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6.1 INTRODUCTION

In this chapter, we take the functional perspective of
behavioural ccology to explore how marine manmals
conmununicate, oricntate, and echolocate in the sea.
Most of the problems faced by marine animals are
identical to those facing terrestrial animals: finding
avoiding predators, orienting
in geographical space, finding and selecting a mate,
and taking care of offspring. Yet the marine cnvir-
onment differs from the terrestrial environment in
wayvs that have modified the costs and benefits of
different sensory modalities that might be used to
solve these problems. In particular, the marine
environment favours the acoustic channel for rapid
transmission of information over ranges of greater
than a few tens of metres, and this has led to the

and capturing prey,

evolution of auditory and vocal specializatons in
many marine mammals. These specializations are
reflected in the morphology, functional anatomy
and physiology of marine mammals {sec Chapter 5).

Different communication problems have different
requirements for how far signals should be trans-
mitted, how long signals should last, how rapidly
signals should travel, etc. For example, an alarm call
intended for conspecific recipients would ideally
travel rapidly only to rhem and would not be detect-
able by the predator, which is often more distant.
To reduce the risk of interception by predators,
alarm calls should be quiet, brief and difficult to
locate (Klump & Shalter 1984). By contrast, repro-
ductive advertiscment displays of males are likelicr
to be detected by females if the displays are lengthy
or repeated and have a larpge broadcast range; selec-
tion would also favour displays that can easily be
located by females.

Peter L. Tyack and Edward H. Miller

Animals live in different environments and move
over different scales; these differences alter the costs
and benefits of different sensory modalities for solv-
ing a specific communication or sensory probler.
Many marine mammal species are social and highly
mobile, so potentially large ranges for communica-
tion may be socially and ecologically important to
them. Table 6.1 summarizes important differences
between air and water for several sensory modalities,
Small marine organisms use electrical and chemical
signals to communicate over ranges of a few metres,
but their limited ranges make them unsuitable for
rapid communication over long ranges. The maximal
ranges of propagation for long-distance optical or
acoustic signals differ greatly in air versus water,
Sunlight illuminates optical displays in open terrest-
rial environments during the daytime, often allow-
ing them to be detected at ranges of a kilometre or
more. Light scarcely attenuates as it passes through
kilometres of clear air,
seldom sec an object more than a few rens of netres
away. In contrast, sound attenuates less and travels
taster in water than in air. Maximal ranges for

but marine animals can

detecting vocalizations of rerrestrial animals are
typically 1-10 km, but underwater microphones,
called hvdrophones, can detect low-frequency vocal-
izations of marine mammals at ranges of up to hun-
dreds of kilometres (Tyack & Clark 2000). The
limsted range of vision and cxcellent propagation
of sound under water not only favour acoustics for
long-range communication, but also have selected
for the evolution of echolocation in some marine
mammals (Section 6.4).

When terrestrial mammals invaded the sea, they
encountered new constraints and opportunities for
sensing signals. Some marinc mammals (sircnians,
cetaceans, phocid seals and the walrus, Odobenus
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Table 6.1 Comparison of the range, speed and locatabilicy of different sensory modalitics in air and under water. This table
summiarizes different physical attributes of acoustic, light, chemical and electrical cucs in these two environments, along with

features rhat are relevant for antideicction or location straregies.

Range Speed (m/s)

Sensory  Mode of Mode of Antiderection and

modality sensing  production Air Water Air Water Locatability location strategies

Acoustic  Hearing  Vocalizarion 1 km? 10-100 km 340 1500 Moderate Faint hard-to-localize
signal

Light Vision Tuminescence 1-10km  1-100m  3x10% 2.25x10% Good Disruptive coloration;
counter-illumination

Clhiemical Olfacrion Pheromone 1 kmg 10-100 m  Slow Slow Maoderare Highly speeific

(wind}  {current) chemical signal

and scnsc

Electrical  Electrical Electric organ NA Few metres NA Fasr Moderate Jamming?

SE0SC discharge
NA, not applicable,

rosmarys) cvolved specializations for using sound
to communicate under water and to explore the
marine environment; others, including the otarid
pinnipeds, sca otter { Enbvdra lutris) and polar bear
{ Ursies maritineus), still communicate mainly in air.
All siremians and ceraccans live their entire lives 1n
the sea, and cetaceans show the most elaborate and
cxtreme specializations for acoustic communication
under water (and rarcly produce in-air vocalizations;
Warkins 1967a). For example, the number of tibres
in the auditory versus optic nerve is 2-3 times as
high in cetaceans as in land mammals, suggesting
an increased vestment in audition compared to
vision (Ketten 1997, 2000} (Chapter 4). Other
than sirenians, the sca otter and cetaceans, all marine
mammals spend critical parts of their lives on land
or ice and some (mainly phocid scals) need to com-
municate both in air and nnder water. Kastak and
Schusterman (1998) compared in-air and under-
water hearing of three pinniped species. They
argued that the California sea lion (Zalopbus califor-
wianus) is adapted to hear best in air; the common
scal (Phoca vitulina) can hear cqually well in air
and under water; and the anditory system of the
northern clephant seal {Mirounga angustirostris)
is adapted for underwater sensitivity at the expense
of aerial hearing. These differences appear o reflect
the relative importance of hearing in the two differ-
ent environments for the different species.

6.2 SCOPE OF ACOUSTIC
COMMUNICATION

6.2.1 Communicatively significant sounds:
a continunm from incidental to

highly specialized

When we speak of comsunicating, we commonty
imply the wse of specialized signals. These are
nor strictly necessary; we could define commun-
ication as any shaving of information from any
source (Swmith 1977, p. 13).

Commuanication is usually defined in wrms of a
signal that provides informartion from a signaller to
a receiver. Communication signals orginally evolved
in animals from useful but inadverrent sources of
information, sources such as the sounds of re-
spiration, locomotion or ingestion {Kenyon 1969;
Watkins & Schevill 1976). If the sender benefits
trom transmitting information with a signal, evolu-
tion may select for more specialized signals or
ritualized displays. A display that is ‘ritvalized” is
defined as evolutionarily ‘specialized in form . . . or
frequency as an adapration expressly to permit or
facilitatc communication’ (Moynihan 1970, p. 86);
ritualization can also take the form of a signal
even a simple signal—being used only in highly
specific circnmstances (Smith 1986, 1991a; Rain
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1992). For example, when pinnipeds dive quickly
upon detecting a potential predator the sonnds
they prodnce at the watcr surface commonly elicit
reactions in conspecific animals, such as sudden
diving or swimming away. When alarmed, some
species {e.g. the harp scal, Pagophilus groenland-
tews) loudly slap the water surface as chey dive.
Rapid snbmergence presumably was the original
source of ritualized slapping of the surface by fore-
or hind-flippers in pinnipeds, as in some aquatic dis-
plays of adult male common seals (Hewer 1974;
Hanggi & Schusterman 1992, 1994). Male sea
otters patrol the territory while swimming on the
back with ‘unusually vigorous kicking and splashing,
actions’ (Calkins & l.ent 1975, p. 529).

Information provided to receivers from sources

other than displays is extremely important in com-
mumnication over short distances. Bradbury and
Vehrencamyp (1998) recognized inadvertent cues
as an important kind of non-display information.
Examples of acoustic cues include:
1 Sounds produced by sea otters striking a food itemn
on the belly with a stone while floating on the back.
2 Movement-related  hydrodynaniic or  surface
sonnds (Watkins 1981; Watkins & Wartzok 1985).
3 Sounds produced by otariids rapidly walking on
gravel {displacing it) or on a rock surface (especially
if the animal is wet).

Sounds of locomotion may not be evolutionarily
specialized as displays, but nevertheless can provide
valuable informatdon to receivers, for example in
helping them to appraise body mass or to assess the
success of feeding animals. Physical contact between
fighting malc marine mammals can generate loud
percussive sounds by bodies or body parts (such
as flippers, Miller 1991) making sudden forceful
contact (e.g. humpback whales, Megaptera novae-
angline; Tyvack & Whitchead 1983). Other malces
observing such interactions may be able to obtain
information from them that is uscful in their own
future mecractions with the Aghting males.

There is a continuum in animal communication
from unritualized cues to displays that are highly
specialized for their signalling function. Distinctions
berween displavs, unrirualized actions and cues are
conceptually useful but they may blur during the
evolution of ritvalized displays or countermcasures
against interception {Andrew 19725 Beer 1982).

For example, scismic vibrations are generated incid-
entally by locomotion of northern elephant seals
on land and are perceptible to recipicnts up to 20 m
distant (Shipley et a/. 1992). In some instances
vibrations appear to be produced deliberately.
Males and females occasionally ‘raise their fore-
qnarters and slap the sand with their head or chest
without vocalizing’ (Shipley et al. 1992, p. 559},
These movemnents also generate sounds and may
represent a ritualized display.

Some of the most obvious displays of cetaceans
to human obscrvers on a boat arc the so-called
‘aerial’ displays of breaching, lobrailing and flipper
slapping. We use vision to see these displays in the
air, but the primary signal a cetacean sends to a con-
specific whale with these ‘acrial” displays is mare
likely wo be the sound of the body hitting the water
surface. Some of these sounds can be quite loud; for
example, fluke and flipper slaps of humpback
whales range in source leve] from 183 to 192 dB re
1 oPa at 1 m (Thompson er al. 1986), compared
with a range of 144-174 dB for the species’ song
{Levenson 1972). These ‘acrial’ displays may be
heard kilometres away, but animals ar close range
may sense both the optical and acoustic components.

Respiration and breathing have provided the
raw matcrial for the evolution of displays involving
bubbles. ‘Bubble blowing” in various forms occurs
in displaying common scals, harp seals, bearded
seals { Erignathus barbatus) and probably other pin-
niped specics {Fig. 6.1a) (Ray er al 1969; Hewer
1974; Mwohl et 2l. 1975; Hanggi & Schusterman
1992, 1994). Cetacecans also produce bubble dis-
plavs. Bottlenose dolphins { Tursivps truncatis) occa-
sionally blow streams of bubbles that are highly
synchronized with the production of whistle vocal-
izations (Caldwell & Caldwell 1972a; McCowan
1995; Herzing 1996). The bubble streams are a
highly visible marker identifying who is vocalizing,
but it is not known whether other dolphins usc the
information for this purpose or as an additonal
signal used to modulate interpretation of the
whistle. During the breeding season, humpback
whales form groups in which males compete for
acecss to a female (Tvack & Whitehead 1983).
Males in these competitive groups produce strcams
of bubbles up to 30 m long (Fig. 6.1b). When
marine mammals exhale forcefully, they also create



Fig. 6.1 Underwater exhalation of air is a common acoustic
and optical display in marine mammals. (a) Adult male harp
seal { Pagophilus groenlandicus) releasing air bubbles while
vocalizing in threat. (From Merdsoy ez a/. 1976). (b) Adult
male humpback whale (Megaprera novacangliae) producing
a stream of bubbles while challenging another male for access
to a female in a competitive group (Tyack & Whitehead
1983). (© D. Glockner-Ferrari, Center for Whale Studies)

a non-vocal sound as the bubbles rise to the surface.
Presumably air bubbles thus constitute a com-
bined optical and acoustical display. Most terrestrial
mammals exhale when they vocalize, but many
marine mammals can vocalize without releasing
bubbles and so must have anatomical specializa-
tions allowing the air passing the sound source to
be held in some internal reservoir.

6.2.2 Vocal and non-vocal sounds

The terrestrial ancestors of marine mammals had
vocal sound-production mechanisms typical of
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terrestrial mammals—air was passed under pressure
from the lungs past laryngeal vocal folds that vibrated
to produce sound energy (Kelemen 1963; Schneider
1964; Dorst 1973). It is possible to distingunish
between ‘vocal’ sounds produced by specializations
of the respiratory tract, and ‘non-vocal’ sounds
produced by moving or striking body parts against
one another or against some external structure.
The term ‘vocalization’ is sometimes restricted to
glottally produced sounds in the larynx, but we
retain a broad interpretation of ‘vocal sounds’ in
marine mammals to refer to sounds produced by
air passing through specialized sound-producing
structures in the body, whether these are vocal folds
or some other organ. Some sounds we treat as
vocal have simple mechanisms of production out-
side the larynx (e.g. snorts). For example, a male
Forster’s fur seal (Arctocephalus forsters) arriving
at a colony site in the spring may snort once or
several times to announce its presence and willing-
ness to compete for a territory (Winn & Schneider
1977). The pulse sequences produced under water
by rutting male walruses using a non-laryngeal respir-
atory mechanism, and laryngeally produced sound
sequences in other pinniped species can express com-
plex ritualized temporal patterning even though
the sounds themselves may be very simple (Fig.
6.2) (Bartholomew & Collias 1962; Le Boeuf &
Petrinovich 1974; Ray & Watkins 1975; Sandegren
1976; Schusterman 1977; Shipley et al. 1981, Surling
et al. 1983; Miller 1991; Sanvito & Galimberti
2000a). Cetologists debate about whether the vocal-
izations of cetaceans are produced as air passes vocal
folds in the larynx or as air flows past hard tissue in
the nasal passages. The distinction of sounds as vocal
or non-vocal based upon laryngeal ongin is not useful
for cetaceans given our current state of ignorance
about the details of sound-production mechanisms.

6.3 SOUND PRODUCTION

6.3.1 Laryngeal anatomy and
mechanisms of sound production

The larynx of terrestrial mammals functions both
for respiration and sound production; in marine
mammals the larynx also exhibits adaptations for
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Fig. 6.2 Ritualization of acoustic displays can be expressed as stercotyped temporal patterning of simple sounds.

(a) Spectrograms of pulse trains in underwater displays of rutting male Atlantic walruses ( Odobenns rosmarus rosmarus).
Four different individuals (i-iv) are represented; spectrograms i(1) and i(2) are from one male in successive years. (From
Stirling ez al. 1987.) (b) Spectrogram of chuffing vocalization of adult male polar bear ( Ursus maritimus; the low-frequency
sounds before the first two chuffs represent ‘plop’ component). (Adapted from Peters 1978.) (¢) Waveform of drumming
vocalization of a rutting male southern elephant seal (Mirounga leonina); the vertical dashed lines demarcate groupings of
pulses in this airborne utterance. (From Sanvito & Galimberti 2000b.)

diving. The following review pertains mainly to
pinnipeds and cetaceans because they have been
studied the most and have diverse anatomical char-
acteristics related to the production of vocalizations.
For observations on the larynx and hyoid bone of
sirenians and the polar bear sce Kaiser (1974),
Negus (1949) and Schneider (1963, 1964).

Cartilages and muscles of the mammalian pharynx,
larynx and hyoid are well described, particularly for
domestic species. The laryngeal skeleton comprises
four main cartilages: thyroid, cricoid and paired
arytenoids; smaller sesamoid cartlages and inter-
arytenoid cartilages may also be present (Fig. 6.3).
The musculus vocalis is present in pinnipeds and
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Thyrohyoid
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Process of Santorini
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Epiglottis
Fig. 6.3 {(a) Hyoid, laryngeal
cartilages and anterior end of the
trachea in a left lateral view of the
dog ( Canis familiarss). (From Evans
1993.) (b) The laryngeal skeleton
of a California sea lion (Zalophus
californianus) in left lateral view.
(Adapted from Odend’hal 1966.) (b)

Base of epiglottis

other Carnivora and plays an important role in the
production and control of vocalizations (Schneider
1962,1963, 1964; Odend’hal 1966; Piérard 1969;
King 1983). The vocal folds are attached between
the thyroid cartilage and the vocal process of the
arytenoid cartilage on the left and right sides.
The configuration of the laryngeal cavity, the space
between the vocal folds, and the tension on the
vocal folds are affected by the positions and shapes
of the main cartilages and state of contraction of the
laryngeal muscles. In pinnipeds, the size and shape
of the laryngeal cartilages and muscles vary between
species (Murie 1874; Chiasson 1955; Piérard 1965;
Schneider 1963, 1964; Piérard 1969; King 1972,
1983), suggesting important species differences in
the mechanisms of vocalization. There may also be
differences within a species; in the northern fur seal
(Callorbinus ursinus), for example, sesamoid carti-
lages are present only in males older than 5 years of
age (Piérard 1969).

Lamina of thyroid cartilage

Ventral surface of vocal cord
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The larynx of baleen whales is similar to that
of terrestrial mammals, as can be seen in Fig. 6.4,
which compares the larynx of a terrestrial ungu-
late (the horse) with mysticete and odontocete
cetaceans. Over two centuries ago, Hunter (1787)
noticed an unusual laryngeal sac, called the divert-
iculum, on the lower side of the mysticete trachea,
connected to the respiratory tract by an opening
on the lower side of the thyroid cartilage (marked
‘D’ in Fig. 6.4b). Aroyan et al. (2000) modelled
sound production in the blue whale (Balacnoptera
musculus), and suggested that this laryngeal sac
and the nasal passages may act as a resonator.
Odontocetes have a larynx that differs from ter-
restrial mammals in that the arytenoid and epi-
glottal cartilages are elongated to form a beak-like
structure that is held in the nasal duct by a sphinc-
terlike palatopharyngeal muscle (Fig. 6.4c, d). This
separates the respiratory tract from the mouth
and oesophagus, reducing the risk of choking and
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-allowing these animals to breathe and swallow at
the same time.

There has been considerable debate about whe-
ther the larynx or nasal passages are the source of
sounds such as clicks or whistles in odontocetes.
The odontocete larynx is complex with a powerful
musculature,; and since the larynx is the source of
vocalizations in most terrestrial mammals, many
researchers have suggested that odontocete vocal-
izations are produced by the larynx (Lawrence &

skult Blowhole Phonic lips

Air sac Blowhole

N

Distal
air sac

Fig. 6.4 Laryngeal anatomy in:

(a) a terrestrial ungulate (horse),

(b) a mysticete, and in two odontocete
cetaceans, (¢) a narwhal and (d) a pilot
whale. A, arytenoid cartilage; C, cricoid
cartilage; D, diverticulum; E, epiglottis;
T, thyroid cartilage. (From Slijper
1979.)

Schevill 1956; Purves 1966; Purves & Pilleri 1973,
1983). Reidenberg and Laitman (1988) reported
vocal folds in the odontocete larynx, and argued
that this supported the laryngeal-source hypothesis
for odontocetes. Odontocetes also have a complex
and specialized upper respiratory tract (Fig. 6.5).
Since Norris et al. (1961) first proposed it, a grow-
ing group of biologists have suggested that the
nasal passages may be the source of most odonto-
cete vocalizations (Cranford 2000). In contrast to

Frontal

Phonic
lips organ sac

Spermaceti

Blowhole

Junk e Left nasal  Skull

passage

Fig. 6.5 Functional anatomy of sound production in two odontocete cetaceans: (a) the bottlenose dolphin, Tursiops
truncatus, and (b) the sperm whale, Physerer macrocephalus. (Adapted from Au 1993; Cranford 2000.)



the primarily anatomical evidence for sound pro-
duction in the cetacean larynx, there is strong
physiological evidence for sound production in the
nasal passages of odontocetes. This is reviewed in
Section 6.3.2.3.

6.3.2 Anatomical mechanisms and
specializations for sound production

6.3.2.1 Pinnipeds

The mechanism of vocalization in pinnipeds is
essentially unstudied. Poulter (1965) localized the
bark of California sea lions and suggested that the
bark originates in the larynx. Brauer et al. (1966)
reported on click vocalizations of California sea
lions breathing heliox (a helium—oxygen mixture).
Because of the low density of heliox, resonance
effects due to gas-filled cavities are detectable by an
upward shift in the frequency spectrum of vocaliza-
tions (Nowicki 1987). Sea lion clicks made in heliox
displayed a significant upward shift in the frequency
spectrum, suggesting resonance in air. California
sea lions can bark successively under water without
emitting bubbles and can emit two kinds of calls
under water simultaneously, suggesting the possib-
ility of alternative or multiple sound-generation
mechanisms that do not require air to be expelled
(Brauer ez al. 1966).

Motor patterns that accompany the production
of otariid roars and barks illustrate the complexity
and interspecific diversity in mechanisms of sound
production (Miller & Phillips 2001). For example,
when breeding male South American sea lions
(Otaria flavescens) bark they depress the lower jaw
and simultaneously extend the tongue and flatten it
enough to permit oral exhalation (and a bark); the
nostrils remain completely or nearly closed. By con-
trast, the Australian sea lion (Neophoca cinerea) is
reported to produce barks ‘by vibrating the poster-
ior part of the tongue against the soft palate at a rate
of'about 3 per second’ (Marlow 1975, p. 186).

Walruses produce a great diversity of airborne
vocalizations at all times of year (Miller 1985;
Kastelein et a/. 1995), and have diverse and elabor-
ate displays below and at the water surface, espe-
cially during the rut (Fig. 6.2a) (Miller 1975, 1985,
1991; Ray & Watkins 1975; Fay 1982; Miller &
Boness 1983; Stirling ¢z al. 1983; Fay ¢t al. 1984,
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Kastelein et al. 1995; Verboom & Kastelein 1995).
The walrus may have more ways of producing sounds
than any other pinniped species, including whistles
produced by blowing air through the lips and gong-
like sounds produced by pharyngeal sacs (Fig. 6.6a).
Walruses have highly mobile tongues for feeding;
supralaryngeal filtering by varied tongue shapes and
positions may explain why even simple brief calls
of the species are so diverse (Miller 1985; Kastelein
et al. 1997).

Some phocid species have tracheal mechanisms
for sound generation that were probably enabled by
two respiratory adaptations for diving. One was the
adaptive development of compressible airways in the
form of flexible cartilage and membranes (Kooyman
1981). The other was increased tracheal width
for rapid inspiration and expiration at the surface
(Kooyman & Andersen 1969; Bryden & Felts 1974
Kooyman 1981; Ray 1981). Vocal folds are present
in the Weddell seal (Leptonychotes weddellii) but
may not generate vocalizations under water; rather,
air movements between the larynx and trachea may
generate sounds by vibration of the anterior tracheal
membranes (Piérard 1969). Sufhicient residual air
is present for this kind of sound production even
during dives to > 300 m or > 3030 kPa pressure
(Kooyman et al. 1970). A similar mechanism of
sound production may occur in the Ross seal
(Ommatophoca vossit) (Bryden & Felts 1974; Ray
1981). The spectacular long (sometimes > 1 min)
continuous underwater song of male bearded seals
is followed, after an interval, by a terminal ‘moan’
when air is released (sce Fig. 6.14a) (Ray ez al. 1969).
The song is probably produced by vibration of the
expansive dorsal tracheal membrane that extends
posteriorly to the lungs (Fig. 6.6b) (Burns 1981a).
Adult male ribbon seals ( Histriophoca fasciata) have
a large air sac on the right side, which is connected
via a valvular slit to the trachea near the tracheo-
bronchial junction (Fig. 6.6¢) (Sleptsov 1940; Abe
et al. 1977; Burns 1981Db). This sac is absent or more
weakly developed in females, but it is unknown
how this sac may contribute to sound production.

Intriguing observations on pulsation of the throat
or chest in some vocalizing phocids suggest that
involvement in sound production by the trachea
and other parts of the respiratory tract may be wide-
spread (Boness & James 1979; Gailey-Phipps 1984;
Miller & Job 1992; Terhune et al. 1994a).
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Fig. 6.6 Anatomical specializations for sound production in pinnipeds (the role of the air sac in sound production of the
ribbon seal is likely but not established). (a) A sagittal section of the pharynx in the Pacific walrus ( Odobenus rosmarus divergens;
adult male), in left lateral view; note the partly distended pharyngeal pouch on the right side. A, arytenoid cartilage (cut);

Ba, basihyoid (cut); Cr, cricoid cartilage (cut); D, diverticulum; Eg, epiglottis (cut); N, nasopharynx; Oe, oesophagus; Os,
ostium diverticuli; Sp, soft palate; Tc, thyroid cartilage (cut); To, tongue; Tr, trachea. (From Fay 1960.) (b) The trachea

(plus larynx, etc.) of the bearded seal (Erignathus barbatus) in dorsal aspect, showing the membranous section of the trachea
berween the larynx and lungs. 1, larynx; 2, trachea; 3, left bronchus; 4, membranous connective tissue. (From Sokolov et al.
1970.) (¢) The tracheal air sac in the male ribbon seal ( Histriophoca fasciara; ventral views): (i) in schematic outine, and

(ii) of different sizes (specimens increase in size from I to V, except specimen III which was slightly larger than IV). The
opening between the air sac and the trachea in a large male is shown in VI (right lateral aspect; membranous sac removed to
reveal valve, ‘v*). a, cervical portion of air sac; b, thoracic portion of air sac; ¢, trachea; d, expanded section of posterior trachea;
e, lungs; f, rib cage; o, opening to air sac. (From Sleptsov 1940; Abe ¢ al. 1977.)
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Fig. 6.7 Several kinds of mechanical non-vocal sounds are produced by the nasal hood and air-filled balloon (membranous
nasal septum) of adult male hooded seals ( Cystophora cristata). (a) Spectrograms of vocalizations produced: A, when fully
inflated the hood is slightly deflated (‘bloop’); B, when fully inflated the hood and septum are rapidly whipped downward
(‘whoosh’; two examples given); C, at the top of the upsweep of the hood and septum (‘ping’; C1 and C2 represent separate
recordings with the left spectrogram of each pair recorded in air and the other recorded simultaneously under water). (From
Ballard & Kovacs 1995.) (b) Possible mechanism of balloon extrusion (schematic diagram, dorsal aspect): beginning from a
relaxed position (A), one nostril is closed and the internal air pressure forces the anterior elastic nasal septum to bulge outwards
(B), until it is extruded through one nostril as a large balloon (C). cns, cartilaginous part of nasal septum; e, eye; ens, elastic
portion of nasal septum; n, nostril; nc, anterior part of nasal cavity; pnc, posterior part of nasal cavity. (Adapted from Berland

1966.)

Male hooded seals (Cystophora cristata) have a
specialized inflatable nasal hood and septum that are
used for a combined visual and acoustic display. Part
of the nasal septum is highly elastic and can be ex-
truded through one nostril as a large air-filled blad-
der, fiery red in colour (Fig. 6.7b) (Berland 1958,
1966; Popov 1961; Mohr 1963; Reeves & Ling
1981; Kovacs & Lavigne 1986; Lavigne & Kovacs
1988; Reeves et al. 1992). Distinctive ‘bloop’, ‘ping’
and ‘whoosh’ noises are produced during inflation
or deflation of the hood and septum (Fig. 6.7a)
(Terhune & Ronald 1973; Ballard & Kovacs 1995).

6.3.2.2 Polar bears and sivenians

The airborne sounds of the polar bear appear to be
produced by laryngeal mechanisms typical of terres-
trial mammals. The rapidly repeated chuft vocaliza-
tion of the polar bear ‘is produced with the mouth
slightly open, and is characterized by visible chest
and abdominal contractions and vertical and lateral
motions of the upper lips overlying the cheek teeth

.. it appears thar air is shuttled back and forth
past the larynx with the emission of each burst of
sound’; lip vibration may contribute to the sound



152 CHAPTER 6

(Wemmer et al. 1976, p. 426). Sirenians vocalize
under water and do not release air when vocalizing
(Hartman 1971), but nothing is known about the
functional anatomy of sirenian vocalization. Carib-
bean manatees ( Trichechus manatus), Amazon man-
atees (1. inunguis) and dugongs ( Dugong dugon) all
contract the area behind the nostrils while vocaliz-
ing (R. S. de Sousa Lima, personal communication).

6.3.2.3 Cetaceans

Mechanisms of sound production in cetaceans are
poorly understood. There has been considerable
debate about which anatomical structures are the
source of particular vocal sounds such as the clicks
and whistles of odontocetes. Most cetaceans pos-
sess a well-developed larynx with vocal folds that
might be capable of vibrating to produce sound
when air passes over them (Reidenberg & Laitmann
1988). Aroyan ¢z a/. (2000) move beyond the debate
about which structures excite vibrations, and they
present a preliminary model of sound production
in the blue whale. They suggest that when a blue
whale vocalizes, much of the air stored in the lungs
must flow through a valve that excites large pres-
sure fluctuations in the nasal passages. They suggest
that the relatively rigid nasal passages and the laryn-
geal sac act as a resonator for this sound. They note
that the anatomical sites most commonly suggested
as the oscillating valve for sound production are the
vocal folds and the arytenoid cartilage, but either
could function for this model. This work provides
a good start for modelling sound production in
mysticetes.

Over the past several decades, cetacean biologists
have argued that odontocete cetaceans produce
sound when air flows past the nasal passages in the
skull. Evans and Maderson (1973) proposed that
dolphin clicks were produced by a friction-based
mechanism as air moved nasal plugs against the
bony nares, with sound produced by the contact of
hard tissues, as with stridulation in invertebrates.
Cranford (1992, 1999, 2000) and Cranford ez a/l.
(1996) pointed out that the odontocete nasal
passage can be blocked by a pair of internal nasal
lips that he calls the ‘phonic lips’. Cranford (2000)
argued against the friction mechanism and sug-
gested that odontocete cetaceans produce sound

when air flows past these ‘phonic’ lips in a process
similar to that by which terrestrial mammals produce
glottal pulses with the larynx. Cranford (2000) used
a high-speed endoscope to show that cach pulse
produced by a bottlenose dolphin is coincident
with a movement that ‘begins with the lips parting,
followed by an explosion of air and fluid erupting
from the gap between the lips, and concludes with
closure of the lips’ (p. 133).

Physiological experiments with dolphins support
the hypothesis that the nasal passages are a source of
sound production in odontocetes. Dormer (1979)
made X-ray motion pictures of dolphins as they
vocalized, and showed that air moved from the
bony nares into the upper nasal passages. The X-ray
images showed movement of the nasal plugs in the
bony nares during vocalization, but did not show
any movement of the larynx. Dormer (1979) asso-
ciated movement of the right nasal plug with click
production and movement of the left nasal plug
with whistle production. MacKay and Liaw (1981)
confirmed Dormer’s results that the right nasal
plug moves when clicks are produced. Ridgway
et al. (1980) and Amundin and Andersen (1983)
measured air pressure above and below the bony
nares and measured electrical activity of the sur-
rounding muscles. Before vocalization, air pres-
sure built up below the nares. During vocalization,
muscle activity occurred near the nares, but not near
the larynx, and air pressure changed across the nares,
suggesting that air flows across the nares and into
the upper nasal sacs during vocalization. Aroyan
et al. (1992, 2000) and Aroyan (1996) used struc-
tural acoustic models to calculate that the measured
beam pattern from clicks of the common dolphin
(Delpbinus delphis) are consistent with a sound
source about 1 cm below the right phonic lips. No
such physiological studies have been made on
mysticetes, which may use the larynx and the associ-
ated sac in sound production as proposed by
Aroyan et al. (2000).

Identifying the source of sound is only part of
the sound production story. Mechanisms for sound
production must also match the acoustic imped-
ance to the medium of air or sea water, and they
may function to direct some sounds in a beam. The
echolocation clicks of dolphins are known to be
highly directional, pointing ahead of the dolphin



in a beam about 6-10° in width (Au 1993). The
dolphin has a fatty body called the melon in its
forehead (Fig. 6.5a). This melon contains unusual
fats with a sound velocity similar to that of sea
water. The melon couples acoustic energy from the
nasal area to sea water by matching the acoustic
impedance of these different media. There is a
gradient in sound velocity within the melon that
causes some refraction of high-frequency sound,
but Au (1993) states that this refraction is not
enough on its own to account for the directionality
of the dolphin click. The beam pattern of dolphin
clicks stems from a complex interaction of reflection
from the skull and air sacs, coupled with refraction
in the soft tissues. Aroyan (1996) argues that the
skull plays a predominant role in forming the beam
of dolphin echolocation clicks.

We have a more detailed model of sound produc-
tion for sperm whales ( Physeter macrocepbalus) than
for other cetacean species. Sperm whales have a
large organ called the spermaceti organ, which lies
dorsal and anterior to the skull. Below the sperma-
ceti organ is the ‘junk’, which is composed of a
series of fatty structures separated by columns of
dense connective tissue. Norris and Harvey (1972)
argue that the spermaceti organ generates the clicks
that are the dominant vocalization of sperm whales.
Sperm whale clicks comprise a burst of pulses with
equally spaced interpulse intervals (IPIs) (Backus &
Schevill 1966; Goold & Jones 1995). Norris and
Harvey (1972) suggest that the invariance of IPIs
may result from reverberation within the sperma-
ceti organ. They suggest that the spermaceti organ
has a reflector of sound at the posterior end (frontal
sac) and a partial reflector of sound at the anterior
end (distal sac) (Fig. 6.5b). They further propose
that the source of the sound energy in the click
comes from a strong valve (i.e. the phonic lips of
Cranford 1999) in the right nasal passage at the
anterior end of the spermaceti organ (Fig. 6.5b).
Norris and Harvey (1972) propose that the phonic
lips act as a check valve, and that as pressure builds
up behind these cornified lips in the right nasal
passage, they open and close rapidly, producing an
initial pulse of sound energy. Some of the energy
from the first pulse within the click is hypothesized
to be transmitted directly into the water. The
remaining pulses are hypothesized to result as the
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initial sound reflects between the posterior and
anterior reflectors within the spermaceti organ.
Cranford (1999} proposes that some of the sound
energy reflecting off the frontal sac becomes directed
into the junk, and may be projected into the ocean
medium, following a path that bypasses the reflect-
ive distal sac. Some of the sound energy reflecting
back off the anterior reflector will reflect forward
from the posterior reflector, leading to multiple
pulses within a click. If this hypothesis is correct,
then the IPT could represent an accurate indicator
of the length of the spermaceti organ. Gordon (1991)
measured the length of sperm whales in the wild
and found the expected correlation between IPI
and estimated size of the spermaceti organ.

The recent work of Cranford (1999), Cranford
et al. (1996) and Arovan et al. (1992) uses new
techniques involving non-invasive three-dimensional
imaging of animals, inferring the acoustic parame-
ters from these images, and modelling the acoustic
properties of the anatomy using structural mechan-
ical models. These new techniques offer promise
that this field will move from the decades of con-
troversy regarding the source of sound production
to a full analysis of how marine mammals produce
sounds with particular time-frequency and direc-
tional qualities. This research is also shedding light on
the evolution of sound production in odontocetes.
In spite of the differences in form of sound-producing
structures in dolphins and sperm whales (Fig. 6.5),
Cranford et al. (1996) and Cranford (1999) sug-
gest that the phonic lips of dolphins and sperm
whales are homologous and that the junk in sperm
whales may be homologous with the melon of
dolphins.

6.3.2.4 Souvce~filter models of sound production

The controversy over the source of sound produc-
tion in cetaceans appears to have inhibited the
development of more sophisticated models that
include not only the source but also the effects
of filtering. Supralaryngeal filters are extremely im-
portant in shaping the acoustic properties of vocal-
izations of terrestrial mammals. Section 6.3.2.1
described how pinnipeds may change the shape
of their oral and nasal cavities as they vocalize. As
discussed above, the sperm whale has organs in
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Fig. 6.8 Many communicatively
important features of vocalizations
result from non-linear processes in
the vocal tract. (a) Schematic narrow-
band spectrogram illustrating
periodic phonation (1, 3b) and three
phenomena resulting from non-linear
processes: subharmonics (2), chaos
(3a) and biphonation (4). (From
Wilden gz al. 1998.) (b) Spectrogram
of the vocalization of an adult female
South American fur seal ( Arctocephnlus
australis) to her pup. A sharp transition
from periodic to chaotic phonation
occurs early in the call. (From

E.H. Miller, unpublished data;

see also Miller & Murray 1995.)

(c) Spectrogram of a stereotyped,
pulsed call N1 from a killer whale
(Orcinus orca) showing a tonal high-
frequency component harmonically
unrelated to the pulsed call. (From
data courtesy of P. Miller.)



the head that appear to be specialized to modify
sounds emanating from the sound source. Odonto-
cete cetaceans have a complex upper respiratory
tract, with many air sacs, but their role in sound
production has rarely been discussed for marine
mammals (Miller & Job 1992). In humans, many
of the effects of acoustic filtering are predictable
from the shapes, dimensions and elasticity of the
resonating cavities (Rubin & Vatikiotis-Bateson
1998). One important result of filtering is the
production of formants—parts of the frequency
spectrum that are reinforced by resonant properties
of the vocal tract (Cherry 1978; Pierce 1983;
Lieberman 1984). Supralaryngeal filters change con-
tinuously in size and shape during many vocal-
1zations, imparting distinctive temporal patterns to
formants. Because supralaryngeal filtering is effected
mainly by a few key cavities, resulting vocalizations
are informative about facial expression, tongue posi-
tion and shape, body size, and other behaviourally
and anatomically telling features of the pharynx of
vocalizing animals (Andrew 1963, 1976; Rossing
1990; Shipley ¢t al. 1991; Fitch 1997, Terhune ez al.
1994a). Many cetacean vocalizations also appear to
have formant-like features, buta more detailed model
of vocal production in cetaceans is required in order to
interpret such features in terms of vocal tract filtering,

Many features of vocalizations are not explain-
able just in terms of linear analysis of the sound
source and resonant filters. Additional explanations
in terms of non-linecar phenomena are necessary.
Three important phenomena that result from non-
linear dynamics during mammalian vocalization are
subharmonics, biphonation and deterministic chaos
(Fee et al. 1998; Wilden et al. 1998). Figure 6.8
gives a schematic illustration of how these phenom-
ena appear on spectrograms, along with examples
of such phenomena in vocalizations of pinnipeds
and cetaceans (for sirenians, see Anderson & Barclay
1995). In the South American fur seal (Arctocephalus
australis) there is ‘residual’ harmonic structure fol-
lowing the abrupt transition from periodic phona-
tion (Fig. 6.8b), which provides evidence of chaotic
phonation rather than turbulent noise (Wilden et al.
1998). Many stereotyped pulsed calls of killer whales
(Orcinus ovca) also have a tonal high-frequency
component (Fig. 6.8¢) (Hoelzel & Osborne 1986)
similar to the biphonation phenomenon indicated
in Fig. 6.7a (sce also Tyack 1991).
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6.4 ECHOLOCATION

The term ‘echolocation’ was coined by Donald
Griffin (1958) to describe the ability of flying bats
to locate obstacles and prey by listening for echoes
returning from high-frequency clicks that they
emitted. A similar form of echolocation has been
well documented for dolphins in captivity. Most
dolphins produce high-frequency clicks produced
in a narrow beam in front of the head. After pro-
ducing a click, a dolphin usually waits and listens
for echoes that may backscatter from targets within
the click’s beam. The large and successful body of
experimental research on dolphin echalocation has
been well summarized by Au (1993). When biolo-
gists think of echolocation, they think of an animal
listening for echoes from its own high-frequency
directional clicks, backscattered from targets ahead
of it. Yet this is only one narrow example of the
broad set of sonars that human engineers have
developed to explore the environment (Tyack 1997).
For example, sonars need not be high in frequency.
Low-frequency sound can be propagated over
greater distances than high frequencies in the sea,
and man-made sonars designed to detect large
targets at ranges of more than a few kilometres
typically use much lower frequencies than the
frequencies of dolphin or bat sonars. Some low-
frequency animal sounds may be used in a similar
manner, not just for communication, but also to
explore or orientate in the ocean environment.
In the rest of this section, we move from examples
of marine mammal sonars with solid experi-
mental data to more theoretical analyses of how
marine mammals may use sound to explore their
environment.

6.4.1 Dolphin echolocation

The best studied echolocation system in marine
mammals is that of the bottlenose dolphin (Au
1993). Bottlenose dolphins produce clicks that can
have very high peak-to-peak sound pressure levels
(upto> 220 dBre 1 pPaat 1 m) but over very short
periods (several microseconds), with a total click
duration of only 50-80 ns (Au 1993). The clicks
often have a relatively broad bandwidth (30-40 kHz)
centred on high frequencies (often > 100 kHz).
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BOX 6.1 UNDERWATER ACOUSTICS

T

Sound pressure
<)
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Time (s)
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Frequency (Hz, kHz), wavelength and bandwidth:
A sound that we perceive as a pure tone has a sinusoidal
pattern of pressure fluctuations. One full cycle of a
sinusoidal sound is shown above. The frequency of these
pressure fluctuations is measured in cycles per second.
1f the time it takes the sound to make a full cycle is
t seconds, then the frequency of the sound is f= 1 /¢.
The modern name for the unit of frequency is the Hertz,
and just as 1000 metres are called a kilometre, 1000
Hertz are called a kiloHertz, abbreviated kHz. The
sound illustrated above took 1 s for a full cycle, so it has
a frequency of 1 Hz. The wavelength of this tonal sound
is the distance from one measurement of the maximal
pressure to the next maximum. Sound passes through a
homogeneous medium with a constant speed, ¢. The
speed of sound in water is approximately 1500 m/s,
roughly five times the value in air, 340 m/s. The speed
of sound ¢ relates the frequency f'to the wavelength A by
the following formula: ¢ = Af. Not all sounds are tonal.
Sounds that have energy in a range of frequencies, say in
the frequency range between 200 Hz and 300 Hz,
would be described as having a bandwidth of 100 Hz.
Sound intensity, sound pressure: Sound ¢ntensity is
the amount of energy per unit time (power) flowing
through a unit of area. The intensity of a sound (1)
equals the acoustic pressure ( P) squared divided by a
proportionality factor which is specific for each medium.
This factor is called the specific acoustic resistance of the

medium, and equals the density of the medium, p, times
the speed of sound, ¢.
P2

=
Decibel (dB); reference pressure = 1 microPascal
(pPa): The primary definition of the decibel is as a
ratio of intensities. The decibel always compares a
pressure or intensity to a reference unit. Both intensities
and pressures are referred to a unit of pressure. For
underwater sound, the standard reference pressure is 1
nPa; for sound in air, the standard reference is 20 pPa,
which is about the faintest sound a human can hear. The
microPascal is a unit of pressure: 1 pPa=10"%Pa =107
Newtons,/m?. The standard underwater reference I cis
the intensity of a sound having a pressure level of 1 pPa
(Urick 1983). If Tand I are two intensities, their
difference in dB is calculated as follows:

(eqnl)

Intensity difference in dB = 10 l:l()g IL} (eqn2)

ref

For the intensity levels and pressure levels to be
comparable in dB, the difference in sound pressure
between a measured and reference pressure is defined in
decibels as follows:

. P
Pressure difference in dB = 20 {bg } {eqn 3)

ref

Most acoustic measurements actually measure the
pressure fluctuations induced by a sound wave.
Calibrated hydrophones relate the output voltage froma
sound to the reference pressure of 1 pPa. Use of this with
eqn 3 allows one to report the equivalent sound level for
intensity or pressure. The difference in multiplier for
intensity (10 log) and pressure (20 log) maintains the
appropriate proportionality of intensity and pressure for
sounds in the same medium. If I« P2 by eqn 1, then log
Ie< 2 ]log P, or 10 log I=< 20 log P. As an example, take a
sound measured to be 10 times the pressure reference.
This would be 20 dB re 1 nPa by eqn 3. Since intensity is
proportional to pressure squared, the intensity of this
sound would be 102 or 100 times the intensity of the
reference. This would still be 20 dB re the reference
intensity, by the definition of intensity in eqn 2.

Use of these high frequencies allows dolphins to
produce a directional click and to detect small
objects. Sound energy will reflect efficiently from a
rigid object with a circumference greater than or
equal to the wavelength of the sound. Box 6.1
explains that the wavelength A of a signal equals the

speed of sound divided by the frequency. Since the
speed of sound is about 1500 m/s in sea water, the
wavelength of a 100 kHz sound = 1500,/100 000
=0.015m or 1.5 cm. Thus dolphins producing
clicks with energy above 100 kHz should be able to
efficiently detect targets with a circumference of the



order of 1 ¢cm or larger. These kinds of calculations
have been tested in careful experimental work with
captive dolphins. Suggestive data on dolphin echo-
location were collected in the 1950s, but the critical
breakthrough came when Norris et al. (1961)
blindfolded dolphins to rule out the possibility that
they were using vision in detection tasks. Dolphins
tested in an experimental apparatus for echolocation
have demonstrated sophisticated echolocation abilit-
ies; e.g. an echolocating dolphin can detecta 2.5 cm
metal target about 72 m away (Murchison 1980).

The brain of bottlenose dolphins is capable of
very rapid auditory processing—their ears integrate
high-frequency energy over an interval of about
0.25 ms (Nachtigall ez al. 2000). This specialized
hearing is an adaptation for receiving echolocation
clicks. A bottlenose dolphin echolocates by produc-
ing a click and then waiting to detect the returning
echo. If the dolphin detects a target, it will usually
click again after a short delay for processing the
echo information. Thus, if a dolphin does not detect
an obstacle or a target nearby, it will usually pro-
duce clicks with a slow repetition rate. As it closes in
on a target, the dolphin will often produce a train of
clicks with an accelerating tempo and a decreasing
interclick interval (ICT). Work with captive dolphins
has shown that the ICI equals the round trip travel
time of the click and echo (RT) plus a lag time (LT),
which may represent the time the animal requires to
process the sonar data. Bottlenose dolphins echo-
locating on targets 20-120 m away may have lag
times of 19-45 ms (Au 1993).

ICI=RT +LT (eqn 6.4)

Knowledge of the echolocation pattern just described
has allowed investigators in the field to deduce
when animals may be finding prey. Miller ez al.
(1995) studied patterns of clicks in wild narwhals
(Monodon monoceros). They noted slow series of
clicks with equal ICIs interspersed with accelerating
rapid series, and suggested that these patterns reflect
(respectively) orientation/detection and pursuit
phases of foraging mediated by echolocation. How-
ever, the assumptions behind eqn 6.4 are not always
justified. Beluga whales (Delphinapterus lencas)
emit series of clicks with IClIs less than the round
trip travel time to the sonar target (Turl & Penner
1989). Beluga whales do not have to process each
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pulse independently, waiting for the echo to return
before emitting the next pulse, but rather appear to
use a different kind of sonar processing in which
they can process whole series of pulses together.
Some other odontocetes also appear to have echo-
location signals that differ from bottlenose dolphins,
and they also may differ in their sonar signal pro-
cessing. Pulsed signals of phocoenid porpoises and
Cephalorhynchus dolphins are 5-10 times longer
(150-600 ps) and roughly half the bandwidth
(10-20 kHz) of bottlenose dolphin clicks, and
their sound pressure levels range between 150 and
170 dB re 1 pPa at 1 m—several orders of mag-
nitude weaker than the loudest bottlenose dolphin
clicks (for Phocoena phocoena: Mghl & Andersen
1973; Kamminga & Wiersma 1981; Amundin 1991;
for Phocoenoides dalli: Hatakeyama & Soeda 1990;
for Cephalovhynchus commersoniz: Kamminga &
Wiersma 1982; Evans et al. 1988; for C. bectori:
Dawson & Thorpe 1990). Bottlenose dolphins may
produce echolocation clicks with spectral peaks well
below 100 kHz, but porpoise and Cephalorhynchus
clicks tend to have peaks above 100 kHz. Ketten
(1994, 2000) describes porpoises and Cephalorbyn-
chus as having inner ears that are specialized for
high-frequency audition (> 100 kHz). Variability in
the echolocation signals and hearing specializations
of odontocetes suggests caution in assuming that
all species process sonar sounds the same way as
bottlenose dolphins do.

6.4.2 Do sperm whales echolocate?

Sperm whales produce click sounds that many bio-
logists think are used for echolocation. However,
unlike dolphins, sperm whales have not been kept
in captivity for long enough to allow experimental
demonstration of echolocation. We know that
when sperm whales dive and forage, they tend to
produce long series of click sounds with relatively
invariant ICIs of 0.5-2.0 s (Whitehead & Weilgart
1990, 1991). As sperm whales start a dive, they
often begin these clicks as they reach depths of
150-300 m (Papastavrou et al. 1989). Recordings
of particularly loud sperm whale clicks often include
reverberation from the sea floor (Fig. 6.9), so it is
likely that sperm whales hear echoes if they approach
the bottom during a dive. Sperm whales are large
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Fig. 6.9 Spectrogram of a slow click from a sperm whale,
Physeter macrocephalus, in waters near the island of Dominica
in the Caribbean. The direct arrival of the click is visible

on the left of the spectrogram, and an echo of the click
reflecting off the sea floor is visible on the right of the
spectrogram at 1.5 s. The shorter clicks in the middle

of the spectrogram are regular clicks from sperm whales.
(From data courtesy of William Watkins.)

(up to 45 t) and dive rapidly (1-2 m/s) (Papastavrou
et al. 1989; Watkins et al. 1993). If sperm whales
could not detect proximity to the bottom, there
would be a risk of collision. One way to test whe-
ther sperm whales use clicks to detect the sea floor
assumes that sperm whales follow eqn 6.4 and
produce a click after hearing the bottom echo
from the previous click. As a sperm whale dives, the
distance between the whale and the sea floor
decreases; this means that the round trip travel time
to the bottom should decrease. If the repetition
rate of these clicks is correlated with the round trip
travel time, then the repetition rate should increase
as the whale dives, a prediction for which Gordon
et al. (1992) and Gordon and Tyack (2002) found
supportive evidence.

Sperm whales may also detect their squid prey
in the deep dark ocean using echolocation (Backus
& Schevill 1966; Gordon 1987; Whitehead &
Weilgart 1990). Sperm whales feed on squid at
depths of 400 m or more during dives that typically
last 40-50 min (Papastavrou ¢t al. 1989). During
these dives, sperm whales produce clicks with a pat-
tern that Gordon (1987), Gordon et al. (1992) and
Jaquet er al. (1999) interpret as consistent with
detecting prey. On the other hand, Watkins (1980)

argues that sperm whale clicks are not well suited
to echolocation of prey. For example, the clicks
of sperm whales are lower in frequency, longer in
duration and have been thought to be much less
directional than the high-frequency clicks of dol-
phins. However, Mohl ez al. (2000) report sugges-
tive evidence that sperm whale clicks may be much
more directional than has been thought, with pro-
perties better suited to echolocation. Clearly, more
careful work is needed to determine whether and
how sperm whales use echo information to detect
prey or locate targets.

6.4.3 Can odontocetes stun or injure prey
with loud sounds?

An original theory of how dolphins may use sound
that has appealed to the popular press is the ‘acoustic
stunning hypothesis® of Norris and Mghl (1983).
These investigators reviewed evidence that odon-
tocetes can produce sounds with very high sound
pressure levels such as the 220+ dB bottlenose
dolphin clicks discussed above. However, these
high-frequency clicks have a very rapid rise time and
only achieve such high source levels for several
microseconds, so the total energy delivered by the
signal is comparable to the less intense, longer
sounds produced by many cetaceans (Au 1993).
Sperm whales and dolphins also produce intense
lower frequency clicks, with durations of tens of
milliseconds. There are few reliable calibrated estim-
ates of the source level of these sounds, so it is dif-
ficult to analyse their possible acoustic effects. Norris
and Mphl (1983) review observations that fish being
preyed upon by dolphins may appear disorientated
or incapacitated. They propose that this debilitation
is caused by exposure to the intense, pulsed sounds
of odontocetes. However, there are other explana-
tions for the fish behaviour, such as low levels of
oxygen in dense fish schools (Wiirsig 1986). Testing
the acoustic stunning hypothesis requires exposing
fish to sounds of odontocetes where the received
level at the fish is measured with a calibrated hydro-
phone, coupled with subsequent behavioural and
anatomical testing of the fish subjects. Until this kind
of carefully controlled experiment is conducted,
‘acoustic stunning’ must remain in the ‘interesting
but untested’ category of theories.



6.4.4 Low-frequency echolocation

The only echolocation system that has been de-
monstrated in cetaceans involves the use of high-
frequency clicks by small odontocetes. These animals
clearly have evolved a highly specialized system for
echolocation. However, sound may be used to
explore the environment even among cetaceans
that are not specialized for high-frequency echoloca-
tion. Norris (1967, 1969), Payne and Webb (1971)
and Thompson ez al. (1979) have all suggested
that whales might be able to sense echoes of low-
frequency vocalizations from distant bathymetric
features to orientate or navigate. Migrating bow-
head whales ( Balaena mysticetus) appear to use echoes
from their calls to detect ice obstacles (Clark 1989;
George et al. 1989). Ellison et al. (1987) used
acoustic models to show that deep-keeled ice may
produce strong echoes from the low-frequency calls
of migrating bowhead whales, and they suggest
that bowhead whales may use these echoes to sense
and avoid deep ice.

6.4.5 The chequered history of research
on seal echolocation

Pinnipeds are readily available for experiments in a
captive setting, and the excitement about dolphin
echolocation stimulated studies of echolocation in
pinnipeds. The first papers published on this topic
(Poulter 1963a, 1963b, 1966) presented evidence
for echolocation in the California sea lion. In
response, Schusterman (1967) and Schevill (1968)
published papers arguing that Poulter’s conclusions
were not justified by his data. Undeterred, Poulter
& Del Carlo (1971) published a paper confidently
entitled ‘Echo ranging signals: sonar of the Steller
sea lion, Eumetopias jubata’. An independent group
followed up on this work a decade later, publishing
a paper entitled ‘Evidence that seals may use echo-
location” (Renouf & Davis 1982). Wartzok et al.
(1984) published a rebuttal questioning whether this
evidence was convincing enough to force a reassess-
ment of earlier studies that found no experimental
evidence for echolocation in seals (Evans & Haugen
1963; Schusterman 1967; Oliver 1978; Scronce &
Ridgway 1980). Publication of a paper on a topic
such as echolocation in marine mammals will usually
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stimulate studies that attempt to replicate the find-
ing. In the case of dolphin echolocation, the findings
were confirmed by more careful experimental de-
signs, but in the case of echolocation by pinnipeds,
most studies have failed to replicate the results or
found flaws in the design of the experiments.

6.5 COMMUNICATION

6.5.1 Introduction

The etymological root of ‘communicate’ means
‘to share’, and communication can be defined as
‘any sharing of information . . . between individual
animals’ (Smith 1977, p. 11). Social behaviour and
social structure establish the selective pressures that
shape and maintain characteristics of signals and
signalling behaviour (Evans & Bastian 1969; Green
& Marler 1979; McKinney 1992). Communication
is almost always framed as a process in which a
sender transmits information to a receiver via a
signal (Owings & Morton 1998). In studying
any communicative exchange, it is important to
consider the costs and benefits of the information
transfer to both sender and receiver. Some authors
limit the term ‘true communication’ to exchanges
of information that benefit both the signaller and
the receiver (Smith 1977). When communication
benefits the signaller at a cost to the receiver, it
has been termed ‘manipulation’ (Dawkins & Krebs
1978; Krebs & Davies 1993). Signals that benefit
the signaller through true communication or mani-
pulation may become evolutionarily specialized as
displays. When communication benefits a receiver
at a cost to the signaller, this may be called ‘eaves-
dropping’ (Bradbury & Vehrencamp 1998) or ‘inter-
ception’ (Myrberg 1981). Unintentional cues that
may inform a receiver at a cost to the signaller are
unlikely to evolve into ritualized displays; rather
selection would favour decreasing the signalling value
of the cue, making it more cryptic. As was discussed
in Section 6.2.1, signals form a continuum from
highly ritualized displays to subtle incidental cues.
Much information used by communicating animals
comes from the context of the interaction, from
cues such as scents or markings used in individual
recognition, or from simple unritualized behaviours
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such as intention movements of advance or retreat.
A biologist analysing a communicative interaction
cannot just focus on the most obvious display, but
must attend to all of these sources of information.
Wilson (1975, p. 111) argues that communica-
tion has occurred when a signal changes the probab-
ilities of subsequent behaviour in a receiver. This is
a behavioural interpretation of the formal definition
of communication used in information theory, where
a signal is described as providing a receiver with
information that reduces uncertainty (although it
may be misleading information in the case of
manipulation) and allows the receiver to make deci-
sions. Wilson’s (1975) definition cannot provide
a practical criterion for assessing whether commun-
ication occurs in a particular interaction between
animals. Communication in animals is not limited
to situations where one signal alters the probabilit-
ies of the subsequent response from one receiver. A
female songbird may listen to thousands of songs
from many males before choosing a mate. A young
songbird listening to a song may alter an auditory
template that will only be expressed in the follow-
ing year. Even when an animal shows no obvious
response to a communicative exchange, students of
animal cognition may be able to design tests to
indicate that an animal has learned from it. It makes
little sense to argue that communication occurred
only after the test was given. We favour adopting a
more cognitive perspective on these issues, in which
the information from the signal detected by the
receiver is viewed as communication, whether or
not it has elicited immediate behavioural responses.

6.5.2 Structure, function, adaptation and
phylogeny in acoustic signals

‘Al scientists use models, whether they vealize it
or not’ (James & McCulloch 1985, p. 44).

Textbook descriptions of research on animal com-
munication may describe a simple sequential process
in which a display is described, the social context
in which the display is produced and responses of
receivers are analysed, and finally the function is
inferred. In practice, however, communicative sounds
are seldom differentiated by quantitative analysis
of acoustic measurements alone, but are often

described using a combination of qualitative in-
formation on acoustic structure and social uses. For
example, if a ficldworker hears calls that sound
similar when her study animal sees a predator, then
she might call these ‘alarm’ calls. This becomes a
problem if researchers are not explicit about the
interaction between descriptive and functional
analyses. For this reason, it is usually recommended
for ethologists to use one set of terms for descript-
ive analyses of displays and different terms to refer
to the assumed function (Martin & Bateson 1993).

Two main questions trouble researchers as they
describe repertoires: ‘How many kinds of calls are
there?” and ‘What do the calls mean?’ There is no
single answer to these questions. The first question
is based on the erroneous assumption that one
can always define a unique set of calls based upon
acoustic structure. This is not always the case; the
number of call types recognizable on structural
grounds depends upon how fine or coarse a level of
description is used (e.g. how many variables are
used). In turn, this is set by the nature of the invest-
igation; in studies of phylogeny or adaptation,
‘one needs behavioural events that strike an opti-
mum between being diverse enough to reveal change
and conservative enough to expose relationships’
(Barlow 1992, p. 368). Some workers have used
multivariate methods such as cluster analysis to help
determine repertoire size. However, cluster ana-
lyses depend upon which acoustic variables and
which clustering algorithm are selected, so the
analytical results (including the hierarchical nature
of most clustering applications) may reflect the
subjective choices of researchers (Sneath & Sokal
1973; Miller 1979, 1988; de Quciroz & Good
1997; Janik 1999).

The second question is complicated because
there may not be a one-to-one correlation between
call type and function. For example, when a territor-
ial male songbird sings a song, the song may have
different functions depending upon the potential
audience: females, other territorial males or young
males. The songs of some songbirds appear to be
interchangeable; in this case, different songs may
have the same functional role (Smith 1996). If
single call types can have multiple functions, and
if multiple call types can have the same function
in the same species (Altmann 1967; Smith 1977,



1997; Green & Marler 1979), then it is clearly
necessary to separate the structural description of
calls from the functional interpretation.

6.5.2.1 Evom calls to vepertoives:
acoustic structuve acvoss scales

Descriptions and physical analyses of acoustic sig-
nals are integral parts of comprehensive ethograms.
Many invaluable ‘first accounts’ of vocalizations
placed communicative sounds in a few convenient
categories, described in terms of both acoustic
structure and social context, and presented as rep-
resentative spectrograms (Bartholomew & Collias
1962; Schevill & Watkins 1965; Schevill et al. 19606;

VOCAL ANATOMY, COMMUNICATION AND ECHOLOCATION 161

Peterson & Bartholomew 1969; Ray ¢t al. 1969;
Stirling & Warneke 1971; Lisitsina 1973; Stirling
1973). Early workers did not have the advantage
of digital computers and a range of quantitative
techniques for analysis and interpretation (Watkins
1967b; Marler 1969; Beecher 1988; Beeman 1998;
Stoddard 1998). These quantitative techniques
of acoustic analysis enable a more explicit acoustic
analysis separated from the functional context that
may colour the interpretations of the human
observer.

Traditionally, the starting point for structural
description of a species’ acoustic repertoire has
been the identification of signalling acts at a low
level, such as the vocal classes shown in Fig. 6.10.
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Fig. 6.10 Part of the vocal repertoire of the sea otrer ( Enbydra lutris), shown as spectrograms. The ‘scream’ call (upper left
two spectrograms) could be considered as a single call type; the ‘whine’ often merges into ‘squeal-whine’, so these may
illustrate variation in signal form within a single broadly defined call type. (From McShane ez 2l. 1995.)
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The vocalizations of some animals appear to fall
into easily distinguishable general categories, such
as the pulses and tonal whistles of dolphins. How-
ever, the decision of what comprises the smallest
unit for this low-level repertoire of signal units
(Smith 1986, p. 316) is seldom discussed in detail,
and this decision can strongly influence later results.
For example, does one count an individual dolphin
pulse or train of pulses as the basic unit? There are
likely to be hundreds more pulses than trains, so
counts of the calls would be significantly affected
by this choice. Some dolphin whistles are com-
posed of subunits that may be separated by gaps of
silence. Caldwell ez al. (1990) called these subunits
‘loops’. When individual dolphins are isolated, they
often produce an individually distinctive whistle
with a stereotyped initial loop, a variable number of
repetitions of a central loop, followed by a terminal
loop. Others studying dolphin whistles may split
whistles whenever there is a moment of silence
(McCowan & Reiss 1995). This seemingly minor
change can lead to very different conclusions about
whistles. McCowan and Reiss (1995) analysed as
whistles what Caldwell ¢t al. (1990) would have
called loops, and concluded that there were few
individually distinctive whistles in a group of cap-
tive dolphins.

The reason for this problem regarding lumping or
splittng the basic unit of vocalization is that many
species have repertoires of patterned combinations
of signal units (Smith 1986, p. 324). This has tradi-
tionally been recognized for bird song, where the
basic unit of vocalization, the song, is made up of a
sequence of individual sounds (often termed syl-
lables). Examples of patterned sequences in marine
mammals include the underwater songs of Weddell
seals (Green & Burton 1988; Morrice et al. 1994)
and humpback whales (Payne & McVay 1971).
Patterned displays may also combine optical and
acoustic components, such as air-bladder displays of
male hooded seals (Fig. 6.7) or the jaw-clap display
of bottlenose dolphins (Overstrom 1983). These
patterned combinations of signal units are governed
by organizational rules (Smith 1986, 1991b) such as
those reviewed by Hailman et a/. (1985). Patterned
combinations need not be elaborate; in Hawaiian
monk scals (Monachus schawinslandi) a common
airborne threat vocalization is a series of bubble
sounds followed by a guttural expiration (Miller &
Job 1992). These patterned combinations of low-
Jevel signal units need not be separated by silence, but
little research has analysed the issue of whether indi-
vidual utterances of animals are made up of ‘chunks’
that may be recombined in different patterns.
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Most analyses of animal sounds tend to focus on
categorizing vocalizations into discrete categories.
Another way to approach repertoire description is
to describe variations of signal form across signal
units (Smith 1986, p. 317). Following this approach,
variation could be described in acoustic features
such as presence, number or distribution of harmonic
structures; frequency or amplitude modulation;
presence of broadband noise, biphonation or sub-
harmonics; and rate of vocalization. Such acoustic
qualities can vary substanually across repetitions
of a single display type. Viewed in this way, the

‘squeal’ and ‘squeal-whine’ of the sea otter may be
variations on a single class of signal, as the former
often merges into the latter (Fig. 6.10) (McShane
et al. 1995). The dolphin whistles illustrated in
Fig. 6.11a separate whistles with downward, flat
or upward frequency modulation as discrete categ-
ories. However, as Taruski (1979), Weilgart and
Whitehead (1990) and others have noted, odonto-
cete whistles can also be viewed as a continuum
of changing frequency modulation (Fig. 6.11b).
When whistles can be attributed to an individual,
each individual may produce series of whistles that
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are very similar in some acoustic features (contour
of the loops) and variable in others (such as number
of loops, duration, etc.). In this context, the stereo-
typed features may carry information useful for
individual recognition, while the other features may
carry other information. Variation in signal form
greatly increases the information available in a com-
munication system; the importance of variation in
form has been well stated by Hailman and Ficken
(1996, p. 141): ‘apparent types of vocalizations do
carry information, but the details, and in some cases
perhaps the most important information, lies in the
variations on a type’. Brownlee and Norris (1994,
p. 180) make this point for dolphin whistles: “Vari-
ations in how whistles are emitted can carry graded
. . . information about emotional state, level of
alertness, hierarchy, the presence of food or dan-
ger . . . the modulation or temporal patterning of
the whistles allows transmission of a variety of
context-specific information. . . . Such a signal sys-
tem can be modulated in intensity, frequency, and
frequency pattern through time to produce a com-
plex system of great potential information-carrying
capacity . . ..

Not only can an individual animal produce a
sequence of signals, but two or more animals may
have repertoires of formalized interactions (Smith
1986, p. 325). Examples are vocal interchanges
between mothers and their offspring, boundary
displays between territorial male otariids, precopu-
latory and copulatory behaviour between males and
females, and so on (Gentry 1975; Lisitsina 1981,
Miller 1991). Formalized interactions can involve
a call and response of several signals between two
animals over a few seconds, but they can involve
more than two parties, and can involve more signals
over a longer time. For example, Brownlee and
Norris (1994, p. 182) suggest that spinner dolphins
(Stenella longirostris) monitor whistle rates across
an entire school over periods of a few minutes to
an hour or more as they swim in a zig-zag path
in order to time the behavioural transition from
inshore resting to travelling offshore to feed: ‘We
interpret the fluctuating occurrence of contagi-
ous whistles during zig-zag swimming as partially
social facilitation, with dolphins testing each other’s
alertness until the school is primed for its transit
out to sea.’

6.5.2.2 Social functions and
functional analysis

How we view the ‘meaning’ or ‘function’ of a display
depends upon which model of animal communica-
tion we adopt. Researchers studying animal com-
munication may employ widely differing models with
different assumptions and descriptive /analytical
approaches (for example, compare the linguistic
model used by Evans & Bastian (1969) to more
behavioural ecological models such as those used
by Miller (1991) and Tyack (1999) for marine
mammals). Our language biases and constrains our
interpretations of what communication is for, how
it functions and how it is structured (Golani 1992).
‘Alarm’ calls, “dialect’, and “call type’ are examples
of widely (and casually!) used language in animal
communication research that bias research pro-
grammes from conceptualization and data collec-
tion through to data analysis and interpretation.
Calls used by mothers and pups of otariids can
serve as an example of how interpretation can be
embedded in the name of a call. After fasting while
nursing their pup for a week or two following birth,
otariid females begin a cycle of alternately feeding
offshore and nursing the pup on land. When females
return from their marine feeding trips, they and
their pups need to find one another, and do so ini-
tially through loud vocalizations; females also tend
to return to where they and their pups habitually
nurse, and pups tend to return there in anticipa-
tion of their mothers’ return. Vocalizations used
by females and pups in this circumstance are com-
monly referred to as ‘pup attraction calls” and ‘female
attraction calls’, respectively (Fig. 6.8b). Confus-
ingly, ‘pup attraction calls’ can mean “calls used by
pups to attract females’, and ‘female attraction calls’
can mean ‘calls used by females to attract pups’. An-
other problem with these terms is that they define
the calls in terms of context rather than structure,
and this assumes that there is a one-to-one mapping
of this particular context onto a specific call with
one specific function (Lisitsina 1988; Insley 1996;
Fernandez-Juricic et al. 1999; Phillips & Stirling
2000, 2001). Interestingly, the vocalizations in ques-
tion are very similar in structure to a call type used
by territonial males variously termed roar, full threat
call, etc. (E.H. Miller & A.V. Phillips, unpublished
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Fig. 6.12 Contours and spectrograms of signature whistles recorded from different captive common dolphins

(Delphinus delphis). (From Caldwell & Caldwell 1968.)

dara). Why should the calls be so similar in struc-
ture? The answer may be that the calls of females,
pups and males are the same in terms of the kinds of
behavioural information made available to receivers.
That information could simply be ‘I am seeking
interaction or am willing to interact’, with infor-
mation about Jocation (e.g. in the case of territorial
males, or of females and pups reuniting), and from
non-behavioural messages in the vocalization also
used by the receiver in selecting an appropriate
response. For example, sex, age or body size may be
indicated by frequency and spectral features; individ-
uality may be reflected in a unique combination of
acoustic features, and so on (St Clair Hill ezal. 2001).

Another example of problems with mixing func-
tional and descriptive terms involves dolphin whistles.
Early descriptions of dolphin whistles often used

recorded whistles when animals were harmed by the
human observers—these whistles were called ‘distress
whistles’ (e.g. Lilly 1963; Busnel & Dziedzic 1968).
Caldwell and Caldwell (1965, 1968) noted that in
their recordings of captive dolphins, each individual
dolphin tended to produce an individually distinct-
ive whistle, which they termed a ‘signature whistle’
(Fig. 6.12). More recent observations suggest that
wild and captive dolphins tend to produce these
‘signature whistles’ when they are isolated (Janik &
Slater 1998) or involuntarily restrained by humans
(Sayigh ¢z al. 1990), so many of the so-called
‘distress whistles” are likely to have been the indi-
vidually distinctive ‘signature whistle’ of those indi-
viduals (Caldwell et al 1990). Many ethological
studies of communication assume that their goal
should be to define a repertoire of species-specific
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calls that are shared within an age—sex class. However,
recordings from isolated dolphins suggest a different
pattern where individuals have highly distinctive
whistles. Rather than being defined using acoustic
information independent from knowledge of who
made the call, signature whistles are defined opera-
tionally as a highly stereotyped and individually
distinctive whistle typically made by some dolphins
when isolated. As with the seal calls, dolphins may
use similar whistles in a variety of social contexts
(mother—-young, male pair, etc.) to make similar
information available to a partner, often maintain-
ing contact and expressing willingness to interact.
Many studies of communication in marine mam-
mals provide general correlations of vocal produc-
tion and broad behavioural states, such as feeding,
travelling, socializing and resting. Bengtson and
Fitzgerald (1985) found strong correlations between
rates of vocalization and general behavioural categ-
ories of West Indian manatees. Hoelzel and Osborne
(1986) and Ford (1989) found that both rates and
types of vocalizations in killer whales varied as a
function of behavioural context. The patterns of
click production are very different when sperm
whales are socializing near the surface or feeding
while diving (Whitehead & Weilgart 1991). These
coarse analyses can help identify whether a particu-
lar call is more probably involved in behavioural
states such as feeding versus travelling, but more
fine-grained analyses are required to tease apart the
pattern of signal and response by which short-range
communication can mediate short-term social inter-
actions. Fine-grained analyses require techniques

Fig. 6.13 (opposite) Spectrograms of low-frequency calls

of finback (Balaenoptera physalus) and blue ( Balaenoptern
musculus) whales. (a) Waveform and spectrogram illustrating
two low-frequency (nominally 20 Hz) pulses of finback
whales recorded in the North Atlantic. The direct arrivals

of pulses are visible at 1-2 s and 9-10 s, and echoes from
reverberation of the first pulse are visible between 4 s and
5s. (b) Low-frequency calls from blue whales recorded from
different ocean basins using arrays of US navy hydrophones
mounted on the sea floor in the eastern North Pacific and
western North Atlantic. There are systematic ditterences in
the calls from the different oceans. The Pacific call hasa 90
Hz unit that is absent from the Atlantic calls, and the lower
frequency components of the Pacific and Atlantic calls have
different rhythmic patterns. (From Tyack & Clark 2000.)
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for identifying which individual animal makes each
display (e.g. Burgess et a/l. 1998; Miller & Tyack
1998) and requires following the behaviour of an
individual signaller and potential receivers over
time. Fine-grained analyses of marine mammal dis-
plays have been conducted for communication in
air between pinnipeds (e.g. Trillmich 1981) and
for agonistic interactions of dolphins (Overstrom
1983; Samuels & Gifford 1997).

Details of adaptive ‘design features’ may vary
interspecifically because of differences in environ-
ment, effective range or intended receivers. There
is an important difference in the functional analysis
of signals evolved for communication over long
versus short ranges. Inferring the function of vocal-
izations is relatively simple for long-distance signals
but can be very difficult for those used over short
distances. The reasons are simple: long-range sig-
nals are adapted in form and pattern of delivery to
withstand degradation and attenuation, and little
information outside the signal itself is available to
recipients. Thus long-distance signals are typically
loud, stereotyped, spectrally simple, long, repetitive
and temporally patterned (e.g. repeated rhythmi-
cally or with strong sequential ordering). All of these
features describe the sequences of low-frequency
calls produced by finback and blue whales during
the breeding scason (Fig. 6.13) (Cummings &
Thompson 1971; Edds 1982; Watkins et al. 1987,
Tyack & Clark 2000). We do not know the effec-
tive range of these calls for whales, but humans
can easily detect these calls at ranges of hundreds
of kilometres (Tyack & Clark 2000). Long-range
signals may be adapted to reach different classes
of recipients over different distances (Terhune &
Ronald 1986). For example, the underwater songs
of male Weddell seals and the airborne roars of ter-
ritorial male otariids communicate over shorter dis-
tances to females than to competing males, because
the females to whom a sound may be directed tend
to be closer than the nearest adult males.

Most research on acoustic communication focuses
on loud specialized signals that have evolved for long-
range communication. Our knowledge and under-
standing of short-range sounds are severely limited
but cues and soft vocalizations that evolved for
short transmission distances are likely to be import-
ant in group-living or gregarious specics. Short-range
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signals are altered little by the physical environment,
and so can be acoustically more complex and can
encode much information through subtle variation
in acoustic structure. Short-range communication
is often multimodal; non-acoustic information about
the signaller is often directly available to recipients
nearby. Recipients can use this information outside
the signal itself when appraising a signal’s meaning
—information such as a signaller’s distance and
orientation, the presence or proximity of other
animals, knowledge of the individual identity of the
signaller and past experience with the signaller, etc.
The adaptive functions of short-range sounds can
be difficult to assess because their proximate effects
are often subtle and varied; they are often accom-
panied by optical, chemical or tactile information;
they include many sounds produced in the course
of other activities; and their significance to receivers
is greatly affected by information outside the sounds
themselves (Smith 1977, 1997; Cheney & Seyfarth
1990; Hauser 1996; Bradbury & Vehrencamp 1998).
Some short range signals are produced almost
continuously; variation in these tonic signals may
communicate about a calling animal’s state (Schleidt
1973). The bark vocalization of territorial male
otariids and chuff vocalization of polar bears are
examples of tonic signalling (Wemmer ez al. 1976;
Peters 1984; Miller 1991).

Long-range signals are often selected to be loud,
stereotyped and simple, but paradoxically many
long-distance signals are shaped by sexual selection,
which often promotes signal diversification and com-
plexity (Andersson 1994; Bradbury & Vehrencamp
1998). Thus males must often be under selection to
produce effective long-range signals that are poorly
designed for long-range transmission! One way to
solve this paradox is to make a signal contrast with
the ambient environment. In many species of seal
and several species of whale, males are known to
repeat songs during the breeding season. This regu-
lar repetition of songs may make them ecasier to
detect in random noise. If the receiver detects a
pattern of expected repetition, it can more reliably
detect songs in noise. Harp seals produce vocaliza-
tions that contrast with ambient noise not only
by repetition, but also by increasing amplitude,
frequency and pulse rate over the course of each
call (Watkins & Schevill 1979; Terhune ez 2l. 1987,

Terhune 1994). Signal complexity can be increased
by changing successive repetitions in some predict-
able way. The songs of Weddell seals and humpback
whales follow syntactical rules for ordering different
types of elements (Payne & McVay 1971; Guinee
et al. 1983; Morrice et al. 1994). Gradual changes
in acoustic structure within long songs, termed
‘drift’ by Andrew (1969) and Lemon (1975) and
‘progressive change’ by Payne et al. (1983), enable
directions and rates of change to be readily tracked
by recipients (Fig. 6.14) (Marler & Tenaza 1977,
Payne et al. 1983, Payne & Payne 1985).

6.5.2.3 Evolution of acoustic signals:
from vaviation to phylogeny

Genetically based phenotypic variation within popu-
lations is a prerequisite for population different-
ation and ultimately for speciation (see Chapter 11).
Therefore, the description and measurement of
natural variations provide important information
for evolutionary studies. The vocalizations of most
non-human terrestrial mammals have acoustic fea-
tures that appear to be influenced primarily by genetic
factors. Some marine mammalogists have advocated
using vocalizations as an indicator of population
structure (Payne & Guinee 1983). However, many
marine mammals can learn to imitate acoustic
models in their environment (Janik & Slater 1997),
s0 one must be careful in selecting features from
vocalizations for evolutionary studies. Few measures
ofacoustic variation exist for marine mammal vocal-
izations, but a general trend seems to be toward
greater variation in temporal than in frequency vari-
ables (Miller 1986, 1991).

Important components of variation within popu-
lations include sex, individuality, age, size and
social context. Differences in vocalizations between
the sexes of marine mammals are pronounced
for the sperm whale, in which adult males have a
head and spermaceti organ much larger than adult
females (Nishiwaki ez 2. 1963). An unusual kind of
click, called a ‘slow click’ by Weilgart and White-
head (1988), is reportedly only produced by adult
males. Female Amazonian manatees are reported to
have higher frequency calls than males (R.S. Sousa
Lima, personal communication). If these differences
between sounds of adult males and females stem
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Fig. 6.14 Song repetition, syntax and gradual changes
(“drift’) within songs of the bearded secal ( Evignathus
barbatus) and humpback whale (Megaptera novacangliae).
These features of song are typical of reproductive
advertisement displays in marine mammals, and may be
adaptations to assist receivers to accurately receive a complex
long-distance signal. (a) The song of the bearded seal
exhibits syntactical organization in the initial bursts of
frequency modulation (FM; phrase 1) of the carrier
frequency, continuous but varying FM (phrase 2), slower
but regular FM (phrase 3), etc. The song also undergoes
progressive changes (sometimes with slow reversals)
internally over its course, e.g. in carrier frequency (depicted
in the schematic representation of a spectrogram, below).
(From Ray ez al. 1969.) (b) Each row represents a phrase
from one theme of a humpback whale’s song. This phrase

is repeated a variable number of times before the whale
switches to a different theme. Each row illustrates a typical
phrase from each of 5 years in the songs of humpback whales
in Hawaiian waters, showing progressive changes in the song
over perjods of years. (From Payne et al. 1983.)

Palsboll ez al. 1992), bearded and Weddell seals and
walruses (Section 6.3.2.1). Female Weddell seals
do not produce all of the vocalizations produced by
males (Thomas & Kuechle 1982), but where both
sexes produce the same class of sounds, almost no
sexual differences have been reported.



Frequency (kHz)

Frequency (kHz)

Frequency (kHz)

Frequency (kHz)

(b)

(=)

N
|

N
.

o

Time (s)
Female calf No. 61
(born 1983)
f , =
1017 j::// 1
;
0.5 1.0
1985
1 $U 7{ - T -
104 N{ L/f; L"-/‘ u/in
q o ¢ La'-_.- al
0 i ki e

0.5 1.0 1.0
P
10 f / B |
oL il W

0.5 1.0

Time (s) Time (s)
Female No. 68 Female calf No. 147
1985 (born ¢.1982)

0.5N -

Time (s)

1987
104 S ’,...««‘ -t /P-
<

Q

05 1

Time (s)

Fig. 6.15 Individuality is nearly
universal in acoustic structure.

(a) Spectrograms of South American
sea lion (Otaria flavescens): primary
call from three mothers (1-3); and
grunts from two females (4, 5),a
primary call from a yearling (6), and
primary calls from two pups (7, 8).
(From Fernandez-Juricic ¢z al. 1999.)
(b) Individually distinctive whistles
from two adult female bottlenose
dolphins ( Tursiops truncatus) and their
daughters recorded in several different
years. (From Sayigh et al. 1990.)
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Numerous studies report individual differences
in the vocalizations of marine mammails, some of
which are known to persist over years (Fig. 6.15)
(Sandegren 1976; Shipley et al. 1981; Trillmich
1981; Stirling et al. 1987; Caldwell et al. 1990;
Sayigh et al. 1990, Fernindez-Juricic et al. 1999;
Insley 2000; Phillips & Stirling 2000; Sanvito &
Galimberti 2000b; St Clair Hill et a/l. 2001). There
are slight differences in the vocal tracts of different
individuals, and these differences lead to individually
distinctive characteristics that are called ‘voice cues’
among terrestrial animals. However, these involunt-
arily distinctive vocal characteristics may be less
distinctive in underwater than in airborne vocaliza-
tions (Tyack 1999). As mammals dive, gases in the
vocal tract halve in volume for every doubling of
pressure. These depth-induced changes in the
volume and shape of the vocal tract are likely to
outweigh the subtle developmental ditferences that
lead to differences in voice. For example, the whis-
tles of a beluga whale recorded at ditferent depths
show strong differences in their frequency spectra
(Ridgway 1997). If there is a functional need for
diving animals to have individually distinctive calls,
they may be unable to use voice cues and may need
to create distinctive calls by learning to modify
acoustic features under voluntary control, such as
the frequency modulation of whistles. Janik and
Slater (1997) and Tyack (1999) argue that this may
have provided an important selection pressure for
vocal learning in marine mammais.

Evidence from closely related species of birds
suggests that animals evolve systems for parent—
offspring recognition if the ecological setting involves
a sufficient risk of providing care to the wrong oft-
spring or of withholding care from the correct one
(Loesche et al. 1991). Job et al. (1995), McCulloch
and Boness (2000), Phillips and Stirling (2000)
and Insley (1992, 2000, 2001) have studied vocal
individuality in pinnipeds on the basis of predic-
tions from this model. Insley (1992) predicted that
the calls of female northern fur seals would be more
individually different from one another than those
of female northern elephant seals, because in the
former species females and pups separate repeatedly
and must reunite largely on the basis of vocaliza-
tions. His prediction was met.

Effects of size and age on acoustic structure are
largely caused by variation in the anatomy of sound
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production in mammals, and account for a substan-
tial proportion of natural variation. Little attention
has been paid to the effects of development on
the acoustic structure of vocalizations in bears and
pinnipeds (Rasa 1971; Shipley ez a/l. 1986). In spite
of limited study, marine mammals stand out among
non-human mammals in the extent to which vocal
learning may play a role in vocal development
(Janik & Slater 1997; Tyack & Sayigh 1997). Male
Weddell seals lengthen some underwater vocal-
izations in response to conspecific vocalizations
(Terhune et al. 1994b). The strongest evidence of
modification of pinniped vocalization resulting from
exposure to auditory models stems from Hoover, a
common seal raised by humans, who started to imi-
tate speech sounds with a Maine accent as he
reached sexual maturity (Ralls ez a/. 1985). There
is similar evidence that odontocete cetaceans can
imitate novel man-made sounds (beluga whale:
Eaton 1979; bottlenose dolphin: Evans 1967; Cald-
well & Caldwell 1972b; Herman 1980; Richards
etal. 1984).

Population differentiation in signals can result
from genetic divergence or cultural divergence, or
both (Lynch 1996). The term ‘dialect’ generally
refers to the latter. Killer whales in the Puget Sound
area have repertoires of stereotyped calls that are
distinctive for each matrilineal group (Ford 1989);
these have been called dialects, although the groups
may be sympatric. These killer whale calls are gener-
ally thought to be learned, with enough copying
error so that the longer groups have been separated,
the less similarity there is between call repertoires
(Ford 1991). Based on observed geographical dif-
ferences alone, it is impossible to infer whether
these group-distinctive call repertoires are rooted in
genetic or cultural change, but acoustic divergence
in the face of high gene flow or independent evid-
ence of vocal learning make the latter more likely.
Because geographical differentiation can result from
either or both processes, one cannot infer popula-
tion or stock discreteness solely from geographical
differences in vocalizations; additional information
on dispersal or development, or experimental studies
are also required (James 1991).

Studies on geographical variation in marine
mammal vocalizations have focused on the songs of
humpback whales and a few species of pinnipeds.
The underwater songs of rutting male Weddell seals,
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bearded seals, harp seals, leopard seals ( Hydrurga
leptonyx) and walruses vary geographically, as do
some long-distance vocal displays of e¢lephant seals
(Le Boeuf & Peterson 1969; Le Boeuf & Petrinovich
1975; Ray & Watkins 1975; Stirling et al. 1983,
1987; Thomas & Stirling 1983; Thomas et al.
1988; Morrice et al. 1994; Terhune 1994; Rogers
et al. 1995; Thomas & Golladay 1995; Pahl ez al.
1997; Perry & Terhune 1999; Sanvito & Galimberti
2000b). The best documented and most striking
geographical patterns are in Weddell seals, which
show distinctly different call types in different parts
of their range and show some evidence of geo-
graphical variation even on a small spatial scale.

There is strong evidence for geographical and
temporal variation in the songs of humpback
whales (Helweg et al. 1998). Guinee ¢t al. (1983)
tracked changes over 1-2 years in the songs of a
small number of individual whales, and found that
the song of each whale was more similar to other
whales recorded at the same time than to its own
song from a different year. This verifies that indivi-
dual whales modify their songs to match the current
version. The convergence of songs from different
whales sung during the same period, coupled with
progressive and pervasive changes in songs over
time, provide evidence that geographical variation
in humpback songs reflects cultural change (Payne
etal. 1983).

Acoustic characters measured from vocalizations
are candidates for characters that will show inform-
ative patterns of ancestry and descent, but few
systematic or phylogenetic studies of vocalizations
in related species have been carried out for marine
mammals. These studies are complicated by the
clear evidence for vocal learning in odontocetes,
muysticetes and pinnipeds. On the other hand, most
other mammals (especially non-human terrestrial
mammals) appear to inherit pattern generators for
sterecotyped vocal output, and will develop the
species-typical repertoire with little or no auditory
input from conspecific individuals (Janik & Slater
1997). A species-typical vocalization that develops
independently of exposure must represent a highly
coordinated set of inherited traits involving central
pattern generators, and neural control of vocal and
respiratory musculature and of the sound-production
apparatus. Such a complex and coordinated system

may evolve relatively slowly, especially for acoustic
features closely tied to the sound-production
apparatus. These kinds of features are therefore
likely to be informative about higher level phylo-
genetic relationships. Other features such as the
sequential patterning of sound units may evolve
more rapidly and thus be more useful for phylo-
genetic studies at the population or species level.
Stirling (1971) described vocalizations of several
species of southern hemisphere fur seals and Miller
and Phillips (2001) addressed evolutionary con-
servatism of vocalizations in Arctocephalus plus the
northern fur seal. These studies suggest that evolu-
tionary conservatism is likely to be found in general
purpose signals that are shared by different classes
of senders and receivers; these will often be short-
range signals (Moynihan 1973; Fernindez-Juricic
et al. 1999). In contrast, sexually selected displays,
like long-distance broadcast displays of whales
and rutting male pinnipeds, are likeliest to evolve
most quickly. Improving knowledge of phylo-
genetic relationships will permit explicit tests of
evolutionary rates and trends in acoustic commun-
ication of marine mammals (Brooks & McLennan
1991; Ford 1991; Irwin 1996; Prum 1997). To
do so will require more quantitative acoustic ana-
lyses of the similarity of calls than are currently
typically performed, and more comprehensive
descriptions of repertoire structure and signalling
behaviour.

6.6 CONCLUSIONS

6.6.1 Gaps in our knowledge

We know a lot about the diversity of sounds pro-
duced by marine mammals and have a detailed
understanding of how captive dolphins echolocate
on artificial targets, but Jack knowledge in many
areas:

1 Functional anatomy of sound-producing and
sound-filtering structures; mechanisms of sound
production.

2 Acoustic perception (including categorization of
natural sounds).

3 Use of echolocation by odontocetes in the wild
(what are the targets for which this ability evolved?).



4 Use of low-frequency sounds to orientate in and
explore the environment.

5 Vocal development and vocal learning.

6 Functional analyses of vocalizations and vocal
behaviour; the behavioural significance of variation
in acoustic displays.

7 Social recognition through vocalizations.

All these areas present opportunities for future
research. Recent advances in electronics and signal
processing enable quantitative analysis of vocal
repertoires and enable techniques for field identi-
fication of who is vocalizing, and for relating vocal
behaviour to social interaction.

As researchers develop larger databases of animal
sounds with associated information, there is an
increasing need for recordings and data to be made
available for other research purposes (Kroodsma
et al. 1996; Bradbury et al. 1999). In the pion-
eering studies on marine mammal bioacoustics,
sounds were recorded on magnetic tapes that are
deteriorating. Since many marine mammal popula-
tions have vocal repertoires that may change over
time, these early recordings can be extremely
valuable. It can also be very expensive to go to sea,
and much research depends upon serendipitous
circumstances that can be difficult to duplicate.
Many recordings obtained in this work have aesthetic
and scientific value well beyond the use made by
any one investigator. The effort to develop tech-
niques for categorizing marine mammal sounds
would also benefit enormously from some stand-
ardized sets of recorded sounds, so the different
techniques could be evaluated with the same set of
stimuli. Bradbury et al. (1999) and Kroodsma et al.
(1996) argue for the development of systematic
collections of archived marine mammal sounds that
are readily accessible to scientists and to the general
public.

6.6.2 The importance of scale in marine
mammal communication and echolocation

The oceans have few boundaries, on scales from
molecules or micrometres to oceanic basins or
megametres. Even simple ocean processes such as
diffusion may be important over temporal scales
from milliseconds to millenia. Thus it is a common-
place of oceanography that one must be explicit
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about the spatial and temporal scales over which one
is analysing data. When students think of animal
communication, they often imagine one animal send-
ing one signal to a recipient a few metres away that
responds within seconds. Yet the adaptive signi-
ficance of many activities, such as feeding and
reproduction, accumulate over the lifetime of an
animal. There are many cases where the short-term
cost of an interaction, say male-male competition
for dominance in a breeding system, looms large on
short temporal scales, and 1s only outweighed by the
long-term benefit of increased access to females.
When one analyses the function(s) ot animal calls, it
is critical to think carefully about which temporal
scales are relevant, both for costs and benefits. We
have pointed out examples from dolphin whistles
and humpback song where the simple act of categor-
izing calls depends upon choice of temporal scales,
a choice that is seldom discussed explicitly. These
choices may have profound influences upon our
results, and we should think carefully about our
reasons for choosing one particular scale for an
analysis. We also need to think about the spatial
scales that are appropriate for solving particular
problems. For example, an echolocating dolphin
uses high-frequency clicks to detect an obstacle or
prey at a range of 1-100 m. Most baleen whales
migrate thousands of kilometres on an annual basis.
Unlike dolphin echolocation, which functions well
for detecting small targets within 100 m, baleen
whales face problems of orienting over hundreds of
kilometres, problems that would be better addressed
with low-frequency signals.

6.6.3 Importance of bioacoustic research
to conservation

Many marine mammal populations were heavily
exploited over the past centuries (see Chapter 14).
Some, such as the Steller sea cow ( Hydrodamalis
gigas) were driven extinct, and others, such as the
northern right whale (Eunbalaena glacialis), have
poor prospects of surviving another century (Caswell
etal. 1999). For decades it has been recognized that
there is an urgent need to monitor the populations
of marine mammals. Where pinnipeds congregate
on a few breeding beaches, it may be casy to mon-
itor their populations, but many marine mammals
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are dispersed in the oceans. All marine mammals
must surface to breathe, so many census techniques
rely upon sighting animals from ships or airplanes.
Yet most marine mammals at sea are only visible at
the surface for 1-10% of the time, so it is difficult
to count them efficiently or accurately. Other tech-
niques that rely upon sighting animals can track
individuals by photographing natural markings and
can use mark-recapture techniques to estimate popu-
lation size. This approach can be useful for small
localized populations, but can suffer from sighting
biases.

Acoustic monitoring of the vocalizations of
marine mammals has proven to be a useful tool
for estimating the distribution and abundance
of some species. For example, Clark et al. (1996)
spent more than a decade tracking vocalizations
of bowhead whales migrating past Point Barrow,
Alaska, and these acoustic detections yielded much
higher population estimates than visual detections
from the same area. Ships may combine a visual
survey with using an array of hydrophones to detect
and locate vocalizing whales (Norris et al. 1999).
These acoustic data can in some circumstances be
used exactly as visual sightings, with much higher
detection rates for animals such as sperm whales
(Leaper et al. 1992).

An appreciation for the amazing ways in which
marine mammals have adapted to make use of the
acoustic properties of the ocean can help us to
appreciate that man-made noise in the sea may pre-
sent a conservation problem for marine mammals.
Over the past century, the acoustic environment of
the sea has changed with the advent of motorized
shipping, underwater explosives and the develop-
ment of sound sources such as sonars, air guns, etc.
(Richardson et al. 1995). Any or all of these sources
of noise might interfere with how marine mammals
use sound in the sea (Richardson ez al. 1995), so
noise pollution might have serious short- and long-
term impacts on activity budgets, communication,
echolocation, feeding and social structure in marine
mammals.

The study of how marine mammals use sound
is not just fascinating in its own right as basic re-
search, but it also is important for protecting these
animals and encouraging the recovery of endangered
populations.
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