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Cetacean Acou20. Cetacean Acoustics

The mammalian order cetacea consist of dolphins
and whales, animals that are found in all the
oceans and seas of the world. A few species even
inhabit fresh water lakes and rivers. A list of
80 species of cetaceans in a convenient table
is presented by Ridgway [20.1]. These mammals
vary considerably in size, from the largest living
mammal, the large blue whale (balaenoptera
musculus), to the very small harbor porpoise
(phocoena phocoena) and Commerson’s dolphin
(cephalorhynchus commersonnii), which are
typically slightly over a meter in length.

Cetaceans are subdivided into two suborders,
odontoceti and mysticeti. Odontocetes are the
toothed whales and dolphins, the largest being
the sperm whale (physeter catodon), followed
by the Baird’s beaked whale (berardius bairdii)
and the killer whale (orcinus orca). Within the
suborder odontoceti there are four superfamilies:
platanistoidea, delphinoidea, ziphioidea, and
physeteridea. Over half of all cetaceans belong
to the superfamily delphinoidea, consisting of
seven species of medium whales and 35 species
of small whales also known as dolphins and
porpoises [20.1]. Dolphins generally have a sickle-
shaped dorsal fin, conical teeth, and a long
rostrum. Porpoises have a more triangular dorsal
fin, more spade-shaped teeth, and a much shorter
rostrum [20.1].

Mysticetes are toothless, and in the place
of teeth they have rigid brush-like whalebone
plate material called baleen hanging from their
upper jaw. The baleen is used to strain shrimp,
krill, micronekton, and zooplankton. All the
great whales are mysticetes or baleen whales
and all are quite large. The sperm and Baird s
beaked whales are the only odontocetes that are
larger than the smaller mysticetes such as Minke
whales and pygmy right whales. Baleen whales
are subdivided into four families, balaenidae
(right and bowhead whales), eschrichtiidae
(gray whales), balaenopteridae (Minke, sei,
Bryde’s, blue, fin, and humpback whales), and
neobalaenidae (pygmy right whale).

Acoustics play a large role in the lives of
cetaceans since sound travels underwater better
than any other form of energy. Vision underwater is
limited to tens of meters under the best conditions
and less than a fraction of a meter in turbid and
murky waters. Visibility is also limited by the lack
of light at great depths during the day and at
almost any depth on a moonless night. Sounds
are used by marine mammals for myriad reasons
such as group cohesion, group coordination,
communications, mate selection, navigation and
locating food. Sound is also used over different
spatial scales from tens of km for some species and
tens of meters for other species, emphasizing the
fact that different species utilize sound in different
ways. All odontocetes seem to have the capability
to echolocate, while mysticetes do not echolocate
except in a very broad sense, such as listening to
their sound bouncing off the bottom, sea mounts,
underwater canyon walls, and other large objects.

The general rule of thumb is that larger ani-
mals tend to emit lower-frequency sounds and the
frequency range utilized by a specific species may
be dictated more from anatomical constraints than
any other factors. If resonance is involved with
sound production, then anatomical dimensions
become critical, that is, larger volumes resonate
at lower frequencies than smaller volumes. The
use of a particular frequency band will also have
implications as to the distance other animals,
including conspecifics, will be able to hear the
sounds. Acoustic energy is lost in the propagation
process by geometric spreading and absorption.
Absorption losses are frequency dependent, in-
creasing with frequency. Therefore, the sounds of
baleen whales such as the blue whale that emit
sounds with fundamental frequencies as low as
15 Hz can propagate to much longer distances than
the whistles of dolphins that contain frequencies
between 5 and 25 kHz.
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20.1 Hearing in Cetaceans

One of the obvious adaptations for life in the sea is the
absence of a pinna in cetaceans. The pinna probably dis-
appeared through a natural selection process because it
would obstruct the flow of water of a swimming animal
and therefore be a source of noise. In the place of a pinna,
there is a pin-hole on the surface of a dolphin’s head
which leads to a ligament inside the head, essentially ren-
dering the pinna nonfunctional in conducting sounds to
the middle ear. So, how does sounds enter into the heads
of cetacean? Several electrophysiological experiments
have been performed in which a hydrophone is held at
different locations on an animal’s head and the electro-
physiological thresholds are determined as a function of
the position of the hydrophone [20.2–4]. All three stud-
ies revealed greatest sensitivity on the dolphin’s lower
jaw.

The experimental configuration of Møhl et al. [20.2]
is shown in Fig. 20.1a, which shows a suction-cup hy-
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Fig. 20.1 (a) The experimental geometry used by Møhl et al. [20.2], (b) results of the auditory brainstem response (ABR)
threshold measurements. The numerical values represent the amount of attenuation of the sound needed to obtain an ABR
threshold. Therefore, the higher the number the more sensitive the location

drophone and attached a bottlenose dolphin’s lower jaw
and the surface contact electrodes embedded in suction
cups used to measure the auditory brainstem potential
signals for different levels of sound intensity. The impor-
tant differences in the experiment of Møhl et al. [20.2]
are that the subject was trained and the measurements
were done in air so that the sounds were limited to the
immediate area where they were applied. The results of
the experiment are shown in Fig. 20.1b. The location of
maximum sensitivity to sound is slightly forward of the
pan-bone area of the lower jaw, a location where Nor-
ris [20.5] hypothesized that sounds enter the head of
a dolphin. Numerical simulation work by Aroyan [20.6]
suggest that sounds enter the dolphin’s head forward of
the pan bone, but a good portion of the sound propa-
gates below the skin to the pan bone and enters the head
through the pan bone. The fact that sounds probably
propagate through the lower jaw of dolphins and other
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Cetacean Acoustics 20.1 Hearing in Cetaceans 807

odontocetes does not necessarily mean that the same or
a similar propagation process is occurring with baleen
whales.

20.1.1 Hearing Sensitivity of Odontocetes

Almost all our knowledge of hearing in cetaceans comes
from studies performed with small odontocetes. The
most studied species is the Atlantic bottlenose dolphin
(tursiops truncatus). Despite the amount of research per-
formed with the bottlenose dolphin, our understanding
of auditory processes in these animals lags considerably
behind that for humans and other terrestrial mammals.
There are still many large gaps in our knowledge of
various auditory processes occurring within the most
studied odontocetes. The first audiogram for a cetacean
was measured by Johnson [20.9] for a tursiops trunca-
tus. Since then, audiograms have been determined for
the harbor porpoise (phocoena phocoena) by Ander-
sen [20.10] and Kastelein et al. [20.11], the killer whale
(orcinus orca) by Hall and Johnson [20.12] and Szy-
manski et al. [20.13], the beluga whale (delphinapterus
leucas) by White et al. [20.14], the Pacific bottlenose
dolphin (tursiops gilli) by Ljungblad et al. [20.15], the
false killer whale (pseudorca crassidens) by Thomas
et al. [20.16], the Chinese river dolphin (lipotes vexil-
lifer) by Wang et al. [20.17], Risso’s dolphins (grampus
griseus) by Nachtigall et al. [20.18], the tucuxi (sotalia
fluviatilis) by Sauerland and Dehnhardt [20.19], and
the striped dolphin (stenella coeruleoalba) by Kastelein
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Fig. 20.2 Audiogram for different odontocetes species (after [20.7, 8])

et al. [20.20]. The audiograms of these odontocetes are
shown in Fig. 20.2. It is relatively striking to see how
similar the audiograms are between species consider-
ing the vastly different habitats and areas of the world
where some of these animals are found and the large
differences in body size. All the audiograms suggest
high-frequency hearing capabilities, with the smallest
animal, phocoena phocoena having the highest hear-
ing limit close to 180 kHz. However, the orcinus orca,
which is over 95 times heavier and about six times longer
can hear up to about 105 kHz. The actual threshold val-
ues shown in Fig. 20.2 should not be compared between
species because the different methods of determining the
threshold can lead to different results and because of the
difficulties of obtaining good sound pressure level mea-
surements in a reverberant environment. For example,
Kastelein et al. [20.11] used a narrow-band frequency-
modulated (FM) signal to avoid multi-path problems
and the FM signals may provide additional cues not
present in a pure-tone signal. Nevertheless, the audio-
grams shown in Fig. 20.2 suggest that all the animals
had similar thresholds of 10–15 dB.

A summary of some important properties of the
different audiograms depicted in Fig. 20.2 is given in
Table 20.1. In the table, the frequency of best hearing
is arbitrary defined as the frequency region in which
the auditory sensitivity is within 10 dB of the maximum
sensitivity depicted in each audiogram of Fig. 20.2. With
the exception of the Orcinus and the Lipotes, the max-
imum sensitivity of the rest of the species represented
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Table 20.1 Some important properties of the audiograms plotted in Fig. 20.2

Species Maximum
sensitivity
(dB re 1 : Pa)

Frequency
of best hearing
(kHZ)

Upper frequency
limit
(kHz)

phocoena phocoena 32 18 – 130 180
stenella coeruleoalba 42 30 – 125 160
tursiops truncatus 42 15 – 110 150
tursiops gilli 47 30 – 80 135
sotalia fluviatilis 50 35 – 50 135
delphinapterus leucas 40 11 – 105 120
pseudorca crassidens 39 17 – 74 115
orcinus orca 34 15 – 40 110
inia geoffrensis 51 12 – 64 100
lipotes vexillifer 55 15 – 60 100
grampus griseus – – 100

in Fig. 20.2 and Table 20.1 are very similar, and within
experimental uncertainties, especially for audiograms
obtained with the staircase procedure using relatively
large step sizes of 5 dB or greater. At the frequency of
best hearing, the threshold for Orcinus and Phocoena
are much lower than for the other animals. It is not clear
whether this keen sensitivity is a reflection of a real
difference or a result of some experimental artifact. The
data of Table 20.1 also indicate that Phocoena phocoena,
Stenella coeruleoalba and Tursiops truncatus seem to
have the widest auditory bandwidth.

20.1.2 Directional Hearing in Dolphins

Sound Localization
The ability to localize or determine the position of
a sound source is important in order to navigate, detect
prey and avoid predators and avoid hazards producing
an acoustic signatures. The capability to localize sounds
has been studied extensively in humans and in many ver-
tebrates (see [20.21]). Lord Rayleigh in 1907 proposed
that humans localized in the horizontal plane by us-
ing interaural time differences for low-frequency sounds
and interaural intensity differences for high-frequency
sounds. The sound localization acuity of a subject is
normally defined in terms of a minimum audible angle
(MAA), defined as the angle subtended at the subject by
two sound sources, one being at a reference azimuth, at
which the subject can just discriminate the sound sources
as two discrete sources [20.22]. If the sound sources are
separated symmetrically about a midline, the MAA is
one half the threshold angular separation between the
sound sources. If one of the sound sources is located at
the midline, then the MAA is the same as the threshold
angular separation between the two sources.

Renaud and Popper [20.23] examined the sound
localization capabilities of a tursiops truncatus by mea-
suring the MAA in both the horizontal and vertical
planes. During a test trial the dolphin was required to
station on a bite plate facing two transducers positioned
at equal angles from an imaginary line running through
the center of the bite plate. An acoustic signal was then
transmitted from one of the transducers and the dol-
phin was required to swim and touch the paddle on
the same side as the emitting transducer. The angle be-
tween the transducers was varied in a modified staircase
fashion. If the dolphin was correct for two consecu-
tive trials, the transducers were moved an incremental
distance closer together, decreasing the angle between
the transducer by 0.5◦. After each incorrect trial, the
transducers were moved an incremental distance apart,
increasing the angle between the transducers by 0.5◦.
This modified staircase procedure allowed threshold de-
termination at the 70% level. The threshold angle was
determined by averaging a minimum of 16 reversals.
A randomized schedule for sound presentation through
the right or left transducer was used.

The localization threshold determined in the hori-
zontal and vertical planes as a function of frequency
for narrow-band pure-tone signals is shown in Fig. 20.3.
The MAA had a U-shaped pattern, with a large value
of 3.6◦ at 6 kHz, decreasing to a minimum of 2.1◦ at
20 kHz and then slowly increasing in an irregular fash-
ion to 3.8◦ at 100 kHz. MAAs for humans vary between
1◦ and 3.7◦, with the minimum at a frequency of ap-
proximately 700 Hz [20.24]. The region where the MAA
decreased to a minimum in Figs. 20.19 and 20.20 (about
20 kHz) may be close to the frequency at which the dol-
phin switches from using interaural time difference cues
to interaural intensity difference cues. The MAAs for the
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Fig. 20.3 (a) Localization threshold determined in the hor-
izontal plane as a function of frequency. The mean ± one
standard deviation is shown for seven determinations per
frequency. The animal faced directly ahead at 0◦ azimuth.
(b) Localization threshold determined in the vertical plane
as a function of frequency. Standard deviation are indicated
for 30, 60 and 90 kHz vertical data (seven sessions each).
The dolphin’s azimuth was 0◦ (after Renauld and Popper,
[20.27]) Figs. 20.19 and 20.20

bottlenose dolphin were smaller than the MAAs (in the
horizontal plane) of 3.5◦ at 3.5 kHz and 6◦ at 6 kHz for
a harbor porpoise measured by Dudok van Heel [20.25],
and 3◦ at 2 kHz, measured by Andersen [20.26] also for
a harbor porpoise.

In order to measure the MAA in the vertical plane,
the dolphin was trained to turn to its side (rotate its body
90◦ along its longitudinal axis) and to bite on a sheet
of plexiglass which was used as the stationing device.
The MAA in the vertical plane varied between 2.3◦ at
20 kHz to 3.5◦ at 100 kHz. These results indicate that
the animal could localize in the vertical plane nearly
as well as in the horizontal plane. These results were

not expected since binaural affects, whether interaural
time or intensity, should not be present in the vertical
plane. However, the dolphin’s ability to localize sounds
in the vertical plane may be explained in part by the
asymmetry in the receive beam patterns in the vertical
plane discussed in the next section.

Renaud and Popper [20.23] also determined the
MAA for a broadband transient signal or click signal,
having a peak frequency of 64 kHz and presented to
the dolphin at a repetition rate of 333 Hz. The MAA
in the horizontal plane was found to be approximately
0.9◦ and 0.7◦ in the vertical plane. It is not surprising
that a broadband signal should result in a lower MAA
than a pure-tone signal of the same frequency as the
peak frequency of the click. The short onset time and
the broad frequency spectrum of a click signal should
provide additional cues for localization.

Receiving Beam Patterns
Having narrow transmission and reception beams allows
the dolphin to localize objects in a three-dimensional
volume, spatially separate objects within a multi-object
field, resolve features of extended or elongated objects,
and to minimize the amount of interference received.
The amount of ambient noise from an isotropic noise
field and the amount of reverberation interference re-
ceived is directly proportional to the width of the
receiving beam. The effects of discrete or partially ex-
tended interfering noise or reverberant sources can be
minimized by simply directing the beams away from
the sources.

The receiving beam pattern of a dolphin was de-
termined by measuring the masked hearing threshold
as a function of the azimuth about the animal’s head.
The relative masked hearing threshold as a function
of azimuth is equivalent to the received beam pattern
since the receiving beam pattern is the spatial pattern
of hearing sensitivity. Au and Moore [20.28] measured
the dolphin’s masked hearing threshold as the position
of either the noise or signal sources varied in their an-
gular position about the animal’s head. The dolphin was
required to voluntarily assume a stationary position on
a bite plate constructed out of a polystyrene plastic ma-
terial. The noise and signal transducers were positioned
along an arc with the center of the arc located approxi-
mately at the pan bone of the animal’s lower jaw. In order
to measure the dolphin’s receiving beam in the vertical
plane, the animal was trained to turn onto its side before
biting the specially designed vertical bite-plate station-
ing device. For the measurement in the vertical plane,
the position of the signal transducer was fixed directly in
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Fig. 20.4 Receive beam patterns in the vertical and horizontal planes for frequencies of 30, 60 and 120 kHz. The relative
masked thresholds as a function of the elevation angle of the asking noise source are plotted for each signal frequency
(after Au and Moore, [20.28])

line with the bite plate and its acoustic output was held
constant. Masked thresholds were measured for differ-
ent angular position of the noise transducer along the
arc. The level of the noise was varied in order to obtain
the masked threshold. A threshold estimate was consid-
ered complete when at least 20 reversals (10 per session)
at a test angle had been obtained over at least two con-
secutive sessions, and if the average reversal values of
the two sessions were within 3 dB. After a threshold es-
timate was achieved, the noise transducer was moved
to a new azimuth over a set of randomly predesignated
azimuths. As the azimuth about the dolphin’s head in-
creased, the hearing sensitivity of the dolphin tended to
decrease, requiring higher levels of masking noise from
a transducer located at that azimuth to mask the signal
from a source located directly ahead of the animal.

The receiving beam patterns in both the vertical and
horizontal plane are plotted for signal frequencies of 30,
60 and 120 kHz in Fig. 20.4. The radial axis of Fig. 20.4
represents the difference in dB between the noise level
needed to mask the test signal at any azimuth and the
minimum noise level needed to mask the test signal
at the azimuth corresponding to the major axis of the

vertical beam. The shape of the beams in Fig. 20.4 in-
dicates that the patterns were dependent on frequency,
becoming narrower, or more directional as the frequency
increased. The beam of a planar hydrophone also be-
comes narrower as frequency increases. The 3 dB beam
widths were approximately 30.4◦, 22.7◦, and 17.0◦ for
frequencies of 30, 60, and 120 kHz, respectively. There
was also an asymmetry between the portion of the beam
above and below the dolphin’s head. The shape of the
beams dropped off more rapidly as the angle above the
animal’s head increased than for angles below the an-
imal’s head, indicating a more rapid decrease in the
animal’s hearing sensitivity for angles above the head
than for angles below the head. If the dolphin receives
sounds through the lower jaw, the more rapid reduc-
tion in hearing sensitivity for angles above the head may
have been caused by shadowing of the received sound
by the upper portion of the head structure including air
in the nasal sacs [20.29]. There is a slight peculiarity in
the 60 kHz beam which shows almost the same masked
threshold values for 15◦ and 25◦ elevation angles.

The radial line passing through the angle of maxi-
mum sensitivity is commonly referred to as the major
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axis of the beam. The major axis of the vertical beams
is elevated between 5◦ and 10◦ above the reference axis.
The 30 and 120 kHz results show the major axis at 10◦
while the 60 kHz results showed the major axis at 5◦.
It will be shown in a later section that the major axis
of the received beam in the vertical plane is elevated at
approximately the same angle as the major axis of the
transmitted beam in the vertical plane.

In the horizontal beam pattern measurement, two
noise sources were fixed at azimuth angles of ±20◦.
The level of the noise sources was also fixed. The
position of the signal transducer was varied from ses-
sion to session. Masked thresholds were determined
as a function of the azimuth of the signal transducer,
by varying the signal level of the signal transducer in
a staircase fashion. A threshold estimate was consid-
ered completed when at least 20 reversals at a test angle
had been obtained over at least two consecutive ses-
sions, if the average reversal values were within 3 dB of
each other. After a threshold estimate was determined,
the signal transducer was moved to a new azimuth
over a set of randomly predesignated azimuths. Two
noise sources were used in order to discourage the dol-
phin from internally steering its beam in the horizontal
plane. If the animal could steer its beam, it would re-
ceive more noise from one of the two hydrophones,
and therefore not experience any improvement in the
signal-to-noise ratio. The masking noise from the two
sources was uncorrelated but equal in amplitude. The
radial axis represents the difference in dB between the
signal level at the masked threshold for the various az-
imuths and the signal level of the masked threshold for
0◦ azimuth (along the major axis of the horizontal beam).
The horizontal receiving beams were directed forward
with the major axis being parallel to the longitudinal
axis of the dolphin. The beams were nearly symmetri-
cal about the major axis. Any asymmetry was within the
margin of experimental error involved in estimating the
relative thresholds. The horizontal beam patterns exhib-
ited a similar frequency dependence as the vertical beam
patterns, becoming narrower or more directional as the
frequency increased. The 3 dB beam widths were 59.1◦,
32.0◦, and 13.7◦ for frequencies of 30, 60, and 120 kHz,
respectively.

Zaytseva et al. [20.30] measured the horizontal beam
pattern of a dolphin by measuring the masked hearing
threshold as a function of azimuth. Their beam width
of 8.2◦ for a frequency of 80 kHz was much narrower
than the 13.7◦ for a frequency of 120 kHz. The differ-
ence in beam width is even larger if the results of Au
and Moore [20.28] are linearly interpolated to 80 kHz.

We calculated an interpolated beam width of 25.9◦ at
80 kHz, which was considerably greater than the 8.2◦ ob-
tained by Zaytseva et al. [20.30]. The difference in beam
width measured by Zaytseva et al. and Au and Moore
may be attributed to the use of only one noise source
by Zaytseva et al. compared to the two noise sources
used by Au and Moore. With a single masking noise
source in the horizontal plane, there is the possibility
of the animal performing a spatial filtering operation by
internally steering the axis of its beam in order to max-
imize the signal-to-noise ratio. Another possibility is
that Zaytseva et al. did not use a fixed stationing device.
Rather, the dolphin approached the signal hydrophone
from a start line, always oriented in the direction of the
signal hydrophone. The animal responded to the pres-
ence or absence of a signal by either swimming or not
swimming to the hydrophone. In such a procedure, it
is impossible to control the orientation of the animal’s
head with respect to the noise masker so that the dol-
phin could move its head to minimize the effects of the
noise.

Directivity Index
The directivity index is a measure of the sharpness of
the beam or major lobe of either a receiving or transmit-
ting beam pattern. For a spherical coordinate system,
the directivity index of a transducer is given by the
equation [20.31]

DI = 10 log
4π

2π∫

0

π/2∫

−π/2

(
p(θ,φ)

p0

)2
sin θ dθ dφ

. (20.1)

Although the expression for directivity index is rel-
atively simple, using it to obtain numerical values
can be quite involved unless transducers of relatively
simple shapes (cylinders, lines and circular apertures)
with symmetry about one axis is involved. Other-
wise, the beam pattern needs to be measured as
a function of both θ, and φ. This can be done by
choosing various discrete values of θ and measur-
ing the beam pattern as a function of φ, a tedious
process. Equation (20.1) can then be evaluated by nu-
merically evaluating the double integral with a digital
computer. The directivity indices associated with the
dolphin’s beam patterns in Fig. 20.4 were estimated
by Au and Moore [20.28] using (20.1) and a two-
dimensional Simpson’s 1/3-rule algorithm [20.32]. The
results of the numerical evaluation of are plotted as
a function of frequency in Fig. 20.5. DIs of 10.4, 15.3
and 20.6 dB were obtained for frequencies of 30, 60,
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Fig. 20.5 Receiving directivity index as function of fre-
quency for a tursiops truncatus

and 120 kHz, respectively. A linear curve fitted to
the computed DIs in a least-square-error manner is
also shown in the Fig. 20.5. The equation of the line
is

DI(dB) = 16.9 log f (kHz)−14.5 . (20.2)

The results of Fig. 20.5 indicate that the dolphin’s receive
directivity index increased with frequency in a manner
similar to that of a linear transducer (Bobber, 1970).
The expression in (20.2) is only valid for frequencies at
which DI(dB) is greater or equal to 0.

Although the directivity index expressed by (20.1)
is for a tursiops, it can also be used to estimate the direc-
tivity index of other dolphins by applying an appropriate
correction factor, so that (20.2) can be rewritten as

DI(dB) = 16.9 log f (kHz)−14.5+CF(dB) ,

(20.3)

where CF(dB) is a correction factor taking into account
different head sizes. The directivity index of a planar
circular plate is proportional to its diameter so if we let
dT be the diameter of the head of a tursiops at about the
location of the blowhole and dD be the diameter of the
head of a different species of dolphin, then the correction
factor can be expressed as

CF(dB) = 20 log(dD/dT) . (20.4)

The correction factor will be positive for a dolphin with
a larger head and negative for a dolphin with a smaller
head than tursiops.

20.1.3 Hearing by Mysticetes

Our knowledge of the hearing characteristics of baleen
whales is extremely limited. We do not know how they
receive sounds, the frequency range of hearing, and
the sensitivity of hearing at any frequency. Much of
our understanding of hearing in baleen whales comes
from anatomical studies of the ears of different species.
Baleen whales have occluded external auditory canals
that are filled with a homogeneous wax [20.33]. The
lower jaws of mysticetes are designed for sieving or gulp
feeding and have no evident connection to the tempo-
ral bones [20.33] making it very difficult to understand
how sounds enter into the ears of these whales.

Various types of whales have been observed by
many investigators to react strongly and drastically
change their behavior in the presence of boats and low-
flying aircraft, however, the sound pressure levels at
the whales’ locations are often difficult to define and
measure. In some situations, the sound levels of the
aversive sound could be estimated and a data point ob-
tained. Bowhead whales were observed fleeing from a
13 m diesel-powered boat having a noise level at the
location of the whales of about 84 dB re 1 µPa in the
dominant 1/3-octave band, or about 6 dB above the am-
bient noise in that band [20.34]. Playback experiments
with bowhead whales indicated that they took evasive
action when the noise was about 110 dB re 1 µPa or
30 dB above the ambient noise in the same 1/3-octave
band [20.35]. Playback experiments with migrating gray
whales indicated that about 10% of the whales made
avoidance behavior when the noise was about 110 dB
in a 1/3 octave band, 50% at about 117 dB and 90%
at about 122 dB or greater. These playback signals con-
sisted of anthropogenic noise associated with the oil and
gas industry.

Frankel [20.36] played back natural humpback
whale sounds and a synthetic sound to humpback whales
wintering in the waters of the Hawaiian islands. Twenty
seven of the 1433 trials produced rapid approach re-
sponse. Most of the responses were to the feeding call.
Feeding call and social sounds produced changes in both
separation and whale speed, indicating that these sounds
can alter a whale’s behavior. The humpback whales
responded to sounds as low as 102–105 dB but the
strongest responses occurred when the sounds were 111
to 114 dB re 1 µPa.

All of the playback experiments suggest that sounds
must be between 85 and 120 dB before whales will react
to them. These levels are very high compared to those
that dolphins can hear and may suggest that it is very
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difficult to relate reaction to hearing sensitivity. Whales
may not be reacting strongly unless the sounds are much
higher than their hearing threshold.

Determining the hearing sensitivity or audiogram
of baleen whales represents an extremely difficult chal-
lenge and will probably require the use of some sort of
electrophysiological technique as suggested by Ridgway
et al. [20.37]. Perhaps a technique measuring auditory-
evoked potentials with beached whales may provide
a way to estimate hearing sensitivity. Even with evoked
potential measurements, there are many issues that have
to be considered. For example, if an airborne source
is used, the results cannot be translated directly to
the underwater situation. If a sound source is placed

on a whale’s head, relating that to a whale receiving
a plane wave will also not be simple. Measurement of
evoked potentials themselves may not be simple be-
cause of the amount of flesh, muscles and blubber that
the brain waves would have to travel through in or-
der to reach the measurement electrodes. Ridgway and
Carder [20.38] reported on some attempts to use the
evoked potential method with a young gray whale held
at Sea World in California. They also showed that the
pygmy whale auditory system was most sensitive to very
high frequencies (120–130 kHz) in the same range as
their narrow-band echolocation pulses. A young sperm
whale was most sensitive in the 10–20 kHz region of the
spectrum [20.38].

20.2 Echolocation Signals

Echolocation is the process in which an organism
projects acoustic signals and obtains a sense of its
surroundings from the echoes it receives. In a gen-
eral sense, any animal with a capability to hear
sounds can echolocate by emitting sounds and lis-
tening to the echoes. A person in an empty room
can gain an idea of the size and shape of the
room by emitting sounds and listening to the echoes
from the different walls. However, in this chapter,
echolocation is used in a more specific sense in
which an animal has a very specialized capability
to determine the presence of objects considerably
smaller than itself, discriminate between various ob-
jects, recognize specific objects and localize objects in
three-dimensional space (determine range and azimuth).
Dolphins and bats have this specialized capability of
echolocation.

The echolocation system of a dolphin can be broken
down into three subsystems: the transmission, reception
and signal processing/decision subsystems. The recep-
tion system has to do with hearing and localization.
The transmission system consist of the sound produc-
tion mechanism, acoustic propagation from within the
head of the dolphin to into the water, and the char-
acteristics of the signals traveling in the surrounding
environment. The third subsystem has to do with pro-
cessing of auditory information by the peripheral and
central nervous system. The capability of a dolphin to
detect objects in noise and in clutter, and to discrimi-
nate between various objects depends to a large extent
on the information-carrying capabilities of the emitted
signals.

Dolphins most likely produce sounds within their
nasal system and the signals are projected out through
the melon. Although there has been a long-standing con-
troversy on whether sounds are produced in the larynx
or in the nasal system of odontocetes, almost all ex-
perimental data with dolphins indicate that sounds are
produced in the nasal system [20.39]. For example, Ridg-
way and Carder [20.40] used catheters accepted into the
nasal cavity by trained belugas. The belugas preformed
an echolocation task in open water, detecting targets and
reported the presence of targets by whistling. Air pres-
sure within the nasal cavity was shown to be essential
for echolocation and for whistling [20.40].

The melon immediately in front of the nasal plug
may play a role in channeling sounds into the water,
a notion first introduced by Wood [20.41]. Norris and
Harvey [20.42] found a low-velocity core extending
from just below the anterior surface towards the right
nasal plug, and a graded outer shell of high-velocity
tissue. Such a velocity gradient could channel signals
originating in the nasal region in both the vertical and
horizontal planes. Using both a two-dimensional [20.43]
and a three-dimensional model [20.6] to study sound
propagation in a dolphin’s head, Aroyan has shown that
echolocation signals most likely are generated in the
nasal system and are channeled into the water by the
melon. Cranford [20.44] has also collected evidence
from nasal endoscopy of trained echolocating dolphins
that suggest that echolocation signals are most likely
produced in the nasal system at the location of the
monkey-lips, dorsal bursae complex just beneath the
blow hole.
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20.2.1 Echolocation Signals of Dolphins
that also Whistle

Most dolphin species are able to produce whistle sig-
nals. Among some of the species in this category
in which echolocation signals have been measured
include the bottlenose dolphin (tursiops sp), beluga
whale (delphinapterus leucas), killer whale (orcinus
orca), false killer whale (pseudorca crassidens), Pa-
cific white-sided dolphin (lagenorhynchus obliquidens),
Amazon river dolphin (inia geoffrensis), Risso’s dol-
phin (grampus griseus), tucuxi (sotalia fluviatilis),
Atlantic spotted dolphin (stenella frontalis), Pacific
spotted dolphin (Stenella attenuata), spinner dolphin
(Stenella longirostris), pilot whale (globicephala sp),
rough-toothed dolphin (steno bredanesis), Chinese river
dolphin (lipotes vexillifer) and sperm whales (physeter
catodon). However, most of the available data have been
obtained for three species: the bottlenose dolphin, the
beluga whale and the false killer whale.

Prior to 1973, most echolocation signals of tursiops
were measured in relatively small tanks and the re-
sults provided a completely different picture of what

U ( f )
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0.5

1.0

0

250µs0

Kaneohe bay
SL = 210 – 227dB re 1 µPa

Tank
SL = 170 –185dB re 1 µPa

250µs

Fig. 20.6 Example of echolocation signals used by tursiops
truncatus in Kaneohe Bay (after Au [20.45]), and in a tank

we currently understand. It was not until the study of
Au et al. [20.45] that certain features of biosonar sig-
nals used by tursiops and other dolphins in open waters
were discovered. We discovered that the signals had
peak frequencies between 120 and 130 kHz, over an
octave higher than previously reported peak frequen-
cies between 30 and 60 kHz [20.46]. We also measured
an average peak-to-peak click source level on the or-
der of 220 dB re 1 µPa at 1 m, which represents a level
30 to 50 dB higher than previously measured for tur-
siops. Examples of typical echolocation signals emitted
by tursiops truncatus are shown in Fig. 20.6 for two sit-
uations. The top signal is typical of signals used in the
open waters of Kaneohe Bay, Oahu, Hawaii, and the
second signal represents typical signals for a tursiops
in a tank. Signals measured in Kaneohe Bay regularly
have duration between 40 and 70 µs, 4 to 10 positive ex-
cursion, peak frequencies between 110 and 130 kHz and
peak-to-peak source levels between 210 and 228 dB re
1 µPa. The signals in Fig. 20.6 are not drawn to scale; if
they were, the tank signal would resemble a flat line.

Au et al. [20.47] postulated that high-frequency
echolocation signals were a byproduct of the animals
producing high-intensity clicks to overcome snapping
shrimp noise. In other words, dolphins can only emit
high-level clicks (greater than 210 dB) if they use high
frequencies. The effects of a noisy environment on the
echolocation signals used by a beluga or white whale
(Delphinapterus leucas) was vividly demonstrated by
Au et al. [20.47]. The echolocation signal of a beluga
was measured in San Diego Bay, California before the
whale was moved to Kaneohe Bay. The ambient noise
in Kaneohe Bay is between 15 to 20 dB greater than
in San Diego Bay. The whale emitted echolocation sig-
nals with peak frequencies between 40 and 60 kHz and
with a maximum averaged peak-to-peak source level of
202 dB re 1 µPa in San Diego Bay. In Kaneohe Bay, the
whale shifted the peak frequency of its signals over an
octave higher to 100 and 120 kHz. The source level also
increased to over 210 dB re 1 µPa [20.47]. Examples of
typical echolocation signals used by the whale in San
Diego and in Kaneohe Bay are shown in Fig. 20.7a.
Here, the signals are drawn to scale with respect to
each other. Echolocation signals used by belugas in
tanks also resemble the low-frequency signals shown
in Fig. 20.2a [20.48, 49]. Turl et al. [20.50] measured
the sonar signals of a beluga in a target-in-clutter de-
tection task in San Diego Bay and found the animal
used high-frequency (peak frequency above 100 kHz)
and high-intensity (greater than 210 dB re 1 µPa) sig-
nals. Therefore low-amplitude clicks of the beluga had
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Fig. 20.7 (a) Example of beluga echolocation signals measured in San Diego Bay and in Kaneohe Bay (after Au
et al. [20.47]); (b) Examples of pseudorca echolocation signals, Sl is the averaged peak-to-peak source level (after
Au et al. [20.52])

low peak frequencies and the high-amplitude clicks
had high peak frequencies. The data of Moore and
Pawloski [20.51] for Tursiops also seem to support the
notion that the shape of the signal in the frequency
domain is related to the intensity of the signal.

Recent results with a false killer whale showed
a clear relationship between the frequency content of
echolocation signals and source level [20.52]. The Pseu-
dorca emitted four basic types of signals, which are
shown in Fig. 20.7b. The four signal types have spec-
tra that are bimodal (having two peaks); the spectra in
Fig. 20.2 are also bimodal. The type I signals were de-
fined as those with the low-frequency peak (< 70 kHz)
being the primary peak and the high-frequency peak be-
ing the secondary peak with its amplitude at least 3 dB
below that of the primary peak. Type II signals were de-
fined as those with a low-frequency primary peak and
a high-frequency secondary peak having an amplitude
within 3 dB of the primary peak. Type III signals were
those with a high-frequency primary peak (>70 kHz),

and a low-frequency secondary peak having an ampli-
tude within 3 dB of the primary peak. Finally, type IV
signals were those with a high-frequency primary peak
having an amplitude that was at least 3 dB higher than
that of the secondary low-frequency peak.

The data of Thomas et al. [20.53, 54] also indicated
a similar relationship between intensity and the spectrum
of the signal. The echolocation signals of a pseudorca
measured in a tank had peak frequencies between 20 and
60 kHz and source levels of approximately 180 dB re
1 µPa [20.53]. Most of the sonar signals used by another
pseudorca performing a detection task in the open waters
of Kaneohe Bay had peak frequencies between 100 and
110 kHz and source levels between 220 and 225 dB re
1 µPa [20.54].

A bimodal spectrum is best described by its cen-
ter frequency, which is defined as the centroid of the
spectrum, and is the frequency which divides the spec-
trum into two parts of equal energy. From Fig. 20.7,
we can see that, as the source level of the signal in-
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Fig. 20.8 Center frequency of echolocation signals emitted
by a pseudorca as a function of the peak-to-peak source
level (after Au et al. [20.52])

creased, the frequency components at higher frequencies
also increased in amplitude, suggesting a relationship
between source level and center frequency. This relation-
ship can be examined by considering the scatter diagram
of Fig. 20.8 showing center frequency plotted against
source level. The solid line in the figure is a linear-
regression curve fit of the data and has a correlation
coefficient of 0.80.

The bimodal property of the echolocation signals
of Fig. 20.7 seems to suggest that the response of the
sound generator may be determined by the intensity of
the driving force that eventually causes an echolocation
signal to be produced. When the intensity of the driving
force is low, only signals with low amplitudes and low-
frequency peak are produced. Therefore, in small tanks,
the signals resemble the tank signal of Fig. 20.1, and the
bimodal feature is suppressed since the high-frequency
portion of the source cannot be used for a low driving
force. As the driving force increases to a moderate level,
the low-frequency peak also increases in amplitude, and
the high-frequency portion of the signal begins to come
into use. As the driving force increases further the am-
plitude of the high-frequency peak becomes larger than
that of the low-frequency peak, resulting in type III sig-
nals. As the driving force continues to increase to a high
level, the amplitude of the high-frequency peak becomes
much greater than the amplitude of the low-frequency
peak and completely dominates the low-frequency peak
causing the bimodal feature to be suppressed. Recent
field measurements of free-ranging dolphins [20.55–57]
suggest that the majority of echolocation clicks emitted
by dolphins are bimodal.

The largest odontocete species is the sperm whale
(Physeter catodon) and it too emits echolocation signals.
Prior to the late 1990s the most prevalent understanding
of sperm whale signals is that the clicks were broadband
with peak frequencies between 4 and 8 kHz [20.58–
61]. There were only two reports on source levels.
Dunn [20.62] using sonobouys measured 148 sperm
whale clicks from a solitary sperm whale and estimated
an average peak-to-peak source level of 183 dB re 1 µPa.
Levenson [20.59] estimated peak-to-peak source level of
180 dB re 1 µPa. The clicks were also thought to be es-
sentially nondirectional and projected in codas [20.63].
Therefore, the notion of sperm whales echolocating was
somewhat questionable. Part of the problem was the lack
of measurements of sperm whale signaling in conjunc-
tion with foraging and the fact that click signals can
have more than one function, such as communications
and echolocation. In a review paper Watkins [20.63]
spelled out his rational for not supporting the notion of
a sonar function for sperm whale clicks, “Other features
of their sounds however, do not so easily fit echoloca-
tion:” Watkin’s rational included his observations that
clicks do not appear to be very directional, the inter-
click interval does not varied as if a prey or obstacle is
being approached, solitary sperm whales are silent for
long periods, the level of their clicks appears to be gen-
erally greater than that required for echolocating prey or
obstacles and the individual clicks are usually too long
for good range resolution. It is important to state that
most of Watkins measurements were conducted at low-
temperate latitudes where females and calves are found.

Sperm whale echolocation began to be more fully
understood with data obtained in ground-breaking work
by Bertel Møhl and his students from the University of
Aarhus, along with other Danish colleagues. They be-
gan to perform large-array aperture measurements of
large bull sperm whales foraging along the slope of the
continental shelf off Andenes, Norway beginning in the
summer of 1977 [20.64]. Up to seven multi-platforms
spaced on the order of 1 km apart were used in their
study with hydrophones placed at depths varying from
5 to 327 m [20.65]. They also came up with a unique but
logistically simple scheme of obtaining global position-
ing system (GPS) information to localize the position
of each platform. Each platform continuously logged its
position and time stamps on one track of a digital au-
dio tape (DAT) recorder, the other track being used for
measuring sperm whale clicks [20.64]. The GPS signals
were converted to an analog signal by frequency-shift
keying (FSK) modulation. In this way, each platform
can be operated essentially autonomously and yet its lo-
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cation and time stamps could be related to all the other
platforms.

An important finding of Møhl et al. [20.64] is the
monopulsed nature of on-axis clicks emitted by the
sperm whales that were similar in shape and spectrum to
dolphin echolocation signals but with peak frequencies
between 15 and 25 kHz (this peak frequency range is
consistent with the auditory sensitivity observed from
evoked potential responses by a young sperm whale
to clicks presented by Ridgway and Carder [20.38]).
Møhl et al. [20.64] also estimated very high source lev-
els as high as 223 dB re 1 µPa per RMS (root mean
square). The per RMS measure is the level of a continu-
ous sine wave having the same peak-to-peak amplitude
as the click. This measure is clearly an overestimate
of the RMS value of a sperm whale click. Neverthe-
less, the 223 dB reported by Møhl et al. [20.64] can
easily be given a peak-to-peak value of 232 dB (adding
9 dB to the per-RMS value). In a follow-on study, Møhl
et al. [20.65] measured clicks with RMS source levels
as high as 236 dB re 1 µPa using the expression

pRMS =

√√
√
√
√

1

T

T∫

0

p2(t)dt . (20.5)

For this measurement, they used a time interval cor-
responding to the 3 dB down points of the signal
waveform. For this waveform, an RMS source level of
236 dB corresponds to a peak-to-peak source level of
243 dB re 1 µPa. Finally, they found that the clicks were
very directional, as directional as dolphin clicks.

20.2.2 Echolocation Signals of Smaller
Odontocetes that Do not Whistle

The second class of echolocation signals are produced
by dolphins and porpoises that do not emit whistle
signals. Not many odontocetes fall into this category
and these non-whistling animals tend to be smaller
than their whistling cousins. Included in this group
of non-whistling odontocetes are the harbor porpoise
(phocoena phocoena), finless porpoise (neophocaena
phocaenoides), Dall’s porpoise (phocoenoides dalli),
Commerson’s dolphin, cephalorhynchus commersonii),
Hector’s dolphin (cephalorhynchus hectori) and pygmy
sperm whale (kogia sp).

Examples of harbor porpoise and Atlantic bottlenose
dolphin echolocation signals presented in a manner for
easy comparison are shown in Fig. 20.9. There are four
fundamental differences in the two types of echoloca-

tion signals. The non-whistling animal emit a signal with
longer duration, narrower band, lower amplitude and
single mode. The length of the Phocoena phocoena sig-
nal vary from about 125–150 µs compared to 50–70 µs
for the tursiops truncatus signal. The bandwidth of the
Phocoena signal is almost 0.2–0.3 that of the tursiops
signal. Since the non-whistling dolphins are usually
much smaller in length and weight than the whistling
dolphins, the smaller animals might be amplitude limited
in terms of their echolocation signals and compensate
by emitting longer signals to increase the energy out-
put. This issue can be exemplified by characterizing an
echolocation click as [20.39]

p(t) = As(t) , (20.6)

where A = |p|max is the absolute value of the peak
amplitude of the signal and s(t) is the normalized wave-
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Fig. 20.9 Examples of typical echolocation signals of pho-
coena phocoena and tursiops truncatus (after [20.8])
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Fig. 20.10 The transmission beam pattern of a tursiops truncatus planes with the waveform of a click measured by 5–7
hydrophones (after Au [20.39]) in the vertical and horizontal planes

form having a maximum amplitude of unity. The source
energy-flux density of the signal in dB can be expressed
as

SE = 10 log

⎛

⎝
T∫

0

p(t)2 dt

⎞

⎠

= 10 log(A)+10 log

⎛

⎝
T∫

0

s(t)2 dt

⎞

⎠ , (20.7)

where T is the duration of the signal. Letting 2A ≈
be the peak-to-peak sound pressure level, (20.4) can be
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rewritten as

SE = SL−6+10 log

⎛

⎝
T∫

0

s(t)2 dt

⎞

⎠ , (20.8)

where SL is the the peak-to-peak source level and is ap-
proximately equal to 10 log(2A). From Fig. 20.9, the
Tursiops can emit signals with peak-to-peak source
levels in open water that are greater than 50 dB for
phocoena. The portion of the source energy that can
be attributed to the length of the signal is only about
2–4 dB greater for phocoena than Tursiops [20.39].
Therefore, one can conclude that the target detection
range of phocoena is considerably shorter than for
Tursiops. This has been demonstrated by Kastelein
et al. [20.67] who measured a target detection threshold
range of 26 m for a 7.62 cm water-filled sphere in a quiet
environment. The target detection range in a noisy envi-
ronment and a similar 7.62 cm water-filled sphere was
113 m [20.68].

The echolocation signals of other non-whistling
odontocetes are very similar to the Phocoena phocoena
signal shown in Fig. 20.9. Examples of the echolo-
cation signals of other non-whistling odontocetes can
be found in Au [20.7, 39, 69]. Unfortunately, reliable
source-level data have been collected only for Phocoena
phocoena [20.70] and Kogia [20.69].
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Fig. 20.11 The transmission beam pattern of a delphinapterus leucas (after Au et al. [20.66]) and a pseudorca crassidens
(after Au et al. [20.52]) in the vertical and horizontal planes

20.2.3 Transmission Beam Pattern

The outgoing echolocation signals of dolphins and
other odontocetes are projected in a directional beam
that have been measured in the vertical and horizon-
tal planes for the bottlenose dolphin [20.39], beluga
whale [20.66] and the false killer whale [20.52]. The
composite beam pattern from the three measurements
on Tursiops along with the averaged waveform from
a single trial measured by 5 or the 7 hydrophones
are shown in Fig. 20.10. The 3 dB beam width for
the bottlenose dolphin was approximately 10.2◦ in the
vertical plane and 9.7◦ in the horizontal plane. The
waveforms detected by the various hydrophones in
Fig. 20.10 indicate that signals measured away from
the beam axis will be distorted with respect to the
signals measured on the beam axis. The further away
from the beam axis the more distorted the signals
will be. This distortion come from the broadband
nature of the click signals emitted by whistling dol-
phins. This characteristics also make it difficult to
get good measurements of echolocation signals in
the field even with an array of hydrophones since it
is extremely difficult to obtain on-axis echolocation
signals and also to know the orientation of the ani-
mal with respect to the measuring hydrophones. The
frequencies shown with each waveform are the fre-
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Fig. 20.12 Beam patterns in the vertical and horizontal
planes for phocoena phocoena (Au et al. [20.70])

quencies of local maxima in the spectrum. At some
angles the averaged signal had multiple peaks in
the spectrum and these peaks are listed in order of
prominence.

The beam patterns for the beluga and false killer
whale are shown in Fig. 20.11. The beam width for the
beluga whale was approximately 6.5◦ in both planes.
Four beam patterns corresponding to the four signal
types described in Fig. 20.7 are shown for the false
killer whale. For the highest frequency (type IV signal)
the 3 dB beam width in the vertical plane was approxi-
mately 10◦, and 7◦ in the horizontal plane. The beam
axis in the vertical plane for the bottlenose dolphin
and the beluga whale was +5◦ above the horizontal
plane. For the false killer whale, 49% of the beam
axis was at 0◦ and 32% at −5◦. The four beam pat-
terns for the false killer whale indicate that, like a linear
transducer, the lower the frequency the wider the beam
pattern. The type I signal has a peak frequency of about
30 kHz and has the widest beam. However, even though
the peak frequency of the type IV signal is about 3.5
times higher than the type I signal, the beam does
not seem to be substantially larger. This property can
be used when discussing lower-frequency whistle sig-
nals to suggest that whistle signals are also emitted in
a beam.
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Fig. 20.13 Transmission directivity index and 3 dB beam
width for four odontocetes. The directivity index and beam
width for Tursiops truncatus and delphinapterus leucas
came from Au [20.39] and for pseudorca crassidens after
Au et al. [20.52]. The wavelength λ corresponds to the av-
erage peak frequency of the animals’ echolocation signals.
The directivity index is fitted with a second-order polyno-
mial curve the the beam width is fitted with a linear curve
(after Au et al. [20.70])

The only transmission beam pattern for a non-
whistling odontocete, a phocoena phocoena, was
measured by Au et al. [20.70]. Their results are shown
in Fig. 20.12 in both the horizontal and vertical planes.
One of the obvious difference between the beam pat-
terns in Fig. 20.12 and those in Figs. 20.10 and 20.11
is the width of the beam. Although the harbor por-
poise emitted the highest-frequency signals, its small
head size caused the beam to be wider than for the
other animals. The beam patterns of Figs. 20.10–20.12
were inserted into (20.1) and numerically evaluated to
estimate the corresponding directivity index for tur-
siops and delphinapterus [20.39] and for pseudorca
by Au et al. [20.52] and for phocoena [20.70], and
the results are shown in Fig. 20.13 plotted as a func-
tion of the ratio of the head diameter (at the blow
hole) of the subject and the average peak frequency
of the animals echolocation signal. Also shown in
Fig. 20.13 are the 3 dB beam width, where the 3 dB
beam width in the vertical and horizontal planes were
averaged.

The second-order polynomial fit of the directivity
index is given by the equation

DI = 28.89−1.04

(
d

λ

)

+0.04

(
d

λ

)2

. (20.9)
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The linear fit of the 3 dB beam width data is given by
the equation

BW = 23.90−0.60

(
d

λ

)

. (20.10)

The results of Fig. 20.13 provides a way of estimating the
directivity index and 3 dB beam width of other odonto-
cetes by knowing their head size and the peak frequency
of their echolocation signals.

Another interesting characteristics of the beam pat-
tern measurement on the phocoena phocoena is that the
off-axis signals are not distorted in comparison to the
on-axis signal. This is consistent with narrow-band sig-
nals whether for a linear technological transducer or
a live animal. Therefore, measurements of echolocation
signals of non-whistling odontocetes in the field can be
performed much easier than for whistling odontocetes.

20.3 Odontocete Acoustic Communication

Members of the Odontocete suborder are an intriguing
example of the adaptability of social mammalian life to
the aquatic habitat. Most odontocetes, particularly ma-
rine dolphins, live in groups ranging from several to
hundreds of animals in size, forage cooperatively, de-
velop hierarchies, engage in alloparental care and form
strong pair bonds and coalitions between both kin and
non-kin alike (see [20.71–73] for a review of the lit-
erature on dolphin societies). These social traits are
analogous to patterns found in many avian and terrestrial
mammalian species. It is not surprising, therefore, that
odontocetes mediate much social information via com-
munication. Some river dolphins are usually found as
solitary individuals or mother–calf pairs although they
may occasionally congregate into larger groups.

Odontocetes communicate through a combination of
sensory modalities that include the visual, tactile, acous-
tic and chemosensory channels [20.74]. Visual signals
in the form of postural displays are thought to convey
levels of aggression, changes in direction of movement,
and affiliative states [20.72,75]. Tactile interactions vary
in purpose from sexual and affiliative signals to expres-
sions of dominance and aggression [20.76,77]. Although
not well documented yet, it is thought that a derivative
of chemosensory perception, termed quasiolfaction al-
lows dolphins to relay chemical messages about stress
and reproductive status [20.78, 79]. However, it is the
acoustic communication channel in particular that is be-
lieved to be the main communication tool that enables
odontocetes to function cohesively as groups in the vast,
visually limited environment of the open sea [20.80].
Examining how odontocetes have adapted their use of
sound is therefore an important step to understanding
how social marine mammal life evolved in the sea and
how it has found a way to thrive in a habitat so drastically
different from our own.

When compared to all that has been learned about
dolphin echolocation over the past several decades, sur-

prisingly little is still known about how dolphins and
other odontocetes use acoustic signals for communica-
tion. A major reason for this is that it is very difficult to
observe the acoustic and behavioral interactions between
the producer and the receiver(s) of social signals in the
underwater environment. Sound propagation in the sea
makes even a simple task like identifying the location of
a sound source very challenging for air-adapted listeners.
Therefore, matching signals with specific individuals
and their behavior in the field is problematic without the
use of sophisticated recording arrays [20.57,76,81,82],
or directional transducers. In addition, many questions
remain unanswered about the nature of social signals
themselves. Much still remains unknown about the func-
tional design of dolphin social sounds. This is largely
due to the fact that most species specialize in produc-
ing and hearing sounds with frequencies well beyond
the limits of the human hearing range. Limitations in the
technology available to study social signaling in the field
have until recently restricted most analyses to the human
auditory bandwidth (< 20 kHz). Yet, despite these signif-
icant challenges, a great deal of progress has been made
in our understanding of odontocete acoustic communi-
cation. Rapidly advancing technologies are contributing
greatly to our ability to study social signaling both in the
field and in the laboratory. The emerging picture reveals
that odontocetes have adapted their acoustic signaling
to fit the aquatic world in a remarkably elegant way.

20.3.1 Social Acoustic Signals

Odontocetes have evolved in both marine and freshwa-
ter habitats for over 50 million years. Over such a long
period of adaptive radiation one might expect that a va-
riety of signaling strategies would have evolved among
the approximately 65 species of small toothed whales
and dolphins. Yet, remarkably, the vast majority of these
species have either conserved or converged on the pro-
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duction of two types of sounds: whistles and short pulse
trains.

Whistles
Whistles are frequency- and amplitude-modulated tones
that typically last anywhere from 50 ms to 3 s or more,
as illustrated in Fig. 20.14. They are arguably the most
variable signals produced by dolphins. Both within and
across species they range widely in duration, bandwidth
and degree of frequency modulation. How whistles
are used in communication is an ongoing topic of
debate among researchers, but most agree that they
play an important role in maintaining contact between
dispersed individuals and are important in social inter-
actions [20.85].

Frequency (kHz)

0
0.39s
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75a)

0
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0.65s
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Fig. 20.14a–c Variations in whistle forms produced by
Hawaiian spinner dolphins (a) and Atlantic spotted dol-
phins (b), (c) exhibiting multiple harmonics (after Lammers
et al. [20.83, 84])

Dolphin whistles exhibit both species and geo-
graphic specificity [20.86–90]. Differences are greatest
between distantly related taxa and between species of
different size. As a general rule, larger species tend to
produce whistles with lower fundamental frequencies
than smaller ones [20.88]. Geographic variations within
a species are usually smaller than interspecific differ-
ences [20.87], but some species do develop regional
dialects between populations [20.89,90]. These dialects
tend to become more pronounced with increasing geo-
graphic separation. In addition, pelagic species tend to
have whistles in a higher-frequency range and with more
modulation than coastal and riverine species [20.86,88].
Such differences have been proposed as species-specific
reproductive-isolating characteristics [20.86], as ecolog-
ical adaptations to different environmental conditions
and/or resulting from restrictions imposed by physiol-
ogy [20.88]. On the other hand, it must also be noted that
numerous whistle forms are also shared by both sym-
patric and allopatric species [20.91]. The communicative
function of shared whistle forms is unknown, but it
is intriguing as it suggests a further tendency towards
a convergence in signal design.

Dolphins produce whistles with fundamental fre-
quencies usually in the human audible range (below
20 kHz). However, whistles typically also have harmon-
ics (Fig. 20.14), which occur at integer multiples of
the fundamental and extend well beyond the range of
human hearing [20.84]. Harmonics are integral com-
ponents of tonal signals produced by departures of the
waveform from a sinusoidal pattern. Dolphin whistle
harmonics have a mixed directionality property, which
refers to the fact they become more directional with in-
creasing frequency [20.83,92]. It has been proposed that
this signal feature functions as a cue, allowing listening
animals to infer the orientation and direction of move-
ment of a signaling dolphin [20.83,92]. Harmonics may
therefore be important in mediating group cohesion and
coordination.

Burst Pulses
In addition to whistles, most odontocetes also produce
pulsed social sounds known as burst pulse signals. Burst
pulse signals are broadband click trains similar to those
used in echolocation but with inter-click intervals of
only 2–10 ms [20.93]. Because these intervals are con-
siderably shorter than the processing period generally
associated with echolocation and because they are of-
ten recorded during periods of high social activity, burst
pulse click trains are thought instead to play an important
role in communication.
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Fig. 20.15a,b Examples of (a) high-quantity and (b) low-
quantity burst pulses produced by Atlantic spotted dolphins
(stenella frontalis). Click train a has 255 clicks with mean
ICI (interclick interval) of 1.7 ms. Click train b has 35 clicks
with a mean ICI of 2.9 ms (after Lammers et al. [20.83,84])

Burst pulses vary greatly in the inter-pulse inter-
val and in the number of clicks that occur in a train,
which can number anywhere from three to hundreds
of pulses, as depicted in Fig. 20.15. This variation
gives them distinctive aural qualities. Consequently,
burst pulse sounds have been given many subjec-
tive labels, including yelps [20.94], cracks [20.95],
screams [20.96] and squawks [20.97]. Their produc-
tion has been reported in a variety of odontocete
species including: the Atlantic bottlenose dolphin
(tursiops truncatus) [20.95], the Hawaiian spinner
dolphin (stenella longirostris) [20.72], the Atlantic
spotted dolphin (stenella frontalis) [20.98], the nar-
whal (monodon monoceros) [20.99], Hector’s dolphin

(cephalorhynchus hectori) [20.100], the pilot whale
(globicephala melaena) [20.101], and the harbor por-
poise (phocoena phocoena) [20.101]. To date, much
remains unknown about how burst pulses function
as communication signals. It is generally believed
that they play an important role in agonistic en-
counters because they are commonly observed during
confrontational head-to-head behaviors between in-
dividuals [20.95, 102–104]. However, some authors
have suggested they may represent emotive signals in
a broader sense [20.97, 105, 106], possibly functioning
as graded signals [20.107].

Given that dolphins have temporal discrimination
abilities well within the range required to resolve indi-
vidual clicks in a burst pulse [20.39, 108], it is possible
that the quantity of clicks and their temporal spacing
could form an important basis for communication. How-
ever, as with whistles, no data presently exist on the
classification and discrimination tendencies of dolphins
with respect to different burst pulses.

20.3.2 Signal Design Characteristics

Although much remains unknown about how odon-
tocetes use acoustic signals for communication, the
communicative potential of their signals can, in part, be
inferred by considering the design characteristics that
have been uncovered thus far. Signal features such as
their detectable range, the production duty cycle, the
identification level, the modulation potential and the
form–content linkage provide useful clues about how
odontocetes might use whistles and burst pulses.

The Active Space of Social Signals
The effective range of signals used for communication
is generally termed the active space. Janik [20.109]
investigated the active space of whistles produced by
bottlenose dolphins in the Moray Firth, Scotland, us-
ing a dispersed hydrophone array to infer geometrically
the location of signaling animals and establish the
source level of their whistles. The mean source level
was calculated to be 158 dB ± 0.6 re 1 µPa, with
a maximum recorded level of 169 dB. By factoring
in transmission loss, ambient noise levels, the critical
ratios and auditory sensitivity of the species involved
the active space of an unmodulated whistle between
3.5 and 10 kHz in frequency was estimated to be be-
tween 20 and 25 km in a habitat 10 meters deep at
sea state 0. At sea state 4 the estimated active space
ranged from 14 to 22 km, while for whistles at 12 kHz
it dropped to between 1.5 and 4 km. These estimations
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were made for dolphins occurring in a relatively shal-
low, mostly mud-bottom, quiet environment. Presently,
no data exist on the active space characteristics of del-
phinid whistles in pelagic waters and comparatively
louder tropical near-shore environments. Similarly, no
estimates have yet been made for the active space of
burst pulses.

The Duty Cycle of Social Signals
Duty cycle refers to the proportion of time that any
given signal or class of signals is on versus off. Signals
can vary in the fine structure of their temporal patterning
(e.g. duration), in their temporal spacing within a bout,
and in their occurrence within a larger cyclical time
frame, such as a 24 hour day. Each of these aspects of
the temporal delivery of signals carries its own implica-
tion for communication. Fine-scale characteristics can
define the nature of the signal itself and provide infor-
mation about its relationship to other signals as well
as constraints associated with its mechanism of produc-
tion. The occurrence and timing of a signal within a bout
can help convey information about the urgency of a sit-
uation, the level of arousal, the fitness of an individual
and can assist the receiver in the task of localization. Fi-
nally, the periodicity of signals over hours or days can
be an indicator of variables such as activity levels and
reproductive state.

Murray et al. [20.110] investigated the fine-scale
duty-cycle characteristics of delphinid social signals.
Using a captive false killer whale (pseudorca crassidens)
as their subject, they examined the temporal relationship
between the units of a click train (individual clicks) and
tonal signals. Their analysis revealed that false killer
whales modulate the temporal occurrence of clicks to
the point of grading them into a continuous wave (CW)
signal such as a whistle. This finding was interpreted as
evidence that pseudorca may employ graded signaling
for communication (a topic discussed in more detail be-
low), as well as to suggest that clicks and whistles are
produced by the same anatomical mechanism.

The timing of signals within a bout has not been
investigated with much success among delphinids. The
primary obstacle towards this line of work has been the
difficulty of identifying the signaler(s) involved for even
short periods of time under field conditions. Early work
by Caldwell and Caldwell [20.111] on a group or four
naïve captive common dolphins (delphinus delphis) sug-
gests that whistle exchanges do have temporal structure.
In whistling bouts involving more than one signaler, the
onset of a whistle specific to an individual was followed
within two seconds by that of another. Furthermore, ini-

tiation of a whistle by two animals within 0.3 s of one
another always resulted in the inhibition of one of them,
with some individuals deferring more than others. Ini-
tiations separated by 0.4–0.5 s caused inhibition less
frequently while those longer than 0.6 s resulted in al-
most no inhibition. Repeated whistles produced without
an intervening response by another animal were usually
delayed by less than one second. Thus, the duty cycle of
whistling bouts and chorusing behavior among common
dolphins does appear to follow certain temporal rules,
but their significance is not clear.

Periodicity in social signaling has been investi-
gated in captive bottlenose dolphins and common
dolphins [20.112–114], as well as free-ranging spin-
ner dolphins (stenella longirostris) [20.72] and common
dolphins [20.115]. In the captive studies, signaling ac-
tivity was linked to feeding schedules, nearby human
activities and responses to different forms of introduced
stress [20.113]. For spinner and common dolphins in
the wild, the occurrence of social acoustic signals was
highest at night, when both species were foraging, and
lowest in the middle of the day.

The Identification Level of Social Signals
The role of delphinid whistles as individual-specific sig-
nals has been the focus of more scientific attention
than any other aspect of their social acoustic signal-
ing. Caldwell and Caldwell [20.116] were the first to
propose that individual dolphins each possess their own
distinct signature whistle. The idea was borne out of
the observation that recently captured dolphins each
produce a unique whistle contour that makes up over
90% of the individual’s whistle output. Since being
proposed, the so-called signature whistle hypothesis
has emerged as the most widely accepted explana-
tion for whistling behavior among dolphins. The idea
has received support from numerous studies involv-
ing captive and restrained animals [20.85, 117–121]
as well as from field studies of free-ranging ani-
mals [20.97, 122, 123]. Some, however, have argued
that a simple signature function for dolphin whistling
cannot account for the diversity of signals observed in
socially interactive dolphin groups [20.124,125]. While
not denying the presence of signature whistles per se,
these authors have argued that the large percentage of
stereotyped signature signals observed in other stud-
ies may be an artifact of the unusual circumstances
under which they were obtained (isolation, temporary
restraint, separation, captivity). The debate over the
prevalence of signature whistles among captive and
free-ranging dolphins remains a contested topic in the
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literature and at scientific meetings. On the other hand,
no evidence or formal discussions presently exist sug-
gesting burst pulse signals carry any individual-specific
information.

The Modulation Potential of Social Signals
The modulation potential describes the amount of vari-
ation present in any given signal as measured by its
position along a scale from stereotyped to graded sig-
naling [20.126]. Stereotyped signals are repeats of
structurally identical forms and vary discretely be-
tween one another. They are used most often for
communication when the prospect of signal distortion
is high, such as in noisy or reverberant environments
or for communicating over long ranges. Graded sig-
nals have more variants than stereotyped ones and are
encoded by changing one or more signal dimensions.
These can include intensity, repetition rate and/or fre-
quency and amplitude modulation. Graded signals are
usually employed when a continuous or relative condi-
tion must be communicated in a favorable propagation
environment.

Many studies to date have made an a priori assump-
tion that dolphin signaling is categorical in nature, with
signals belonging to mutually exclusive classes on the
basis of their shared similarities. Some evidence in sup-
port of this assumption comes from the signature-whistle
hypothesis work, where restrained and isolated individ-
uals are often observed producing highly stereotyped
bouts of signaling. However, few data are presently
available to suggest how dolphins perceive and distin-
guish social signals [20.127]. Therefore, it is unclear
whether an assumption based on the occurrence of signa-
ture whistles is broadly applicable towards other forms
of social acoustic signaling (i. e. non-signature whistles
and burst pulses).

A few studies have explored the occurrence of
graded signaling in the communication of delphinids
and the larger whales. Taruski [20.128] created a graded
model for the whistles produced by North Atlantic
pilot whales (globicephala melaena). He concluded
that these signals could be arranged as a “contin-
uum or matrix (of signals) from simple to complex
through a series of intermediates” (Taruski [20.128]
p. 349). Murray et al. [20.110], examining the signals
of a captive false killer whale (Pseudorca crassi-
dens), came to a similar conclusion and proposed
that Pseudorca signals were also best represented
along a continuum of signal characteristics, rather than
categorically. Finally, Clark [20.129], examining the
“call” signals of southern right whales (a mysticete),

made the observation that “ . . . the total repertoire
of calls is best described as a sequence of inter-
graded types along a continuum” (Taruski [20.128]
p. 1066). Therefore, graded signaling may well play
a role in odontocete communication. Controlled per-
ceptual experiments and a better understanding of the
acoustic environment dolphins inhabit are needed to
test how odontocetes discriminate and classify social
sounds.

The Form–Content Linkage of Social Signals
The degree to which the form of a signal is linked to
its content depends on how information is coded and
on proximate factors associated with the signal’s pro-
duction. The relationship between a signal’s structural
form and its message can range from being rather arbi-
trary to tightly linked to a specific condition [20.126].
Among odontocetes, a clear relationship between sig-
nal form and content has only been demonstrated for
signature whistles (discussed above). Dolphins have
been experimentally shown to be capable of labeling
objects acoustically (also known as vocal learning), as
well as mimicking model sounds following only a sin-
gle exposure [20.130]. Additional evidence of vocal
learning exists from culturally transmitted signals in
the wild [20.131] and in captivity [20.132], as well as
from the spontaneous production of acoustic labels in
captivity [20.127]. Context-specific variations in signa-
ture whistle form have also been demonstrated [20.121].
However, to date, no semantic rules have been identified
for naturally occurring social signals among odonto-
cetes.

Geographic Difference and Dialect
There is a distinct difference between geographical
difference and dialect. Geographical differences are as-
sociated with widely separated populations that do not
normally mix. Dialect is best reserved for sound emis-
sion differences on a local scale among neighboring
populations which can potentially intermix [20.133].
Geographic variations are generally considered to re-
sult from acoustic adaptations to different environments,
or a functionless byproduct of isolation and genetic di-
vergence caused by isolation [20.134]. The functional
significance of dialects is controversial, with some main-
taining that dialects are epiphenomena of song learning
and social adaptation, whereas others believe that they
play a role in assorted mating and are of evolutionary
significance [20.134]. Dialects are known to occur in
many species of birds [20.135] but appear to be very
rare in mammals.
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Fig. 20.16 Spectrograms of call types N7 and N8 for clan A. Above each spectrogram is the subtype identification and the
pods that produce the variant, and below certain spectrograms are division marks separating calls into their component
parts (after Ford [20.134]).

Killer Whale
Killer whales (orcinus orca) produce a specific type of
burst pulse termed the discrete call. Discrete calls are
thought to serve as contact calls between individuals,
much like whistles in other odontocete species [20.136].
Discrete calls are population specific and even pod spe-
cific. The dialects of resident killer whales (Orcinus
orca) in the coastal waters of British Columbia and
Washington have been studied over a prolonged pe-
riod by Ford and his colleagues [20.134,137,138]. They
used photographic identification techniques, keying on
unique natural markings on the whales to identify 16
pods or stable kin groups of 232 resident killer whales.
Differences in acoustic behavior formed a system of re-
lated pod-specific dialects within the call tradition of
each clan. Ford [20.134] has proposed that each clan
is comprised of related pods that have descended from
a common ancestral group and pod-specific repertoires
probably serve to enhance the efficiency of acoustic
communications within the group and act as behavioral
indicators of pod affiliation.

Killer whale calls are typically made up of rapidly
emitted pulses that to the human ear have a tonal qual-
ity [20.134]. Many calls have several abrupt shifts in
pulse repetition rate allowing them to be divided into
different segments or parts. Although all pods belong-
ing to a clan share a number of calls, these calls were

often rendered in consistently different form by differ-
ent pods. Also, certain pods produced calls that were not
used by the rest of the clan. Such variations produced
a set of related group-specific dialects within the call
tradition of each clan.

Spectrograms of call types N7 and N8 are shown
in Fig. 20.16. In this example, we can see that different
pods produce similar but different versions of call type
N7 and N8. Pods A1, A4 and A5 produced two versions
of call type N7 and pod B and I1 produced two versions
of call type N8. All of the spectrograms have two parts
except for call type N7ii, which had three parts.

Ford [20.134] contended that pod-specific reperto-
ries can be retained for periods in excess of 25 years.
Discrete calls generally serve as signals for maintaining
contact within the pod and that the use of repertoire
of pod-specific calls enhances this function by con-
veying group identity and affiliation [20.134]. Killer
whales, like most other small dolphins are able to
learn and mimic a wide variety of sounds. Even from
a young age, killer whale infants can selectively learn
specific calls, especially the calls of their mothers.
Bowles et al. [20.139] studied the development of calls
of a captive-born killer whale calf and found that it
learned and reproduced only the calls of its mother and
ignored the calls of other killer whales in the same
pool. Ford [20.134] also observed killer whales imi-
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tating the call types of different pods, and even those
from other clans. These instances were rare, but it does
show a capacity for learning and mimicry of acoustic
signals.

Sperm Whales
Sperm whales live in a matrilineal family unit where
there exist cooperative behaviors including communal
care of the young in ways similar to killer whales.
The family units are very stable and females may live
as long as 60–70 y [20.140]. One type of signals that
sperm whales emit are denoted as codas, which are se-
quences of click signals that may be the primary means
of acoustic communications for these animals [20.58].
Weilgart and Whitehead [20.141] recorded, for over
a year, codas from a number of sperm whales around the
South Pacific and in the Caribbean Sea. Photographic

identification also allowed them to assign recording ses-
sions to particular groups. They found that the coda
repertoire recorded from the same group on the same
or different days were much more similar than those
recorded from different groups in the same place. Groups
recorded in the same place had more similar coda
repertoire than those in the same broad area but dif-
ferent places. Groups from the same area were in turn
marginally similar to those in the same ocean but differ-
ent than those in different oceans. Coda class repertoires
of groups in different oceans and in different areas
within the same ocean were statistically significantly
different. They concluded that strong group-specific di-
alects were apparently overlaid on weaker geographic
variation. Sperm whales, killer whales and possibly bot-
tlenose dolphins are the only cetaceans known to have
dialects.

20.4 Acoustic Signals of Mysticetes

There are eleven species of mysticetes or baleen whales
and sounds have been recorded from all but the pygmy
right whale [20.142]. The vocalization of baleen whales
can be divided into two general categories: (1) songs and
(2) calls [20.142]. The calls can be further subdivided
into three categories: (1) simple calls, (2) complex calls
and (3) clicks, pulses, knocks and grunts [20.142]. Sim-
ple calls are often low-frequency, frequency-modulated
signals with narrow instantaneous bandwidth that sound
like moans if a recording is speeded up or slowed down,
depending on the specific animal. Amplitude modula-
tion and the presence of harmonics are usually part of
a simple call, with most of the energy below 1 kHz.
Complex calls are pulse-like broadband signals with
a variable mixture of amplitude and/or frequency mod-
ulation. They sound like screams, roars, and growls,
with most of the energy between 500–5000 Hz. Clicks,
pulses, knocks and grunts are short-duration (< 0.1 s)
signals with little or no frequency modulation. Clicks
and pulses are very short (< 2 ms) signals with fre-
quencies between 3–31 kHz, while grunts and knocks
are longer (50–100 ms) signals in the 100–1000 Hz
range [20.142].

20.4.1 Songs of Mysticete Whales

Songs are defined as “sequences of notes occurring in
a regular sequence and patterned in time” [20.142].
Songs are easily discriminated from calls in most

instances. Four mysticetes species have been re-
ported to produce songs; the blue whale (balaenoptera
musculus) [20.143], the fin whale (balaenoptera
physalus) [20.144, 145], the bowhead whale (balaena
mysticetus) [20.15], and the humpback whale [20.146].
Songs of humpback whales have without a doubt re-
ceived the most attention from researchers. Part of the
reason for this is the relative ease for investigators to
travel and do research in the summer grounds of hump-
back whales, especially in Hawaii in the Pacific and
Puerto Rico in the Atlantic.

Time (min)
Phrase

DDEE DDEEE DDEEE DA::BC AA::BC

AA::BCDDEEDDEEDDEEEDDEE

D D E E

Aural classification
A–Moan (variable)
B–Low moan
C–Low rumble
D–High downward moan
E–Low downard moan

Theme

Fig. 20.17 Examples of two themes from a humpback
whale song (after Frankel [20.36])
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Fig. 20.18 An example of a portion of a humpback whale song. The individual pulse sounds are defined as units and units
are aurally categorized based on how they sound. In this example, there are five units. Phrases are formed by a combination
of units and themes are formed by a combination of phrases. The whole song consist of a combination of themes that are
continuously repeated for the length of the song

Humpback Whale Songs
The list of studies involving humpback whale songs is
long and extends from 1971 to the present time, Helweg
et al. [20.147]. Although some songs may sound almost
continuous to human listeners the basic units in a song
are pulsed sounds. Songs are sung only by males and
consist of distinct units that are produced in some se-
quence to form a phrase and a repeated set of phrases
form a theme and repeated themes form a song. A song
can last from minutes to hours depending on the dispo-
sition of the singer. An example of a portion of song is
shown in Fig. 20.17. Example of two themes of a song in
spectrogram format are shown in Fig. 20.18. The varia-
tion in frequency as a function of time is clearly shown
in the figure.

Some general properties of songs and the whales that
are singing are:

1. Songs from the North Pacific, South Pacific and
Atlantic populations are different.

2. Singing peaks during the winter months when hump-
back whales migrate to warmer waters at lower
latitudes.

3. Whales within a population sing the same basic song
in any one year, although the song may undergo
slight changes during a breeding season.

4. Changes in songs are not due to forgetting during
the summer months, which are non-singing months,
since songs recorded early in the winter breeding
season are nearly the same as songs recorded late in
the previous breeding season.

5. Songs from consecutive years are very similar but
songs across nonconsecutive years will have fewer
similarities.

6. Singers are most probably only males, since no
females have been observed singing.

7. Some singing also occurs during the summer and
fall.

8. Singing whales are often alone, although they have
been occasionally observed singing in the presence
of other humpback whales.

9. Singers tend to remain stationary. However, they
have also been observed singing while swimming.

Other Mysticetes
Bowhead whales emit a variety of different types of
simple and complex sounds that sound like moans to the
human ear. They also emit sequential sounds that con-
tain repeatable phrases that can be classified as songs
during their spring migration [20.15] but not during the
summer or autumn [20.148]. The bowhead song had
just one theme with basically only two sounds repeated
over and over. Ljungblad et al. [20.15] reported that
songs were very tonal with clear pitch even though they
were produced by pulsive moans, whereas Cummings
and Holliday [20.149] described songs as sounding
like raucous elephant roars and trumpeting in discrete
repetitions or phases that were put together to form
longer sequences. Differences in the songs recorded by
Ljungblad et al. [20.15] and by Cummings and Holli-
day [20.149] may be due to bowhead whales changing
their songs from year to year.

The sounds from finback whales include single
20 Hz pulses, irregular series of 20 Hz pulses, and stereo-
typed 20 Hz signal bouts of repetitive sequences of 20 Hz
pulses [20.145]. The 20 Hz signals are emitted in bouts
that can last for hours. The pulse intervals in a bout
were very regular. In general, signals are produced in

Part
F

2
0
.4



Cetacean Acoustics 20.4 Acoustic Signals of Mysticetes 829

Table 20.2 Characteristics of mysticete whales vocalizations

Species Signal type Frequency Dominat Source level References
of whales limits(HZ) frequency (dB re 1 µPa)

(Hz) at 1 m

Blue FM moans 12.5 – 200 16 – 25 188 Cummings, Thompson [20.150],
Edds [20.151]

Songs 16 – 60 16– 60 – McDonald et al. [20.152]
Bowhead Tonal moans 25 –900 100 – 400 129 – 178 Cummings, Holliday [20.149];

Pulses 25 –3500 152 – 185 Wursig, Clark [20.148]
Songs 20 – 500 158 – 189 Cummings, Holliday [20.149];

Ljungblad et al. [20.15]
Bryde‘s FM moans 70 – 245 124 – 132 152 – 174 Cummings et al. [20.153];

Edds et al. [20.154]
Pulsed moans 100 - 930 165 – 900 – Edds et al. [20.154]
Discrete pulses 700- 950 700 – 950 – Edds et al. [20.154]

Finback FM moans 14 – 118 20 160 – 186 Watkins [20.145], Edds [20.155],
Cummings, Thompson [20.156]

Tonals 34 – 150 34 – 150 – Edds [20.155]
Songs 17 – 25 17 – 25 186 Watkins [20.145]

Gray Pulses 100 – 2000 300 – 825 – Dalheim et al. [20.157];
Crane et al. [20.158]

FM moans 250 – 300 250 – 300 152 Cummings et al. [20.159];
Dalheim et al. [20.157]

LF-FM-moans 125 – 1250 < 430 175 Cummings et al. [20.159];
Dalheim et al. [20.157]

PM pulses 150 – 1570 225 – 600 Cummings et al. [20.159];
Dalheim et al. [20.157]

Complex moans 35 – 360 35 – 360 Cummings et al. [20.159]
Humpback Grunts (pulse & FM) 25 – 1900 25 – 1900 176 Thompson et al. [20.160]

Pulses 25 – 89 25 – 80 144 – 174 Thompson et al. [20.160]
Songs 30 – 8000 120 – 4000 – Payne, Payne [20.161]

Minke FM tones 60 – 130 60 – 130 165 Schevill, Watkins [20.162],
Thumps 100 – 200 100 – 200 – Winn, Perkins [20.163]
Grunts 60 – 140 60 – 140 151 – 175 Winn, Perkins [20.163]
Ratchets 850 – 6000 850 – Winn, Perkins [20.163]

Right-N Moans < 400 – – Schevill, Watkins [20.162]
Right-S Tonal 30 – 1250 160 – 500 – Cummings et al. [20.164],

Clark [20.129, 165]
Pulses 30 – 2200 50 – 500 172 – 187 Cummings et al. [20.164],

Clark [20.129, 165]
Sei FM sweeps 1500 – 3500 1500 – 3500 – Knowlton et al. [20.166]

a relatively regular sequence of repetitions at intervals
ranging from about 7–26 s, with bouts that can last as
long as 32.5 h. During a bout, periodic rests averaged
about 115 s at roughly 15 min intervals and sometimes
longer irregular gaps between 20 and 120 min were ob-
served. There was also some variability in the 20 Hz
signals in that they were never exactly replicated.

The songs of the blue whales (balaenoptera
musculus) have been observed by a number of re-
searchers [20.143, 152, 167]. A typical two-part blue

whale song time series and corresponding spectrogram
is shown in Fig. 20.18. The spectrogram of the first part
of the two part song had six spectral lines separated
by about 1.5 Hz. This type of spectrogram is typically
generated by pulses. Cummings and Thompson [20.150]
previously reported on the pulsive nature of some blue
whale moans. The second part of the song was tonal in
nature with a slight FM down sweep varying from 19 Hz
to 18 Hz in the first 3–4 s. The 18 Hz tone is then carried
until the last 5 s when there is an abrupt step down to
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17 Hz. The amplitude modulation in the second part of
the song was probably caused by multi-path propagation
of the signal from the whale to the hydrophones. These
two-part songs basically follow a pattern of a 19 s pul-
sive signal followed by a 24.5 s gap and a 19 s monotonic
signal [20.152, 167].

Calls of Mysticete Whales
The calls of mysticete whales have been the subject
of much research over the past three decades. As with
dolphin sounds, there is also a lack of any standard
nomenclature for describing emitted sounds. Similar
calls are often given different names by different re-
searchers. A summary of some of the acoustic properties
of the different baleen whales is indicated in Table 20.2.
Calls and songs are most likely used for some sort

of communication, however, at this time the specific
meanings of these sounds are not known. It is ex-
tremely difficult to study the context and functions of
baleen whale vocalization. The sounds of mysticete
whales have also been summarized nicely by Richardson
et al. [20.34]. Instead of discussing the characteristics
of various sounds, the properties of calls are summa-
rized in Table 20.2. The calls of mysticete whales are
mainly in the low-frequency range, from an infrasonic
frequency of about 12.5 Hz for the blue whale to about
3.5 kHz for the sei whale. There are a variety of dif-
ferent types of calls, from FM tones to moans, grunts
and discrete pulses. How these sounds are used by
whales is still an open question since it is often very
difficult to observe behavior associated with different
calls.

20.5 Discussion

Cetaceans use a wide variety of sounds from brief
echolocation signals used by dolphins having durations
less than 100 µs to very long duration songs that can last
for hours by are emitted by humpback whales. The range
of frequency is also very large, from low-frequency (in-
frasonic) sounds between 10–20 Hz used by blue and
finback whales to high-frequency echolocation signals
that extend to 130–140 kHz or perhaps higher (see ear-
lier mention of 180 kHz). It is quite clear that acoustics
is important in the natural history of cetaceans since all
species regularly emit sounds throughout their daily rou-
tine. Yet, it is not at all clear how sounds are used by
these animals. The difficulty in observing the behavior of
these animals has made it difficult to attach any function
to a particular or specific sound. It is nearly impossible
to determine a one-to-one relationship between the re-
ception or transmission of a specific sound to specific
behavioral response. There are many possible functions
of sounds, some of which may include providing contact
information in a population of animals, signaling alarm
or warning of approaching predators, attracting potential
mates, echolocation for prey detection and discrimina-
tion while foraging, a way of establishing a hierarchy,
providing individual identification, and a method for dis-
ciplining juveniles. Although researchers have not been
successful in uncovering the role or function of specific
sounds in any cetacean species, researchers should not
be discouraged but should be innovative and imagina-
tive in designing experiments that can be conducted in
the wild to delve deeper into this problem. Even with

echolocation sounds, there are many unanswered ques-
tion. It seems logical that echolocation sounds are used
to detect and discriminate prey and to navigate, yet we
still know very little about how often they are emitted
during a daily routine for dolphins in the field.

In this chapter, we have seen that the characteris-
tics of the sounds emitted by cetaceans depends a lot
on the size of the animals. Therefore the active space
of different species is indirectly related to the size of
the animals since the amount of sound absorption by
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Fig. 20.19 Time series and spectrogram of a typical blue
whale song (after [20.152])
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sea water increases with frequency. Dolphins and small
whales usually emit echolocation signals that can have
peak frequencies up to 120–140 kHz and whistles be-
tween 10–20 kHz. These signals are not meant to travel
large distances so that the active space is rather small,
tens of meters for echolocations and burst pulse signals
and several hundred meters for whistles. These signals
will certainly propagate to much shorter distances than
the low-frequency signals used by many of the baleen
whales. The sound pressure level (SPL) of an emitted
signal at any range from the animal is given by the
equation

SPL = SL−geometric spreading loss−αR ,

(20.11)

where SL is the source level in dB, α is the sound ab-
sorption coefficient in dB/m and R is the distance the
sound has traveled. The geometric spreading loss does
not depend on frequency but is affected by the sound ve-
locity profile, the depth of the source and the receiver.
The most severe geometric spreading loss is associated
with spherical spreading loss in which the amount of
geometric spreading loss is equal to 20 log R. The least
severe geometric spreading loss is associated with sound
channels, such as the sound fixing and ranging (SOFAR)
channel. In order to gain an appreciation of the effects of
absorption losses for different types of cetacean signals,
−αR in (20.9) was calculated as a function of range and
the results are shown in Fig. 20.20. The results indicate
that the low-frequency sounds used by baleen whales do
not suffer as much absorption loss as the sounds of small
odontocetes. Therefore, baleen whale signals can prop-
agate long distances if some type of channel is present
in the water column.

Reduction to SPL by absorption (dB)
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Fig. 20.20 Reduction to sound pressure level caused by
sound absorption for different types of cetacean signals.
The curve for the high-frequency echolocation signals was
calculated at 120 kHz, and for the mid-frequency echolo-
cation signals at 50 kHz. The curve for the dolphin whistle
was calculated at 15 kHz. The baleen whale signal curve
was determined at 1 kHz.

We have just scraped the top of the iceberg in re-
gards to our understanding of cetacean acoustics. There
is much to learn and understand about how these animals
produce and receive sounds and how acoustics is used in
their daily lives. The future looks extremely promising
as new technology arrives on the scene that will allow
researchers to delve into the many unanswered ques-
tions. As computer chips and satellite transmission tags
get smaller and we apply state-of-the-art technologies to
the study of cetaceans, our knowledge and understanding
can but increase.
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