 220 71.4-25.0 8.4-8.5 43.8 —12.3t5.0 -0.3
H, 133 52.129.5 2.2c2.6 16.0 —19.0£6.3 -5.2
Hs 57 47.5-24.6 1.0-0.8 3.1 —20.9£5.5 -13.7
Ha 29 43.722.5 0.5-0.7 3.3 —24.1t53 -135

tions observed were not simply the byproduct of surface and. Burst pulses
bottom reflections constructively and destructively interfer-
ing with the direct signa[the Lloyd mirror effect(Urick,

1983]. Approximately 41% of spotted dolphin whistles ex-

hibited this distinct AM pattern on at least part of the signal.or associated with whistlegFig. 4). Spinner dolphins pro-

Spinner dolphin whistles were also amplitude modulated to -
degree, but less t_han 2% showed the pulsed quality exhibit(%lijgfsd pzlrjr;;ig l:/:/?;faﬂr:qaéa?ﬁ(éloc:} ; \é%rer:%eaglzplrltl);(gnpagte_ ly 30
by spotted dolphins. ted dolphin burst pulses averaged about 100 clicks per train
with a mean ICI of 3.19 ms. The number of clicks in a burst
pulse displayed an approximately bimodal distribution that
distinguished burst pulses into low quantity70 clickg and

The maximum number of harmonics observed was 7 foihigh quantity(>70 clicks click trains (Fig. 5). Spotted dol-
a spinner dolphin whistle and 11 for that of a spotted dolphirphins produced significantly more high quantity burst pulses
whistle (Fig. 2). More typically, however, the whistles of
both species had between one and three harmonics. These
did not usually occur throughout the duration of a whistle,

Seventy-nine spinner dolphin and 73 spotted dolphin
burst pulses were obtained that met the criteria set for quan-
titative analysis. Burst pulses were produced alone, in bouts

2. Occurrence and characteristics of harmonics

79

but rather varied considerably in the percentage of time they 2
were present in a signdlfable 1l). In some cases, one or é‘,q 50 - !
more harmonics occurred throughout the duration of the §.§ o
whistle, while in others harmonics were present during only =7 95 Ry 3 N
certain segments of the sign@lig. 3. :’4,,,# —— A—M‘:’;‘m
Also variable was the amount of the signal’s energy con- o, e Ll g ot b AR

tained in higher harmonics. Although generally about 90% of e—— 0.39sec ———¥
a whistle’s energy was found in the fundamenta})(Rhe 75 B : ‘
second harmonic (H could contain up to 34.1% and 43.8% G i
of the total energy of spinner and spotted dolphin signals, E’A 50§ 48 L L 2
respectively. In terms of amplitude, in both species the sec- §='l=; S AR A

: : = W e Bk
ond harmonic was on average approximately 12 dB lower £ i el

than the fundamental. However, this difference could be as
small as—0.3 dB in some spotted dolphin whistles an@.8

dB in those of spinner dolphins. The third £H fourth (Hy),

and fifth (H,) harmonics always contained progressively less
energy(Table 1I).

In whistles where one or more harmonics were present
during 25%—-75% of the signal’s duration, there was a sig-
nificant difference in the relative amplitude of segments that
had a second harmonic versus those that did (paired
t-test,P<<0.001). Segments of whistles with harmonics had : - il -
a median amplitudénormalized to the maximum of each 0.65 sec
whistle) of 0.65(S.D.=0.15 for spotted dolphins and 0.67
(S.D.=0.12 for spinner dolphins, while those without were FIG. 3. Examples of the variation found in the harmonic composition of

— _ ; whistles:(a) spinner dolphin whistle with continuous harmonics throughout
only 0.48(S.D.=0.19 and 0.53(S.D.=0.14), respectively. ignal; (b) spotted dolphin whistle with harmonics emphasized on concave

In other Words: harmonicsl ConSiStently_ OC.Curred _at an(Eortion of the contour; antt) spotted dolphin whistle with harmonics only
around the maxima of amplitude modulation in the signal. on the slopes of the contour.

Frequency
(kHz)
(2]
<

N
(2]
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(4]
o

FIG. 4. Examples of the variation in burst pulse occur-
rence:(a) spinner dolphin burst pulse with minimal en-
ergy below 20 kHz occurring alondb) sequence of
o e b et it % four spinner dolphin burst pulses with minimal energy
,,—‘ 20sec— 5 e _ 1.0 sec » below 20 kHz occurring within a one second peria);
simultaneously occurring spinner dolphin whistle and
c 1001 ¢ burst pulse with energy both above and below 20 kHz;
100+ ‘ and (d) simultaneously occurring spotted dolphin
whistle and burst pulse with energy mostly below 20
kHz. Individual clicks are not resolved if@), (b), and
(d) due to the inherent time/frequency resolution
tradeoff of fast Fourier transforms.

P S B ey
& 0.7 sec >
Time

(N=25/73; x=239 clicks; max958 clickg than spinner mostly in the human-audible rangas is typically assumed
dolphins N=6/79; x=116; max=168 click§ (chi-square their harmonics routinely reach 50 kHz and beyond. In addi-
test,P<0.001). tion, their burst pulse signals are predominantly ultrasonic,
Peak and center frequencies for spinner dolphin bursbften with little or no energy below 20 kHz.
pulses were on average 32.3 and 40.1 kHz, respectively. For The spectral measures we have presented must be
spotted dolphins these were somewhat higher at 40.3 andewed with caution, however, due to the confounding ef-
44.4 kHz, respectively. The rms bandwidths were roughlyfects of signal directionality. Dolphin clicks are well known
equivalent at 20.5 kHz for spinner dolphins and 18.1 kHz forto have directional propertigé\u, 1993 and recent findings
spotted dolphins. Spectral energy distribution in clicks didby Lammers and A2003 and Miller (2002 indicate that
not show any relationship to either the number of clicks in adelphinids also project whistles in a frequency-dependent
train or the interclick interval. beam. We could not control for signaler orientation in our
Only 17.8% of spinner dolphin and 20.2% of spotted study. Therefore, our estimates of the energy content and the
dolphin burst pulses had click trains with peak frequencieoccurrence of harmonics and burst pulses are almost cer-
below 20 kHz(Table 1V). On average, approximately 80% of tainly underestimates of what these dolphins actually pro-
the total energy in burst pulses was above 20 kHz for botlduce on-axis of their transmission beam. On the other hand,
species. Moreover, 39.2% of spinner dolphin and 60.3% ofhe temporal characteristi¢@umber of clicks, interclick in-
spotted dolphin burst pulses had less than 10% of their totdkerval, etc) of burst pulses are likely to be more robust to
energy below 20 kHz. Thus, while some burst pulses werelirectional variations and can therefore be considered repre-
clearly audible and prominent at sonic frequencie®20 sentative of what these two species produce.
kHz), most were either barely detectalfgirally or visually
on a sonogramor completely devoid of energy at those fre-
quencieq Figs. 4a) and (b)]. When we digitally resampled
each data file to reflect a 20-kHz bandwidth, we found that ~ The majority of whistles recorded had one or more har-
40.5% of spinner dolphin and 30.1% of spotted dolphin bursfnonics. Whistles without harmonics were generally fainter
pulses showed no evidence of being present within that frethan those with them. These may have been signals that were

1. Whistle harmonics

quency rangéFig. 6). produced by animals oriented away from the hydrophone
rather than whistles truly lacking harmonic structure. Addi-
IV. DISCUSSION tionally, dolphins may also have exerted some control over

the harmonic composition of their whistles, modulating their
occurrence. Our finding that the presence or absence of a
Our results reveal that the whistles and burst pulses ofecond harmonic was matched to amplitude maxima in the
these two species of dolphin span a broader frequency randendamental suggests that harmonics could be spectral by-
than is traditionally reported for delphinids. Although the products of amplitude modulation. As a dolphin increases
fundamental frequency contours of their whistles occursignal amplitude it may progressively lose its ability to pro-

A. Signal characteristics

TABLE lll. The temporal and spectral characteristics of spinner and spotted dolphin burst pulses. All values are given‘asameard deviation. No
inference was attempted to distinguish the broadband spectral measures of the two species due to the potentially confounding effects oficigiiay direc
(see discussion

No. of clicks/ Mean interclick Peak frequency Center frequency rms bandwidth
N burst puls@ interval (ms)? (kHz) (kHz) (kHz)
S. longirostris 79 29+29 3.85:1.67 32.3:12.5 40.1-12.1 20.5:4.3
S. frontalis 73 103+145 3.19:1.40 40.3:17.8 44.4516.5 18.1-4.8
8P <0.05.
bP<0.01.
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-2
e 0.20 sec »]
Time
- 0.11sec ——» FIG. 6. The same spotted dolphin burst pulse represented both broadband
) (a) and downsampled to provide a narrow-band perspecbyeNote the
Time lack of any evidence that a signal is present in the narrow-band view.

FIG. 5. Examples of high quantityg) and low quantity(b) spotted dolphin
burst pulses. Click traim has 255 clicks with mean ICI of 1.7 ms. Click

train b has 35 clicks with a mean ICI of 2.9 ms. more than compensated for the decreased amplitude of har-
monics(Table V). In fact, at most harmonic frequencies the
levels presumably received by listeners were between 3 and
duce a pure tone, resulting in harmonic distortions. Thealmost 7 dB higher than the fundamental
variation in harmonic composition between and within Whether listening dolphins hear the fundamental or a
whistles suggests that directionality and modulation probablgpecific harmonic as the dominant frequency of a whistle
both influence their occurrence. Empirical measurements afepends on the perceived level and the signal-to-noise ratio
a whistle beam-pattern with a more detailed examination obf each signal component. Given the broad range in relative
how signal amplitude affects harmonic content will provide aamplitudes of the harmonics we measured, it is entirely
more definitive explanation for the variability we observed. likely that harmonics sometimes are heard as the dominant
An intriguing result was obtained when we used a del-frequency of a whistle. Figure 7 illustrates such a case. A
phinid audiogram to infer the way whistles with harmonicswhistle is presented as it was first recorded using a hydro-
might be heard by nearby conspecifics. No audiograms spghone with a flat frequency response and then bandpass fil-
cific to spinner or spotted dolphins presently exist, so weered to approximate the striped dolphin’s hearing sensitivity.
used one recently obtained for a species in the same genus, the filtered whistle the second and third harmonics are in
the striped dolphir{Stenella coeruleoalbaKasteleinet al,  fact higher in amplitude than the fundamental. We can con-
2003. Adjusting the relative amplitude of each harmonic clude from this that how listening animals actually hear a
(from Table l)) with respect to the striped dolphin’s hearing whistle is greatly influenced by the signal’'s full spectral
sensitivity at the corresponding frequencies revealed thanakeup, which is in turn determined by the listener’s relative
dolphins should be quite sensitive to harmonics. For almosposition to the emitting beam and perhaps also by active
all the frequencies examined, increased hearing sensitivitgnodulation on the part of the signaler.

TABLE IV. Narrow-band(20 kHz) versus broadband 30 kH2 bias of burst pulse spectral content and energy. Values presented as number of signals and %
out of N or as meartstandard deviation.

No. w/peak frequency % energy above No. w/less than 10% No. not detectable
N below 20 kHz 20 kHz energy below 20 kHz narrow-band<20 kH2)
S. longirostris 79 16(20.2% 78.7+-19.6 31(39.2% 32 (40.5%
S. frontalis 73 13(17.8% 80.4+27.8 44(60.3% 22 (30.1%
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TABLE V. Comparison of the relative amplitude of harmonics measured from the(@ssaming equal sensi-
tivity across all frequenciesand corrected for the hearing sensitivity ®f coeruleoalba

Mean amplitude of harmonics relative tg fn dB)

Mean frequency Equal sensitivity across Adjusted with
(kHz) frequenciegfrom Table II) S. coeruleoalbaudiogram

S. longirostris Fo 13.8

Hy 27.6 -11.7 +3.3

H, 41.4 -18.4 +6.6

Hs 55.2 —24.6 +2.4

H, 69.0 —28.7 -3.7
S. frontalis Fo

Hy 10.9 -12.3 -0.3

H, 21.8 -19.0 +4.0

Ha 32.7 -20.9 +6.1

Hy 43.6 -24.1 +4.9

Whether whistle harmonics play a role in communica-2. Burst pulses
tion among dolphins is a question open for debate. To human
listeners, harmonics provide the perceptual quality of timbre @ Energy distributionThe finding that burst pulses have
and offer qualitative cues that serve to distinguish betweefhe majority of their energy at ultrasonic frequencies is novel
otherwise very similar sound patterfs.g., the same word but comes as little surprise, given the properties of echolo-
spoken by different individuals(Handel, 1989 In many cation clicks(see Au, 1998 The burst pulse waveforms we
taxa, including other primates, harmonics are often associecorded could not be readily distinguished from the other,
ated with individual identity cuegMasters, 1991; Caudron presumably echolocation clicks that were obtained. Rela-
et al, 1998; Jouventiret al, 1999; Charrieret al, 2002. tively few signals matched the traditional audio-range de-
However, in dolphin signals the directionality of high- scriptions given for burst pulses, which often report peak
frequency spectral features probably result in whistle harfrequencies of a few hundred to a few thousand heetg.,
monics being poor indicators of identity due to azimuth-Caldwell and Caldwell, 1967; McCowan and Reiss, 1995;
dependent degradation. On the other hand, cueing bklerzing, 1996. Only a minority of signals had peak frequen-
listeners on the orientation-dependent amplitude of harmorsies below 20 kHz. However, numerous burst pulses dis-
ics could play an important role in promoting group cohesionplayed “breaks” in their energy distribution, reflecting a
by revealing the orientation of signalers, as suggested bsippled spectrum caused by closely spaced surface and bot-
Miller (2002 and Lammers and A(2003. Discrimination tom reflections(Au, 1993. These often had a small energy
experiments with captive animals are needed to test whethgreak in the audible range with considerably more energy
dolphins in fact attend to changes in the harmonic structurelistributed well above 20 kHZFig. 8. We presume that

of whistles. many of the previous narrow-band descriptions of burst
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Admittedly, this distinction is not necessarily definitive
because click trains are sometimes produced that begin with
long interclick intervals(10—-100+ ms) and end with very

80 - a 11
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{{;;,{,{;;:,,.,.,“.““ phins process the returning echoes from click trains with

b nodibbbbnbnetmt bt b b e o very short intervals. Experiments with free-swimming bottle-
nose dolphingTursiops truncatushave shown that an echo-
processing lag time of between 15 and 45 ms is always as-
sociated with successive clicks produced by animals
echolocating on targets further than 0.4 m aw@yans and
— Powell, 1967; Au, 1998 As animals close in on a target
e (<0.4 m), interclick intervals as low as 2.5 ms have been
F observed(Evans and Powell, 1967; Morozast al, 1972,

| HRSTERETEIE § S . but whether dolphins are processing more than one echo at a
-— time, selecting specific echoes or even using the returning

echoes at all, is not known.
More telling perhaps is the fact that, even at close range,
FIG. 8. A spotted dolphin burst pulse represented both broadrahd  there is always a gradual progression towards shorter click
narrow-band(b). The banded pattern of individual clicks represents ajntervals as the dOIphln approaches a ta(&e/tans and Pow-
rippled spectrum with multiple energy peaks of varying amplitude. The ell, 1967: Morozovet al, 1972. Therefore, trains character-
arrows indicate the location of the peak frequency in each case. ! ' " : !
ized by variable ICls considerably greater and less than

10-15 ms probably represent a type of echolocation not yet

pulses may have been accounts of only these lower spectr@ell understood rather than a functionally separate class of
peaks. In all likelihood, if a broader spectral analysis hadsignals. However, no evidence presently exists to indicate

been employed in earlier studies, considerably more energipat click trains that begin, persist, and end with interclick
would have been noted at the higher frequency bands. intervals less than 10 ms are ever used in contexts identified

Of particu|ar interest is the proportion of burst pu|seSaS echolocation. This does not exclude the pOSSIbIlIty that an

that had little or no energy at sonic frequencies. The fact thagcholocation function may be associated, but rather implies
30%—40% of burst pulses were undetectable below 20 kH#hat burst pulses, as defined here, form a class of click trains
implies that they are probably a more common form of sociadistinct in occurrence from those typically linked to echolo-
signaling among delphinids than previously suspected. In ougation. Their frequent incidence in highly social contexts
recordings, few whistling periods were observed that did nofsuch as agonistic encountgconsidered with their absence
also coincide with at least some burst pulsisgnic or ul- in controlled echolocation contexts strongly suggests that
trasonig. Consequently, it is our conclusion that at least intheir primary function is likely communicative. In other
these two species burst pulses probably play an equally imwords, burst pulses are probably signals intended to be heard
portant if perhaps different social signaling role as doby nearby animals. Additional broadband recordings coupled
whistles. with underwater visual observations of socializing and
b. Social signaling or echolocationGiven the similari-  echolocating animals will be needed to further explore the
ties that exist between burst pulses and other click trains, distinction between burst pulse and echolocation click train
perplexing question invariably arises: what is the distinctionproduction, as well as to establish how burst pulses function
between click trains presumably used for communication anéh communication.
those used for echolocation? The existing literature on this  c¢. NomenclatureGiven that burst pulses are predomi-
topic is vague because burst pulses have been traditionallyantly ultrasonic signals, we propose that the practice of dis-
discussed in terms of their sonic propertigéerman and cussing them in terms of their aural qualities should to be
Tavolga, 1980; Popper, 1980; Overstrom, 1983; Herzingreconsidered in favor of a more quantitative approach. Terms
1996; Van Parijs and Corkeron, 2001n our analysis, we such as “squawks,” “squeaks,” “creaks,” and “yelps” com-
considered a signal to be a burst pulse if the interclick intermonly used to describe and distinguish burst pulses can re-
vals did not exceed 10 ms. This criterion was based on ault in misleading conclusions, as they primarily describe the
previous effort that examined patterns of click production insubjective impressions of time separation pitch experienced
spinner dolphins which found a bimodal distribution of meanby human listenergMcCellan and Small, 1965 Dolphins
interclick intervals separated at around 10 th&mmers have better auditory time resolution capabilities than humans
et al, 2003. This bimodal distribution was interpreted as (Vel'min and Dubrovskiy, 1976; Ketten, 19820 attempting
being indicative of two distinct patterns of click train pro- to classify burst pulses on the basis of human-perceived aural
duction: a burst pulse pattern with interclick intervals consis-qualities likely misrepresents how dolphins hear the sounds.
tently less than 10 ms and a sonar click train pattern withAs a start, forming classes on the basis of temporal charac-
intervals greater than approximately 15 ms. teristics, such as interclick intervals and total number of

|
g _ j H“,,H“,““'m“” 4 | short oneq1.5-9 m$. These are often observed when ani-
ST 40 |umunmmllfuun Hl mals are foraging and presumably echolocating on prey
£ !::”2'!!%;!!%!3{:&::::::::: g (Herzing, 1996. However, a rationale can be presented for
IE?: iy HUE TG, the 10-ms distinction, given that it is not clear whether dol-
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clicks, would lead to more meaningful comparative discus-  Whistles characterized by tonal pulses were produced
sions between authors. commonly by spotted dolphins but rarely by spinners. This
says something about the type of information that might be
associated with the whistles of each species. Amplitude
modulations in a tone degrade and become indistinct with
Although some differences were noted in the broadbanthreasing distance from the sourfdrick, 1983. Spotted
spectral properties of spinner and spotted dolphin signals, ngo|phin whistles with a high degree of AM may therefore be
attempt was made to formally define these distinctions due t9sed more for communication with nearby listeners than for
the potentially confounding influences of signal directional-|ong_range signaling between individuals. This is consistent
ity mentioned previously. However, differences in the moreyith their social structure, as spotted dolphins in the Baha-
narrow-band and temporal properties of their whistles angnas occur in fairly small groups of 2—15 animals character-
burst pulses merit further comment. ized by strong relationships between individuélerzing
and Brunick, 199¥. Communicating via AM cues about a
behavioral, emotive, or referential condition to a nearby pair-
The fundamental whistle contours of spinner dolphinsmate or kin could be a primary function of their whistles. In
were on average 3 kHz higher in mean and maximum fregontrast, spinner dolphins typically occur in much larger, dy-
quency than those of spotted dolphins. This can in part beamic aggregations of 20 to 180individuals (Ostman,
explained by the disparity of their adult sizes. Hawaiian spin-1994: | ammers, 2003and rely heavily on the group’s cohe-
ner dolphins range in length between 170 and 200(80T-  sjon and coordination for defense against predators and co-
ris et al, 1994, whereas Atlantic spotted dolphins are be-gperative foraging at nightiNorris et al, 1994; Benoit-Bird
tween 166 and 229 cm in lengtRerrinet al, 1994. Ding  gnd Ay, 2001 Spinner dolphin groups often travel with in-
et al. (1999 established that a linear relationship exists bejividuals spread over many hundreds of meters. Based on
tween the typical body length of delphinid species and thgnejr social structure, communicating over longer ranges us-
maximum frequency of their whistle fundamentals. Accord-ing signals designed to favor localization of the signaler is

ing to the formula they derived, the maxima of spinner dol-prohably more adaptive and thus results in whistles produced
phin whistles should fall between 14.9 and 15.9 kHz ano&/ith less AM but longer duration.

those of spotted dolphins between 14.0 and 16.1 kHz. The
fact that spinner dolphins consistently produced whistles
higher in frequency than expectd®5% C.1=16.9-17.9 3 click number and ICI
kHz) whereas spotted dolphins conformed to predicted val-
ues(95% C.1=14.1-14.9 kHxmay reflect a response on the
part of spinners to the noisy inshore waters typically found in

B. Species distinctions

1. Frequency of the fundamental

The typical number of clicks and the average interclick
interval in burst pulses differed between the two species.

Hawaii. Most of our recordings of spinner dolphins were Both produced relatively short burst pulses with less than 70

made in shallow waters<100 fi near reefs where snapping Clicks. but spotted dolphins also produced many high quan-
shrimp (family: Alpheidaé produced a continuous stream of ity (=70 clicks burst pulses whereas spinner dolphins did
broadband click$Au and Banks, 1998 The resulting back- not. In addition, the interclick intervals of spotted dolphin
ground noise in these areas was greatest below 10 kHz afif'St pulses were somewhat shorter than those of spinner
decayed with increasing frequency. Bahamian waters wer80IPhin burst pulses. _ o
comparatively quieter, as spotted dolphins primarily occu- Qur surface .behawo'ral observations were too'l!mlted in
pied vast stretches of sandy bottom where snapping shrimﬁeta" to match S|gnal's.W|th the occurrence of speqlflc behav-
were rare. By producing whistles at higher frequencies, spini©’S: therefore our ability to speculate on the significance of

ner dolphins improve their S/N ratio and may thus increasdn€se differences is limited. We suspect, however, that they
the range or “active space” of their signal3anik, 2000 may be tied to the daily patterns of activity characteristic of
’ each species. Spotted dolphins were generally active during

the day, spending much of their time foraging and socializ-
ing. Spinner dolphins, on the other hand, predominantly en-
Interference resulting from surface and bottom reflec-gaged in these activities in the late afternoon and at night,
tions can confound differences in the AM properties ofchoosing to rest quietly during the middle of the d&jorris
whistles. However, the clear distinctions we found betweeret al, 19949. It is possible that spinner dolphins produced
the two species were sufficiently consistent to make us bemore high quantity burst pulses at night. However, since all
lieve they were not simply artifacts of sound propagation.spinner dolphin recordings were obtained during the day, we
The pulselike qualities that characterized many spotted dolpresently cannot address this question further.
phin whistles support a contention previously made by Mur-  Similarly, the difference in interclick intervals may also
ray et al. (1998 that delphinid sounds are produced as abe a function of behavioral state. If burst pulses are indica-
continuum of signals graded between exponentially dampetbrs of emotive disposition, as has been suggested, then it is
sinusoidal pulsegclicks) and continuous sinusoidal tones to be expected that variations would be tied to behavioral
(whistles. The AM whistles of spotted dolphins appear to beactivities. Attempting to classify the fine scale temporal char-
intermediary signals between the two ends of this continuumacteristics of burst pulses on the basis of their occurrence in
To our knowledge, this is the first description of such signalsspecific behavioral contexts could be a fruitful avenue of
obtained from the wild. future investigation.

2. Amplitude modulation
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V. CONCLUSION

Charrier, 1., Mathevon, N., and Jouventin,(P002. “How does a fur seal
mother recognize the voice of her pup? An experimental studircto-

|_f we presume that d_olphins pay attention to the har- cephalus tropicalig J. Exp. Biol. 205 603-612.
monic composition of whistles and if we accept that burstbawson, S. M.(1993). “Clicks and communication: the behavioural and
pu|ses p|ay an important social role, then the evidence pre_SOCia| contexts of Hector’s dolphin vocalizations,” Ethologf;, 265—276.

sented here indicates that there is considerably more to tH

ng, W., Wursig, B., and Evans, W. E1995. “Comparisons of whistles
among seven odontocete species,”3ansory Systems of Aquatic Mam-

sog:ial acoustic signaling behavior of spinner and spotted dol- a5 edited by R. A. Kastelein and J. A. Thomé3e Spil, Woerden,
phins than meets the human ear. In future efforts to better Netherlands pp. 299-323.
understand the function of whistles and burst pulses we wilFvans, W. E., and Powell, B. A1967. “Discrimination of different metal-

need to more fully explore and appreciate their design. This

lic plates by an echolocating delphinid,” idinimal Sonar Systems: Biol-
ogy and Bionics edited by R. G. Busne{Laboratoire de Physiologie

will require that_we take into account thei_r broadband pat- acoustic, Jouy-en-Josas, Francep. 363—382.
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dolphin’s auditory acuity. Recording signals in a manner Events(MIT, Cambridge, MA.

consistent with how they are produced and ultimately hear

&|erman, L. M., and Tavolga, W. N1980. “The communications systems

of cetaceans,” inCetacean Behavior: Mechanisms and Functiedited

by their intended listeners will be an important key to future py | M. Herman(Wiley—Interscience, New Yojk pp. 149—209.

efforts to accurately match them with their social context.

Doing this will be as important for efforts to study spinner
and spotted dolphin signaling as for those involving othe
species of delphinids.
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