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FUNCTIONAL ASPECTS OF
CETACEAN COMMUNICATION

Perer L. Tyack

My GoaL for this chapter is to present studies of cetacean
communication from the functional perspective of behav-
ioral ecology and ethology. This may involve a view of
communication that is not familiar to readers from other
disciplines. For example, the mathematical theory of com-
munication usually frames communication between one
signaler and one recipient (fig. 11.1A). The signaler is pre-
sumed to know something that the recipient may not
know, and it is assumed to produce a signal to communi-
cate information to the recipient. The information in the
signal is defined by the ability of the signal to reduce uncer-
tainty in the recipient (Shannon and Weaver 1949; Brad-
bury and Vehrencamp 1998). This classic idea of commu-
nication involving reduction of uncertamty is superficially
similar to our typical usage regarding human communica-
tion transmitting knowledge by language.

By contrast, the functional view I follow in this chapter
attempts to look at communication from a much broader
perspective (fig. 11.1B—F). The following list describes sev-
eral non-murually exclusive features of communication
that may not be captured in the classic view:

Advertisement. A signaler may produce an “advertise-
ment” signal more to influence a decision of the re-
cipient than to exchange information. This view em-
phasizes the role of communication in manipulating
the receiver, possibly to its detriment (Dawkins and
Krebs 1978; Krebs and Dawkins 1984). Receivers
that are predictably bombarded by advertisements
may develop sales resistance.

Tonic communication. The classic view of commu-
nication uses a model in which one signal transmits

information to a receiver, often evoking an immedi
ate response (see fig. 11.1A). In some situations,
though, signalers produce long strings of signals
without an obvious response from a receiver (fig,
11.1B). Receivers may monitor signals for a long time
before making a choice, as when a female chooscs «
male based upon advertisement displays. There arc
other situations in which changes in the rate of sig
naling may convey information (Schleidt 1973).

Deception. A signaler may signal to mislead or to in-
crease uncertainty in the receiver. A variety of theo
retical analyses of situations in which the interests of
animals conflict suggest that rather than signaling to
allow an opponent to predict future behavior, ani-
mals might produce signals that either minimize pre-
dictability (Maynard Smith 1974) or that actively
deceive the opponent (Cheney and Seyfarth 1990;
Whitchead and Weilgart, chap. 6, this volume). The
classic view of fighting assessment emphasizes the rolc
of threats in predicting future attacks or retreats,
while the deception view emphasizes the possibility

of blufts or feines (hg. 11.1C).

Environment. Most signals are modified as they pass
through the environment from sender to receiver.
This modification need not represent only degrada-
tion of the signal, but may provide information to
the receiver. For example, songbirds may estimate the
range of a singer by assessing degradation of the signal
(McGregor et al. 1983; McGregor and Krebs 1984b;
Morton 1982, 1986; Naguib 1998). Animals such as
bats and dolphins are well known to learn about their
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environment by listening to echoes of sounds they
themselves have made. Animals may also learn about
their environment from sounds they use for commu-
nication and from the sounds of other animals as well

(Tyack 1997).

Interception. A signaler may produce a signal to com-
municate with one specific class of receivers, but

FuNcTIONAL AsPECTS OF CETACEAN COMMUNICATION

Sea Floor

other receivers may detect the signal and respond to
it, to their advantage and to the detriment of the sig-
naler (Myrberg 1981). These interceptors may be
predators (Ryan et al. 1982) or parasites (Cade 1975)
of the signaler, or they may be competitors, such
satellite males that may seek out females attracted b
the advertisement displays of a territorial male (Cade
1979). Risks of interception may influence the act
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of aagalcagnaler may limic che intensity

ob gl oc cannot be detected beyond the ex-
pevted tainpe ol dhe mcended recipient. Risks of inter-
seprion may - alvo influence the frequency range or
=omory made of asignal, or influence the evolution
of displays that can be directed toward the intended
reaipient in such a manner that they are difficult to
detect from different directions.

Awsociative learning and interspecific communication.
Akin 1o interception is the situation in which a re-
cciver may learn the contexts in which a signaler may
produce a signal intended for some other recipient.
For cxample, verver monkeys may respond appropri-
ately to the alarm calls of a bird and may even recog-
nize that the mooing of cows is associated with the
presence of a human predator, the Masai (Cheney
and Seyfarth 1985).

I will develop an analogy to illustrate the difference be-
tween the classic and functional ecological views of com-
munication. During the past few decades, while behavioral
ccologists and ethologists have developed the functional
view of communication in animals, 2 human communi-
cation system has actually changed from a simple classic
mode of operation to a more complex form of communica-
tion involving many aspects of the functional perspective

have described above. Starting in the 1960s, the U.S. De-
partment of Defense funded the development of an carly
version of the Internet, called the ARPANET, to link com-
puters by phone lines to allow more efficient use of limited
computer resources (Hafner and Lyon 1996). It quickly
became obvious that electronic mail using this neework
could speed up communication of commands and ques-
tions and answers between the military, defense contrac-
tors, and academics. While each message typically had one
originator and one intended receiver, a complex distrib-
uted network for sending these messages was developed on
the ARPANET. Some of the design features of this distrib-
uted nerwork were developed by a consultant concerned
with the vulnerability of centralized communication sys-
tems in case of a nuclear attack (Hafner and Lyon 1996).
Fach computer was linked to several others, so that if one
hode of the network stopped functioning, the message
could immediately be rerouted along the best new path.
Now, in the 1990s, this network has opened up to a much
hroader world. While the initial Internet was designed for
clssie models of information exchange between two indi-
viduals for mucual benefit, cyberspace is now a completely
ditferent landscape. One person may send a message to
thousands of recipients with ease. Internet users may be
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attacked by spam—mass advertisements indiscriminatcl

sent to unwilling receivers. Malicious computer prograim

mers devote enormous ingenuity to designing computer vy

ruses—sequences of code not designed to transfer inforn.

tion to the receiving computer, but rather to take over soms
of its resources or to interfere with its operation. A messags
may be sent through one computer not to communicate with

it, but rather o obscure the actual identity of the signaler,

The world in which animals communicate is more like -
cyberspace than like the original ARPANET. Over the long

course of evolutionary time, animals have evolved adapta

tions to take advantage of any opportunity provided by

communication systems, and this exploitation has stimu

lated countermeasures. The fullest view of communicatios
is not limited to educational messages between cooperating
partners, but also includes competition, advertisement.
parasitism, and predation. What we observe today is the
product of complex balances of the costs and benefics of

many of these relationships. In this chapter, I present

functional view of cetacean communication in this broud

ecological context.
Many recent reviews of animal communication empha

size elements of this functional perspective (e.g., Alcock
1998; Bradbury and Vehrencamp 1998; Krebs and Davics
1993), but it is less common in previous reviews of cetaccan
communication (e.g., Herman 1980) or of vocal behavios
and hearing in cetaceans (e.g., Richardson et al. 1995h).
One reason for this contrast is that it is often easier for s

human to study the functions of communication in ani

mals that share our own terrestrial environment than o
work in a foreign environment, which often requires special

methods. When humans study communication in terres

trial animals, we naturally can rely upon our own senscs,

which are adapted for the terrestrial environment, to detect
communicative displays. We also draw upon our familiu

ity with the terrestrial environment to infer the intended

recipient of a display. For example, when a cricket calls o
a bird sings, we usually have an intuitive sense of how f
away an animal might sense the display. The senses of mu
rine animals are adapted to a very different environment,
one that is more difficult for biologists to sense directly and
to understand intuitively.

When we monitor terrestrial animals, we also can inte
grate information from all of our senses as we follow an
interaction, often tapping skills from our own specics
specific communication system. For example, when a non
human primate calls, it may also direct its gaze toward (hc
intended recipient of the call. Since the human primate also
uses gaze in this way, it is relatively simple for a biologist to
interpret the interaction. Direction of gaze has even proved

Tyack
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&

owerful response measure for playback experiments with
{ primates (Cheney and Seyfarth 1980). All of these

ors make it easier for us to understand the communica-

ive context of displays by terrestrial animals than by ma-

se animals such as cetaceans.
Phylogenetic similarities between human observers and
¢ nonhuman primate subjects have costs and benefits
i the observer. To the extent that displays such as facial
ressions are homologous, the observer may more easily
- able to understand and interpret the display. On the
her hand, this similarity raises the potential for unques-
ned or unwarranted anthropomorphism. When humans
serve a chimpanzee, they may be more susceptible to an-
pomorphic interpretation than when watching an ani-
as foreign as a dolphin. One can seldom study wild
ceans simply by watching and listening to them and
erring what is happening, as is possible with some terres-
animals. Biologists who study cetaceans in the wild

%’é‘}?i} needed to develop a suite of novel methods and study

%

gns (see Whitehead et al., chap. 3, this volume). Diffi-
slties in identifying which cetacean produces a particular
acalization have been an obstacle to teasing apart the pat-
s of signal and response that make up a system of com-
inication. In order to overcome these difficulties, studies
# communication in cetaceans have used an unusually di-
s¢rse array of methods. While this has taken extra time and
ort, the results ultimately may be less subjective and
sre valid than those of studies relying upon easier but
sore subjective methods. Some of the methods initially
veloped for cetacean research, such as acoustic localiza-
n, are now being used with other taxonomic groups to
iswer questions where the simpler methods are inade-

guate (McGregor et al. 1997).

However, the evolutionary distance between cetaceans
wil primates has not prevented anthropomorphism from
ifluencing our understanding of cetacean communication.
wshn Lilly was one of the first scientists to discover the
“markable imitative abilities of dolphins. Marine mam-
asals do stand out as radically different from most nonhu-
suan terrestrial mammals in this ability. Since humans also
sse vocal imitation, Lilly jumped to the conclusion that if
salphins have large brains and can imitate, they must pos-
@i% 2 communication system very similar to human lan-
ipe :

All of dolphin culture may be transmitted in somewhat the

way primitive human tribes transmit knowledge from one gen-

sration to the next with long folk tales and legends. . . . (Lilly

1975: 17)

I bielieve that rather than leaping to analogies with human
lsnguage, it is a more profitable research strategy to study

FuncTionaL AspecTs OF CETACEAN COMMUNICATION

how cetaceans actually use communication to solve specific
problems in their natural environment (Tyack 1993). | will
present cetacean results in a broad comparative perspective,
including examples from many different animal groups.
My presentation of these results in the functional frame-
work of behavioral ecology is designed to highlight the
many areas of commonality with studies of communication
in terrestrial animals. The basic theories of behavioral ecol-
ogy are equally applicable in the sea and on land. T will
also highlight areas in which cetaceans differ from terres-
trial animals, areas of particular interest from a comparative
perspective. Some of these differences stem from the physi-
cal properties of seawater versus land (Tyack 1998); others,
such as the effect of diving upon vocalization, depend upon
the interaction of biology with the physical properties of
the environment (Janik and Slater 1997).

The phylogenetic distance from cetaceans to many other
mammalian groups makes convergent characters particu-
larly interesting. For an example harking back to Lilly’s
comparisons with humans, while vocal imitation is critical
for human language and music, most nonhuman terrestrial
animals appear unable to modify their vocal repertoire
based upon what they hear (Janik and Slater 1997). Several
groups of marine mammals, including seals, whales, and
dolphins, have highly developed skills for vocal learning,
If their terrestrial ancestors did not have these skills, then
this means that vocal learning evolved independently in at
least two mammalian taxa that independently entered the
sea: seals and cetaceans. This provides two independent
groups for analyzing the selective pressures leading to the
evolution of vocal learning. By comparison, if such a skill
were found in chimpanzees, it would be difficult to deter-
mine whether this similarity with humans arose from a
shared ancestor with the trait or through mdependent evo- -

lutionary events.

The basic questions I will address include “What are the
functions for which cetaceans evolved particular signals?”
and “Whar are the factors that cause these signals to have
particular design features?” The structure of the problems
and the features of communication described above are
very important for deciphering what a communication sig-
nal is designed for and why it has particular physical fea-
tures. Here are some examples of new results using a variety
of methods to study cetacean communication, followed by
some of the kinds of questions on communicative fine
tions that will be addressed in this chapter:

Mechanisms of sound production. The sperm &%ki&i&*
(Physeter macrocephalus) devotes about a qut
body length to the spermaceti organ, wh
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to function primarily to produce loud clicks (see

Whitehead and Weilgart, chap. 6, this volume). The

vocal repertoire of sperm whales involves variations

in these clicks.

* What justifies such a massive investment in such a
unique sound production organ?

* What are the critical features of sperm whale clicks
driving the evolution of this organ?

Correlations between structure and Sunction of songs.
Humpback whales sing complex series of sounds that
may last for tens of minutes before repeating (Payne
and McVay 1971). These songs sound so musical to
our human ears that recordings of them have become
commercial best-sellers,

* Why do humpbacks sing these songs?

* Why does humpback song have such a complicated

acoustic structure?

Vocal learning. Humans are the only terrestrial mam-
mal with well-developed abilities of vocal learning,
yet many marine mammals, including whales, dol-
phins, and seals, are exceptional vocal mimics, These
unusual imitative abilities form the basis of the popu-
lar stories that dolphins have a “language.”
* What are the functions of vocal learning in the nat-
ural communication systems of marine mammals?

Lcholocation and communication, Dolphins have a
remarkable syscem for echolocation using  high-

frequency clicks (Au 1993), and they also produce a

diverse array of sounds used in social communica.
tion. Biologists often appear to assume that ccholoca
tion and vocal communication are independent abili

ties.

* Might some echolocation signals
formation to other animals?

* Might the evolution of skills for echolocation in-
fluence the evolution of vocal

also transmic in-

communication, or
vice versa?

Long-range communication, Biologists using technol-

ogy initially designed to track submarines have been

able to hear loud low-frequency vocalizations of fin

and blue whales from hundreds or even thousands

of kilometers away (Costa 1993; Clark 1994, Clark
1995).

* Do the whales themselves communicate over such
long ranges?

* What can a fin whale near Iceland need to know
from a fin whale near Bermuda?

* The sounds of fin and blue whales produce echoes

from the seafloor and distant seamounts. Do whales
use these echoes to orient or navigate? Might thes
sounds function both for communication and fos
echolocation?

This chaprer attempts to put what we know abou «et
cean communication into its ecological and social conte
The marine environment presented ancestral cetice
with a new set of selection pressures for each modality

sending and receiving signals. T will briefly discuss how

marine environment influences communication in .
sensory modality: chemical, tactile, electrical, visual, s
acoustic. The rest of the chapter focuses on acoustic ca ‘

tion problems faced by whales and dolphins. This analy
asks how communication works as a system: for exan
who are the intended recipients of a signal? Are there

intended recipients who intercept the signal to their ows
advantage? This question includes the potential for ines

specific communication, particularly in predator-prey rc
tions. I close the chapter by comparing echolocation
communication, by discussing the role of vocal learnin

EH

Sensory Modalities for Communication
in Cetaceans

Tens of millions of years ago, the ancestors of cetaccans

gradually evolved from a terrestrial existence to livir
i the sea for their entire lives. These terrestrial mam

nals, most closely related to modern ungulates (see Eiscis-
berg 1981 for a general review), underwent enormos
changes as they adapted to the marine environment. N
only did their bodies have to change to allow them s
swim more cthiciently, but cheir sensory systems and vocad
apparatus had to adapt to functioning in the dense wates
medium. “The physical characteristics of the ocean cn-

vironment also greatly modified the usefulness of i
ferent sensory modalities for achieving particular con
municative ends. For example, vision is important among
terrestrial animals for sensing objects at long ranges. Of ali
the ways to transmit information through the sea, however,
sound is the best for communicating over a distance.
Whales may hear one another at ranges of up to hundreds
of kilometers, but they see one another underwarer at
ranges of no more than tens of meters. This means thas
hearing may be more important than vision as a distance
sense for marine animals, and that vocal communication

PeTeR L. Tyack
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. used preferentially for rapid long-distance com-

Chemical Communication

cal communication is common among terrestrial
nals and many marine organisms. Chemical commu-
n was almost certainly an important mode of com-
tion among the terrestrial ancestors of cetaceans,
appears to be limited among cetaceans. The olfactory
and nerves, which function in terrestrial mammals
nsing airborne odors, are reduced in mysticetes and
 in odontocetes (Breathnach 1960; Morgane and Ja-
972). Little is known about how whales and dolphins
sense waterborne chemicals (Kuznetsov 1979). Most
riments on the chemical senses of cetaceans have tested
nsiveness to basic tastes such as sweet, sour, salty, or
¢ (Friedl et al. 1990), and the sensitivity of dolphins
faste appears to be about an order of magnitude less than
t of humans. There have been some suggestions of use
heromones among cetaceans (e.g., Nortis and Dohl
130b). M. C. Caldwell and D. K. Caldwell (1972b, 1977)
it out the presence of pores from anal glands in bottle-
dolphins, and they suggest that these might release a
mone. Norris (1991b) speculates that male spinner
shins (Stenella longirostris) use chemical cues to sense
reproductive state of adult females. Little is known
ut how cetaceans might detect pheromones, and more
perimental research is needed to test for pheromones and
specialized abilities to sense them. If cetaceans have only
tited use of chemical communication, this may in part
i from the limited ranges of diffusion in water com-
ed with the mobility of these animals.

Tactile Communication

sich is important for communication at short range in
a8t cetacean species (e.g., Chapters 4-7, this volume).
s they evolved a streamlined, hydrodynamically efficient
lisdy, most cetacean species lost external sensory hairs or
vibrissae. However, most cetaceans retain a few residual
fiair follicles on the rostrum or upper jaw, and well-
snervated hair follicles are present in the Amazon River
dolphin, Inia geoffrensis (Simpson and Gardner 1972). The
#kin of cetaceans is well innervated and is very sensitive to
touch. Nerve endings are particularly dense in the dermis
sear the eyes, blowhole, jaw, flukes, vulva, and perineum
{dimpson and Gardner 1972; Kolchin and Bel’kovich
1973). Ridgway and Carder (1990) used somatosensory
#voked potentials to assess the sensitivity of bottlenose dol-
phins to vibratory skin stimulation. They suggested that
she most sensitive areas are at the angle of the gape of the

jaw and around the eyes, snout, melon, and blowhaole.
These areas are about as sensitive as human skin on the
lips or fingers. ’ ’

Dolphins and whales may rub or caress one another wi
their flippers or other parts of the body. Up to one
of the members of an active school of wild spinner dof
have been estimated to engage in caressing at any one time
(Johnson and Norris 1994). Gentle rubbing scems to play
an important role in maintaining affiliative relationships in
some dolphin species, perhaps analogous to that of s ;ai
grooming in primates (Norris 1991b; Samuels et al. 1989),

For many cetacean species, sexual contact appears to
have a variety of social and communicative functions in :;dw
dition to procreation. Sexual activity is often reported for
all-male groups (e.g., Newman 1976 for gray whales), and
copulation is commonly observed between animals that are
not sexually mature (Connor et al., chap. 4, this volume).
D. K. Caldwell and M. C. Caldwell (1972a) report that in-
fant male bottlenose dolphins in captivity attempt to mate
with their mothers within a fewweeks of birth. Brodie (1969)
has suggested that nursing in toothed whales may not
only function in nutrition, but may also take on an affilia-
tive communicative role, reinforcing the mother-calf bond.

Cetaceans engage in a variety of contact behaviors in
aggressive interactions, but few studies have isolated a sig-
nal role as opposed to the physical displacement, pain, or
harm the contact causes. This finding raises an important
distinction that illustrates the usefulness of the concept of
information for communication researchers: If an animal
is said to be responding to a communicative signal, then
it must be responding to the information sent, rather than
to the physical effects of the signaling action.

Electrical Communication

Many groups of freshwater and marine fish are able to serise
electrical signals that can propagate over limited distances
in water (Hopkins 1977). Some species, such as the electric
eel, are also well known to be capable of producing electri-
cal discharges powerful enough to stun predators or prey.
Other groups of freshwater fish, such as the gymnortid fishes
of South America and the mormyriform fishes of Africa,
produce complex electrical signals that are used for social
communication. Electrical communication is characterized
by signals that travel very rapidly, fade out quickly, zmii
have ranges typically limited to less than a meter or so in
water. Since so few aquatic organisms are highly sensitive
to electrical signals, they also form a relatively private chan-
nel for communication, reducing the risk that predators «
prey will detect a signaling animal. Cetaceans are like
mammals in not being particularly sensitive o @
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ficlds. They are unlikely to use electrical signals themselves,
and would be relatively insensitive to such signals from prey
organisms.

Even though cetaceans do rot use electrical signaling,
there is one area where comparisons with electric fishes are
useful. This involves potential interactions between using
signals to communicate and using signals to learn about
the environment. Many fish that have both electric organs
and electroreceprors can detect objects in their environ-
ment by sensing distortions in the electric field emitted by
their own bodies. Some fish can also detect the electric
fields generated by other organisms, such as prey. The same
abilities to send and receive electrical stimuli may be used
by these fish either for communication or to learn about
their environment. Some cetacean species have a similar
ability to use sound either to communicate or to learn
about their environment through echolocation, and this
ability creates the potential for evolutionary interactions
between these two functions.

Visual Communication

Most marine cetaceans have a well-developed sense of vi-
sion, but several species of dolphins living in turbid riverine
environments have eyes with reduced capabilities for form-
ing optical images. The platanistid river dolphins, Plaz-
anista minor and Platanista gangetica, have no lens in the
eye at all, and the transparency of the cornea is limited
because it is vascularized (Dawson 1980). Whilc visual acu-
ity is reduced in these species, they may be able to form
crude images using the narrow aperture of the pupil in a
manner analogous to a pinhole camera. Most other ceta-
ceans have transparent and colorless lenses and corneas, but
the Amazon river dolphin, /nia geoffrensis, has a lens that
is deep yellow in color (Dawson 1980). It has been sug-
gested that in the brown waters typical of most of the Ama-
zon, this yellow filter might function as well as a clear one.

The eyes of many cetaceans have specific adaptations for
underwater vision. Terrestrial eyes rely upon refraction as
airborne light enters the aqueous cornea, but this effect is
greatly reduced in aquatic animals, and the optics of ceta-
cean eyes have been modified as a result. Deep-diving ceta-
ceans enter a cold and dark environment in which blue-
green light penetrates the best. The photopigments of
cetaceans are shifted toward the blue end of the spectrum
compared with those of terrestrial mammals, and they also
have a tapetum lucidum that reflects light and increases
the sensitivity of the retina at low light levels (Mobley and
Helwep, 1990). Ceracean eyes also must be protected
apainst the strong fluctuations in temperature and pressure
that occur during dives. A few hundred meters below the

PeTEr L.

sea surface, the water temperature hovers only a few degre:
above 0°C.

Anyone who has observed a captive bottenose dolph;
leaping 5 m into the air to catch a small object would n
be surprised to hear that these animals have in-air visi

that is nearly as acute as their vision underwater (Hermuags
et al. 1975). Many species of toothed whales clearly can be
seen to observe objects in the air when their heads arc o
of the water. Baleen whales and some odontocetes engays
in a specific behavior, called spyhopping, that is thoughi
to be used for inspection of objects in air (Madsen and
Herman 1980). It has been suggested that in-air vision may
play a role in foraging, surveillance, and orientation among

cetaceans (Mobley and Helweg 1990).
Mobley and Helweg (1990) discussed evidence that cc

taceans have adaptations favoring motion detection, whici
might select for moving versus static visual stimuli. They
also presented evidence that bottlenose dolphins are excel-
lent at estimating the distance to an object. The visual skills
that dolphins display when catching a ball in a show ars

likely to be equally useful for detecting, tracking, and cap
turing prey. These visual skills may complement the eche
location skills of odontocetes, and are likely to be particy
larly useful during daylight at close range. For exampl

some bottlenose dolphins in the wild hit fish so hard widh
their flukes that they knock the fish into the air (Well
et al. 1987). After hitting a fish, the dolphin can track the
fish in the air and catch the fish in its mouth as the fsh

hits the water.

Most cetacean species are reported to use some visual
signals as communicative displays. Both aggressive and scx-
ual interactions often involve visual signals at close rangc.
Many aggressive visual signals in cetaceans follow patterns
that are common among other mammals, including vigo
ous movements of the head toward another animal, jerking
the head, opening the mouth, or even making threats tha
resemble biting actions (Overstrom 1983; Samuels and
Gifford 1997). Some behaviors appear to function to in-
crease the apparent size of a male, and these behaviors may
function as visual displays (see Clapham, chap. 7, this vol
ume). For example, male humpback whales (Megaptera no-
vaeangliae) competing for access to females may lunge with
their jaws open, expanding the pleated area under the lower
jaw with water. Several observers have suggested that this
may function to increase the apparent size of a competitor
(Tyack and Whitehead 1983; Baker and Herman 1984),
Other male cetaceans may have thickened areas of calluscd
skin. While these secondary sexual features may function
as weapons or armor during fights between males, they may
also function as a visual signal to either potential competi-

Tyack
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#5 or potential mates (Payne and Dorsey 1983). Some
eans retain white pigment where they have tooth rakes
m fights (sperm whales: Best 1979; Grampus griseus and
eioplodon carlhubbsi: Leatherwood et al. 1983). This
ight function in a similar way as a visual badge of fighting
perience or fighting ability. Visual signals that have been
lentified in submissive interactions among dolphins in-
iide flinching, looking away, and orienting the body away
m another animal (Samuels and Gifford 1997). Thrust-
or presenting the genital region toward another animal
ay function as sexual visual signals. Direction of gaze is
1 important visual cue among primates, and Pryor (1991)
ggests that gaze cues may be important for cetaceans in
r water as well as in air.
Many cetacean species have distinctive pigmentation
terns (e.g., Yablokov 1963; Mitchell 1970; Perrin
497). Most biologists have emphasized the role of pig-
ent patterns as camouflage or disruptive coloration
ainst visually hunting predators (e.g., Madsen and Her-
1 1980; Wiirsig et al. 1990). Biologists find these pig-
entation patterns to be very useful for identifying species
il even individual animals, but little is known about

whether cetaceans use them as signals in their own social
interactions. Variation in pigmentation and morphology is
inrrelated with age-sex classes among dolphins of the genus

Stenella (Perrin et al. 1991). The pigmentation patterns
1ong species such as the humpback whale are highly indi-
widually distinctive (Katona et al. 1979), so animals that
wim within visual range would certainly have sufficient
ities to discriminate a large number of individuals.

Exhaling to produce underwater bubbles creates a set of
wisual displays that are unique to aquatic animals. Some
lolphins occasionally blow streams of bubbles that are
highly synchronized with the production of whistle vocal-
szations (D. K. Caldwell and M. C. Caldwell 1972a). These
bubble streams are a highly visible marker identifying who
socalized, but it is not known whether dolphins respond
#0 this visual accompaniment of the acoustic signal. Hump-
tack whales produce bubble streams in aggressive interac-
#ions during the breeding season (see Clapham, chap. 7,
this volume). In competitive groups, they emit streams of
bubbles typically in a line as long as 30 m (Tyack and
Whitehead 1983). A male escorting the female in such a
group may place a bubble stream between a challenging
smale and the female, perhaps as a visual screen. Pryor
{1991) reports that a young male spotted dolphin (Stenella
attenuata) used a cloud of bubbles created by a breach as
s visual screen to facilitate escape. Humpback whales are
sho reported to use bubbles in an unusual form of interspe-
<ific communication. In certain circumstances, feeding

 inhalation. However, many cetaceans vocalize underwa

humpbacks produce a series of large bubbles. Their prey
seem to respond to these bubbles, and the humpbacks ap-
pear to use these bubble “nets” to increase the concentta-
tion of prey before they engulf a mouthful (see Clapham,
chap. 7, this volume). As was discussed with agg con
tact behaviors, the concept of communication is usually
limited to signals that evoke a response through informa-
tion transfer, rather than through the physical effects of the
signal. It is not known whether bubble nets act as a si “'i‘isﬂm
fish or whether the bubbles act as an obstacle or physically
concentrate the fish prey.

With the exception of bubbles, which are unique to
aquatic animals, the visual signaling of marine mamm;‘zl&
seems similar to that of their terrestrial relatives. Terrestrial
animals also have male secondary sexual characteristics such
as ornaments or weapons, they have visual agonistic dis-
plays that appear to be ritualized from fighting behavior,
they use gaze cues, and they use pigmentation for camou-
flage. However, the range of vision is much more limited
in water than in air, with daytime vision usually limited to
a few meters in the sea.

Acoustic Communication and Echolocation

Communication using the auditory modality is emphasized
throughout the rest of this chapter. In this section, auditory
processing and echolocation will be discussed. An und.er~
standing of auditory processing is important for evalu:fmng
which acoustic features of a vocal communication signal
may be most salient to the recipient of the signal. Echolo-
cation is an important vocal and auditory adaptation for
many dolphins and toothed whales.

Adaptations of cetaceans for sound production and hearing
underwater. The basic mechanisms for sound production
are similar in cetaceans and terrestrial mammals: both make
sound by passing air under pressure past membranes that
vibrate. However, the differing densities of air and water
make for some differences, as do the special needs of ani-
mals that dive while vocalizing. When a terrestrial animal
vocalizes, it usually must open its mouth to propagate
sound into the surrounding air. When cetaceans vocalize
underwater, sound vibrations in their soft tissues, which
are about the same density as seawater, transfer well to the
surrounding medium. This means that cetaceans do not
need to open their mouths or blowholes when they vocalize
underwater. When terrestrial animals vocalize, they ust
simply do so while exhaling, and fill their lungs on the

when they cannot breathe again for tens of minutes. For
example, humpback whales may sing for 10-20 minuis
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without surfacing to breathe and without emitting air bub-
bles. This observation suggests that if sound production
involves the flow of air in the vocal tract, this air may need
to be stored in the upper respiratory tract and recycled in
between vocalizations.

Cetaceans have an auditory anatomy that follows the
basic mammalian pattern, with some modifications to
adapt to the demands of hearing in the sea. The typical
mammalian ear is divided into three sections: the outer ear,
the middle ear, and the inner ear or cochlea. The outer ear
is separated from the inner ear by the tympanic membrane,
or eardrum. In terrestrial mammals, the outer ear, eardrum,
and middle ear function to transmit airborne sound to the
inner ear, where the sound is detected in a Auid. Since ceta-
ceans already live in a fluid medium, they do not require
this matching, and cetaceans do not have an air-filled exter-
nal ear canal.

The inner ear of cetaceans shares the same basic design
with that of terrestrial mammals. The inner ear is where
sound energy is converted into neural signals that are trans-
mitted to the central nervous system via the auditory nerve.
Sound enters the inner ear, or cochlea, via the oval window.
This acoustic energy causes a membrane, called the basilar
membrane, to vibrate. The motion of the membrane cre-
ates a shear force on hair cells, generating acoustically stim-
ulated neural signals. The key to how the mammalian inner
car operates involves the mechanical tuning of the basilar
membrane. This membrane is stiff and narrow at the basal
end, near the oval window, causing it to vibrate when ex-
cited by high frequencics. Farther into the cochlea, at the
apical end, the basilar membrane becomes wider and flop-
pier, making it more sensitive to lower frequencics. Sensory
cells at different positions along the basilar membrane are
excited by different frequencies, and their rate of firing is
proportional to the amount of sound energy in the fre-
quency band to which they are sensitive. Thus the mamma-
lian ear basically measures sound energy in a series of fre-
quency bands.

The ability of mammals to discriminate different fre-
quencies appears to be related to the density of neurons
receiving input from sensory cells on the basilar membrane.
The density of these ganglion cells is expressed as the
number of cells per millimeter along the basilar membrane.
Humans and the greater horseshoe bat (Rhinolophus fer-
rumequinum) are mammals with excellent hearing. They
average about 1,000 ganglion cells per millimeter (humans:
Schukneche and Gulya 1986; bat: Bruns and Schmieszek
L980O; reviewed in Ketten 1990). The greater horseshoe bat
has ancarea along the basilar membrane that is particularly
rensitive, corresponding to the frequency of its echoloca-
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tion calls. This “acoustic fovea” has a density of 1,750 gan
glion cells/mm (Bruns and Schmieszek 1980). As might |

Box 11.1

be expected for animals that rely so heavily upon hearing,
cetaceans have an unusually high density of these ganglion
cells (Ketten 1990). Pacific white-sided dolphins, Lagens
thynchus obliquidens, and spotted dolphins, Stenella attenu
ata, have about 2,000 ganglion cells/mm. The bottlenose
dolphin has abourt 2,500 ganglion cells/mm. The harbos
porpoise averages 2,750 cells/mm, and Ketten (1997) sug,
gests that porpoises may also have an acoustic fovea at the
frequency of their echolocation calls. Among mammals,

 Frequency (Hz, kHz), wavelength, and bandwidth.
A sound that we perceive as a pure tone has a sinusoidal
pattern of pressure fluctuations. The frequency of these
pressure fluctuations is measured in cycles per second.
The modern name for the unit of frequency is the Hertz,
and just as 1,000 meters are called a kilometer, 1,000
Hertz are called a kiloHertz, abbreviated kHz. The wave-

dolphins have extraordinary abilities of discriminating dif

ferent frequencies, and can detect a change of as little as
0.2% in frequency (Thompson and Herman 1975). This

is roughly equivalent to the abilities of humans revealed in
similar psychoacoustic tests.

Hearing ranges in cetaceans. The hearing ranges of animals
can be estimated anatomically. The resonant frequencics
of the basilar membrane can be estimated by measuring its
dimensions. Ketten (1994) has analyzed inner ears from
twelve cetacean species and suggests that there are threc
basic patterns. The baleen whales have inner ears thar ap-
pear to be specialized for low-frequency hearing. The apical
end is unusually wide and floppy, probably allowing these
whales to hear sounds best in the range of approximarcly
20-200 Hz. All of the toothed whales studied by Ketten
(1994) had inncr cars that were specialized for high frc-
quencies racher than very low frequencies. All of the smaller
odontocetes had measurements from the basal end of the
basilar membrane that were consistent with an upper limit
of hearing well above 100 kHz. There appeared to be two
basic odontocete inner ear types. The inner ears of animals
such as Tursiops appeared to be consistent with a generalist
adaptation for high-frequency hearing with best frequen-
cies ranging from 40—70 kHz, while the inner ears of por-
poises and the platanistid dolphins appeared to be particu-
larly specialized for hearing above 100 kHz.

For cetaceans that are held in caprivity, hearing ranges
can be measured directly by training these animals to re-
spond to tones. Audiograms plot the level of sound tha is
just detectable by a subject as a function of frequency. The
lower a sound level a subject can detect, the more sensitive
its hearing. Audiograms thus typically have a U-shaped
curve, with low thresholds (best hearing) in a central fre-
quency range and higher thresholds (less sensitive hearing)
at higher or lower frequencies. Figure 11.2 presents audio-
grams for a range of toothed whales that have been tested
in this way. All of these odontocetes have hearing that is
specialized for sensitivity at frequencies well above what
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length of this tonal sound is the distance from one mea-

surement of the maximum pressure to the next maxi-
mum. Sound passes through a homogeneous medium
with a constant speed, . The speed of sound in water
is approximately 1,500 m per second, or roughly five
times the value in air, which is 340 m/second. The speed
of sound ¢ relates the frequency fto 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 and 300 Hz,
would be described as having a bandwidth of 100 Hz.

Sound intensity, sound pressure; decibel, dB; micro-
Pascal, pPa. Sound intensity is the amount of energy
per unit of time (power) flowing through a unit of area.
The intensity of a sound equals the acoustic pressure
squared, divided by a proportionality factor that is spe-
cific 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, ¢.

Pressure*
pc

If Tand Irefare two intensities, then their difference in

decibels (dB) is calculated as follows:

I
Intensity difference (dB) = 10 log[—
. ref

Intensity = (11.1)

(11.2)

For the intensity levels and pressure levels to be compa-
rable in dB, the difference in sound pressure is defined
as follows:

P
Pressure difference (dB) = 20 log— (11.3)

Py

This maintains the appropriate proportionality of inten-
sity and pressure (if 7 « P? then log I « 2 log P) for
sounds in the same medium. As an example, take a

Definitions of Acoustic Terms

sound measured to be 10 times the pressure reference.
This would be a pressure difference of 20 dB re 7
by equation (11.3). Since intensity is proportional s
pressure squared, the intensity of this sound would be
10% or 100 times the intensity of the reference. This
would still be 20 dB re the reference intensity, by the
definition of intensity in equation (11.2).

The primary definition of the decibel is as a ratio of
intensities. The decibel always compares a pressure or
intensity with a reference unit. The standard underwater
reference Iref is the intensity of a sound having a pres-
sure level of 1 uPa (Urick 1983). The microPascal is a
unit of pressure: 1 {Pa = 1076 Pascal = 10~ Newtons/
m?, Both intensities and pressures are referred to a unit
of pressure, 1 UPa, in a form of shorthand. When an
intensity is referred to pressure of 1 UPa, it really means
referred to the intensity of a continuous sound of pres-
sure equal to 1 tPa. Confusion about decibel references
and pressure versus intensity can have significant practi-
cal consequences (Chapman and Ellis 1998).

Doppler. When echoes from a moving source bounce
off a moving target, the frequency of the echo is shifted
by the Doppler effect. The change in frequency Af =
(2uf)/c, where v is the difference in velocity between
source and target and ¢ is the speed of sound.

Hydrophone. A hydrophone is an underwater micro-
phone that converts the pressure fluctuations of a sound
into voltage fluctuations.

Received Level and Source Level. If you measure the
pressure of a sound at some location with a calibrated
hydrophone, you can report the received level of that
sound in decibels, simply as 20 log Pregurea! Peer- If P =
1uPa, then this would be expressed as Received Level
= XX dB re 1uPa. However, if this was measuring a
specific sound source, and you want to report how loud
it was, it is conventional to report the source level as
measured one meter from the sound source. Source lev-
els are expressed as Source Level = XX dB re 1jPa at
1 m. If you measure the sound farther away, and you
know how sound energy was lost as it propagated from
1 m to where you measured it, you can correct the e
ceived level to give an estimated source level.
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Figure 11.2. Audiograms of a variety of toothed whales
tested in captivity. (From Richardson et al. 1995b.)

humans hear (reviews in Au 1993 and Richardson et al.
1995b). Their best frequencies extend from about 20 kHz,
the upper limit of human hearing, o abour 70 kHz. The
upper limit of hearing in most toothed whales that have
been tested extends above 100 kHz, or more than five times
the upper limit of human hearing. Ambient noise levels are
usually low in this high-frequency region (Urick 1983). In
such a low-noise environment, the ability to detect a faint
signal may depend upon having hearing that is sensitive
compared with the typical noise levels. Noise levels tend
to be much higher at lower frequencies, lowering the bene-
fit of such sensitive hearing in this frequency range. The
sensitivity of hearing in most of these toothed whales drops
off at frequencies below about 10 kHz. Hearing has not
been well studied below 1 kHz, but these animals appear
to be relatively insensitive to low-frequency sounds (Rich-
ardson et al. 1995b). Hearing is still important at these
low frequencies, however; many odontocetes produce vocal
signals with dominant energy below several kHz (e.g., Con-
nor and Smolker 1996; Overstrom 1983).

The frequency range of hearing has never been tested
m baleen whales. Hearing is usually tested with trained ani-

mals, and baleen whales are so big that only a few have
kept for short periods in captivity. However, as mentic
above, the frequency tuning of the inner ear suggests tis;
are specialized for low-frequency hearing (Ketten 1994} 4
we shall see, the vocalizations of baleen whales concen
sound energy well below 1 kHz, and some species, suck
fin and blue whales, produce sounds with dominant ene:
below 20 Hz, well below the frequencies humans can hs
well. There tends to be a rough correlation between 1
frequencies at which most animal species can hear best
the frequencies typical of their vocalizations, so thesc low
frequency vocalizations of baleen whales also suggest
importance of low-frequency hearing.

Echolocation. Echolocation, defined as the ability to p
duce high-frequency clicks and to detect echoes
bounce off distant objects, is highly specialized in so
odontocete species. Echolocation has been studied most s
the smaller toothed whales that can be kept in captiviss
(Au 1993). Several distinct kinds of echolocation signal
have been reported for different species. For example, fig
ure 11.3 shows two examples of odontocete echolocativii -
pulses, one from the bottlenose dolphin (Tursiops trunia
tus) and one from the harbor porpoise (Phocoena phocoen!

A  Tursiops truncatus B Phocoena phocoena

}
300
0 Time (us) 300 Time (us)
0 100 200 0 100 200
Frequency (kHz) Frequency (kHz)

Figure 11.3. Waveforms (top) and spectra (bottom) of clicks from the bottlenose dolp'hin, Turs.zops
truncatus (A) and the harbor porpoise, Phocoena phocoena (B). The bottlenose dolplr{m figure is
an average from an entire click train (adapted from Au 1980). The harb'or porpoise figure
is from a single click from a young animal (adapted from Kamminga 1988).

The Tursiops pulse has a sudden onset, increasing to i

peak level in tens of microseconds. The maximum peak:

to-peak sound source level is quite high, >220 dB re 1 pPs

at I m (sce Box 11.1 for an explanation of how acousticians

measure intensity of sound in decibels, or dB). Thesw
louder levels tend to be recorded from animals in opes
waters echolocating on distant objects. Peak-to-peak sourc
levels as low as 150—160 dB re 1 wPa at 1 m have alw
been reported, typically from captive animals in tanks (v
ans 1973). The Tursiops pulse in figure 11.3A was recordcd
from a trained dolphin as it was echolocating in open w.
ters on a distant artificial target. When wild bottlenose
dolphins are recorded as they echolocate, their pulses are
typically reported to have energy in a broad range oi
frequencies from about 100 to 130 kHz (Au 1993). The
Tursiops pulse in figure 11.3A has a peak frequency of 117
kHz and a bandwidth of 37 kHz. The echolocation pulscs
of harbor porpoise (fig. 11.3B) are quite different from
those of bottlenose dolphins. They have a high-frequency
component in the frequency band of 120-150 kHz, with
sound source levels around 150-160 dB re 1 uPaat 1 m
(Goodson et al. 1995; Mghl and Anderson 1973; Kam
minga and Wiersma 1981). These porpoise pulses have a
longer duration (hundreds vs. tens of microseconds), lower
level, and narrower bandwidth (10-15 kHz vs. 30-60
kHz) than pulses from bottlenose dolphins (Au 1993). The
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high-frequency hearing abilities of these small toothed
swhales are typically related to the need for these animals to
detect faint echoes from their high-frequency echolocation

dicks (Au 1993).
Odontocetes can vary their echolocation clicks de-
pending on background noise. For example, the echoloca-
tion clicks of a beluga whale, Delphinapterus leucas, vested
in San Diego had peak energy in the frequency band 40—
40 kHz (Au et al. 1985). When the beluga was moved to
Kaneohe Bay, Hawaii, where there is a high level of noise
in these frequencies, it shifted the frequency of its clicks
upward to mostly above 100 kHz. Moore and Pawloski
{1991) investigated whether dolphins could be trained to
modify the loudness or peak frequencies of their clicks.
They successfully trained a bottlenose dolphin to produce
¢licks that were either high or low source level (>205 vs.
2195 dB re 1 uPa at 1 m) or that had high or low peaks
in frequency (>105 kHz vs. <60 kHz). Echolocating dol-
phins can discriminate the shape or composition of targets
{¢.g., Kamminga and van der Ree 1976), but there is little
evidence of dolphins modifying their echolocation signals
for different kinds of targets.

Many echolocation tasks involve ranges of less than sev-
¢ral meters. Dolphins often inspect objects with echoloca-
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tion at ranges as close as a few centimeters away. Bottlenose
dolphins usually wait to hear the echo from a target before
they produce the next click, and as these dolphins close in
on the target, the interval between pulses usually decreases
(Au 1993). This sounds to our ears like individual clicks
blending into a buzz sound, but the dolphins are capable
of much better temporal resolution in their hearing, and
can resolve the individual clicks.

Dolphins do not use echolocation only at short ranges,
but can detect objects at much greater distances than they
can typically see them. An echolocating dolphin can detect
a 2.5 cm metal target about 72 m away (Murchison 1980).
The greater potential range of echolocation compared with
vision may make it particularly useful for detecting obsta-
cles or prey at a distance. If a cetacean were swimming
rapidly in murky water, at depth, or at night, it seldom
could see an obstacle rapidly enough to avoid it, but echo-
location could be used to detect an obstacle far enough
away to give even fast-swimming animals plenty of time
to respond. Many cetaceans also feed in turbid water, at
depth, or at night when there is little downwelling light
from the sky. Some of these animals may visually detsss
luminescent prey nearby, but there are many circumstas
in which vision has a more limited range than echolevas
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for detecting prey underwater. Most studies of dolphin
echolocation have taken place under carefully controlled
conditions with captive animals and artificial targets. Little
is known about how wild dolphins use echolocation to per-
form tasks such as obstacle avoidance or prey detection,
prey selection, or prey capture.

The problems of studying how cetaceans use echoloca-
tion to forage are particularly difficult for deep-diving ani-
mals such as sperm whales, because it is so difficult to ob-
serve them feeding at depths of many hundreds of meters.
When sperm whales dive and forage, they tend to produce
series of click sounds with relatively stable interpulse inter-
vals of 0.5-2.0 seconds (Whitehead and Weilgart 1990,
1991). This association of what Weilgart and Whitehead
(1988) call “usual clicks” with diving and feeding has led
most biologists to hypothesize that these regular click trains
function for echolocation (Backus and Schevill 1966;
J. C. D. Gordon 1987a; Whitehead and Weilgart 1990).
Watkins (1980), on the other hand, argued that sperm
whale clicks were not suited to echolocation of prey. For
example, the clicks of sperm whales are lower in frequency,
longer in duration, and much less directional than the
high-frequency clicks of dolphins (Au 1993). These obser-
vations led Watkins to argue that usual clicks are social
signals used by diving whales to maintain contact with one
another.

The echolocation hypothesis for the usual clicks of
sperm whales has not been definitively tested. However,
Goold and Jones (1

uate the potential range at which the clicks of sperm whales

995) have used acoustic models to eval-

might be used to detect their squid prey. These caleulations
necessarily involve assumptions and rough estimates of
some parameters, but they suggest that sperm whales mighe
detect squid at a range of 200-680 m. This range is conso-
nant with the low end of the interpulse intervals observed
in usual clicks, assuming the whale waits to make a new
click until it hears an echo return. The speed of sound in
seawater is near 1,500 m/sec, so the round-trip travel time
to a target 750 m away would be about one second. If
sperm whales producing usual clicks are waiting for poten-
tial echo returns before producing the next click, then the
0.5-2.0-second intervals between usual clicks would sug-
gest maximum working ranges between about 375-1,500
m. While the shortest intervals correspond to the estimated
detection range, the longer intervals involve much longer
round-trip travel times.

Unfortunately, Goold and Jones (1995) did not correct
for the bandwidth of hearing in their application of the

whales are just able to detect echoes from their clicks
occurring when the echo level equals the ambient ne
level. To make a biologically realistic estimate, it is critic:
to match the noise and echo levels in equivalent band
optimally ones that are appropriate for the hearing of
animal. Goold and Jones did not do this, but rather cons

pared a broadband estimate of the source level of sperss
whale clicks across a frequency range of thousands of 11
to a spectral level of noise in 1 Hertz band. Most mammnls
integrate sound energy over frequency bands roughly abous

one-third octave in breadth. If the spectral noise estimate
used by Goold and Jones are corrected to third-octave bar
levels, leaving all other aspects of the calculation the same,

the estimated detection range drops from 200 m to 68

at 2 kHz and from 680 m to 108 m at 10 kHz. Thes

reduced ranges match the round-trip travel time much less
well than those resulting from the unrealistic echo:noise

comparisons.
The only way to find out whether sperm whales do us
their clicks for echolocation is to conduct empirical tests

Sperm whales have seldom been held in captivity for long

enough to conduct the kind of tests that have been so suc
cessful with dolphins. Tags that can record sounds at the

whale are important new tools for conducting this kind of

research with free-ranging animals (e.g., see Fletcher et al,
1996 and Burgess et al. 1998 for acoustic recording ta
for deep-diving elephant seals). If such a tag had sufficient
dynamic range, it ought to be able to record clicks of indi
vidual sperm whales throughout the dive cycle, as well as
detect the hypothesized echo returns at the whale. If echoes
were detected, and if they were followed by specific re
sponses such as pursuit and capture of prey or avoidance
of obstacles, then this would provide much stronger cvi-
dence for echolocation.

The only echolocation system that has been demon-
strated in cetaceans involves the use of high-frequency
clicks by small odontocetes. These animals clearly have
evolved a highly specialized system for echolocation. How-
ever, sound may be used to explore the environment even
among cetaceans that are not specialized for high-frequency
echolocation. Several biologists have suggested that whales
might be able to sense echoes of low-frequency vocaliza-
tions from distant bathymetric features to orient or navi-
gate (Norris 1967b, 1969; Payne and Webb 1971; Thomp-
son et al. 1979). Some baleen whales produce loud
low-frequency sounds that are particularly well suited for
long-range propagation. For example, finback (Balaeno-
prera physalus) and blue whales (B. musculus) produce series

sonar equation, and this inflated their estimated range of  of loud sounds well below the lowest frequencies humans
derection. They defined the threshold at which sperm  can hear, centered around 10—30 Hz. The sounds of bluc
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les last several tens of seconds (Cummings and Thomp-
1 1971a; Edds 1982), while the most common sounds
wrted from finbacks comprise series of one-second
lses (Watkins et al. 1987). Biologists have recently used
tom-mounted hydrophones to locate and track whales
long ranges, including one blue whale tracked for
1,700 km over 43 days (Costa 1993). These results have

nfirmed the predictions of Payne and W¢bb (1971) and
piesberger and Fristrup (1990), who used acoustic models

_estimate that these low-frequency whale calls could
nction for communication or orientation over very long
nges. Payne and Webb (1971), Watkins et al. (1987),
d McDonald et al. (1995) conclude that these signals
sive better design features for communication than for
stening for echoes from features on the seafloor. On the
her hand, Clark (1993) has suggested that the low-
uency calls of finback or blue whales would produce
asily identifiable echoes from seamounts hundreds of kilo-

meters away. Even if these sounds are used primarily for

ammunication, echoes from these signals could be very
scful for orientation of migrating animals. If these uses of
and to explote the environment met an important bio-
gical need, they could influence the further evolution of

cetacean signals.

None of these suggestions that whales may use low-
frequency sounds to echolocate on bathymetric features
have been tested, but there is suggestive evidence that
migrating bowhead whales, Balaena mysticetus, use echoes
from their calls to detect ice obstacles. Vocalizing bowhead
whales avoid floes of deep ice at ranges much farther than
the limit of underwater visibility (Clark 1989; George
#t 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 suggested that bowhead whales may use these echoes
to sense and avoid deep ice.

Functional Categories of Acoustic
Communication Signals in Cetaceans

A signaling animal incurs costs such as the energy and time
required to produce the signal and the risks of attracting
predators or alerting prey. Some animals that are not the
intended recipients of the signal may overhear it and re-
spond to it to their own benefit, and often to the detriment
of the signaler. Myrberg (1981) calls these unintended re-
cipients “interceptors” of the signal. Interspecific commu-
nication often includes interactions in which predators or
prey may intercept signals. This risk of detection by an
interceptor may represent a significant component of the
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cost of signaling in many settings. If production of the sig
nal is to confer a selective advantage, then these costs e
be offset by a benefit to the signaler induced by chsnges
in the behavior of a recipient of the signal. There ;
variety of benefits associated with different potential recisic
ents. Common forms of intraspecific communication ifs
volve signaling to potential mates or potential competiturs,
In species with parental care, communication is often re-
quired between parent and offspring. In social specics, ani-
mals often communicate to maintain contact with other
members of the group. In species with individual-specific
social relationships, signals are required for individual rec-
ognition and for maintaining these relationships.

Interspecific Communication and Interception

Interception by prey. One potential problem with producing
echolocation sounds for detecting prey is that an echolocat-
ing predator runs a risk of the prey intercepting the echolo-
cation signal. This advance warning may help the prey es-
cape or avoid detection. Odontocete predators may be able
to alter their echolocation strategies to reduce the probabil-
ity that acoustically sensitive prey (including seals and other
cetacean species) will intercept their echolocation signals.
For example, in the Puget Sound area of the Pacific North-
west, there are two populations of killer whales, Orcinus
orca (see Baird, chap. 5, this volume). One population feeds
on matine mammals, a prey that is sensitive to the fre-
quencies of killer whale clicks; the other population feeds
on salmon, a prey that is likely to be much less sensitive.
Barrett-Leonard et al. (1996a) report that mammal-eating,
killer whales vary the intensity, repetition rate, and spectral
composition within their click trains, apparently making
these clicks more difficult for their acoustically sensitive
prey to identify than the regular click series of fish- c‘mng,, .
killer whales. T
There is suggestive evidence that even some specics of
fish may have special abilities to intercept the high-
frequency echolocation sounds of their odontocete preda-
tors (Mann et al. 1997). Fish such as American shad (Alosa
sapidissima), alewives (Alosa pseudoharengus), herring (Alost
aestivalis), and cod (Gadus morhua) are able to detect in-
tense sounds of frequencies much higher than is typical of
their own vocalizations (Astrup and Mehl 1993; Dunning
et al. 1992; Mann et al. 1997; Nestler et al. 1992), Some
of these species are prey for echolocating odontocetes. i?i*ﬁ
only known natural sources of sounds with the int
and frequency of these ultrasonic stimuli are the click
echolocating toothed whales. Clupeid fishes have i 1
usual specialization for hearing: an air-filled chamber
abuts the inner ear and is thought to increase the sens
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of Bieanng (BLover ool 1981, This auditory specializa-

ton o daaed by all hving cupeids, suggesting an origin
scarhy duperds, which dare well before the origin of echo-
locating, cetaceans, If this auditory specialization not only
enhances sensitivity at low frequencies, bur also enables ul-
tasonic hearing in clupeids, then this ultrasonic sensitivity
may bea preadapation (Mann et al. 1997), rather than
having cvolved specifically to enable interception of odon-
tocete predators. Several clupeids respond with escape be-
havior when they hear ultrasonic pulses, and this response

muy represent an adapration for escaping odontocete pred-
ators.

Responses of cetaceans to their own predators. Animals may
produce signals to confuse or startle an approaching preda-
tor. For a visual example, dwarf sperm whales of the genus
Kogia release a cloud of opaque reddish anal fluid when
they are disturbed (Scott and Cordaro 1987). As with squid
ink, this release of opaque fluid is thought to act as a visual
screen, giving the whale better odds of concealment or es-
cape. Whales and dolphins may also intercept the signals
of their predators and respond to avoid detection or cap-
ture. One of the most common predators of many ceta-
ceans is another cetacean, the killer whale (Jefferson et al.
1991). Killer whales often vocalize while foraging (Ford
1989), providing their cetacean prey the opportunity to
intercept these signals and avoid capture. When potential
prey intercept the calls of a dangerous predator, they often
show strong responses. These strong, easy-to-observe re-
sponses make this a good phenomenon to study using play-
back experiments. For example, when Fish and Vania
(1971) played killer whale calls to beluga whales, Delphi-
napterus leucas, that were feeding on salmon in an Alaskan
river, the beluga whales showed a strong avoidance re-
sponse. Gray whales migrating along the coast of California
responded to playback of killer whale calls by swimming
rapidly inshore into beds of kelp (Cummings and Thomp-
son 1971b; Malme et al. 1983).

Intraspecific Communication and Interception

This section is organized around the potential intraspecific
recipients of a signal, along with the problem(s) that the
signaling is designed to resolve. These categories include
the following signaling functions:

* increase one’s chances of mating
* agonistic relationships or fighting assessment
. p.'lrcnn—()(:f:spx‘ing recognition

* maintaining the coordination and cohesion of individuals
within a group
* maintaining individual-specific social relationships

The “communication-as-manipulation” view discusscd
at the beginning of this chapter treats signals as advertisc-
ments designed to manipulate the choices of recipients, and
leads one to expect that the recipients may be selected 1o
develop a certain amount of sales resistance. Just as the
signaler balances costs and benefits when deciding whethe
to signal, the receiver may balance the costs and benefics
of responding at all to a signal or of selecting any of several
potential responses. The structure of these displays cannot
be understood unless one considers how the signal is de
signed to manipulate the choices of animals that reccive
the display. For example, when we think of an animal re
sponding to a signal, we usually think of an immediatc
response, such as the avoidance responses of animals hear
ing the sounds of a predator. However, one animal may
produce a long series of signals to modify the outcome of
one choice by a receiving animal. The receiver may make
its choice only after hearing hundreds or thousands of ad-
vertisements from many different signalers. If our modcl
of communication was limited to expecting immediate re-
sponses based upon transfer of information from a single
signal, we would have a hard time understanding thesc
kinds of advertisements.

Signals for Improving Chances of Mating

A common form of animal advertisement is the reproduc-
tive advertisement display made by an animal that is seek-
ing to improve its chances of mating. Charles Darwin
(1871) coined the term sexual selection to describe the evo-
lutionary selection pressures for traits thar are concerncd
with increasing mating success. Darwin described two basic
modes of sexual selection: those that increase the likelihood
that an animal will outcompete a conspecific of the same
sex for fertilization of or by a member of the opposite scx
(intrasexual selection), and those that increase the likeli-
hood that an animal will be chosen by a potential mate
(intersexual selection). More recent reviews have included
a third mode, in which a male may attempt to limit the
choice of a female by coercing her to mate with him and
not with other males (Smuts and Smuts 1993; Clutton-
Brock and Parker 1994).

Sexual selection can create different selection pressurcs
for reproductive advertisement displays than for signals de-
signed for simpler exchanges of informarion. Selection is
likely to favor these other signals being quieter and morc
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fficult to detect to avoid the costs of interception. Repro-
uctive advertisement displays are typically designed to be
ttention-getting. This involves potential risks, such as at-
acting a predator, but the intended receiver may use the
Ivertisement in part to evaluate how well the display-
g animal can deal with these risks. Since the biologist is
more likely to observe advertisement signals than other,
ore-difficult-to-intercept signals, advertisements are bet-
t known than many other kinds of animal signals, such
the quiet interchanges of mother and young when they
¢ close together, predator alarm calls, or the nighttime
ight calls of migrating birds. .
Examples of reproductive advertisement displays in-
ide the songs of birds and whales. Songs are usually de-
fined as acoustic displays in which sequences of discrete
sounds are repeated in a predictable pattern.

L

Songs of humpback whales. The songs of humpback whales
are the best-known advertisement display in the cetaceans.
_ Humpback songs have a hierarchical structure that was de-
scribed by Payne and McVay (1971). Each song is made
up of three to nine themes that tend to be sung in a particu-
lar order, and it often takes about ten to fifteen minutes
before a singer returns to the initial theme. Each theme is
made up of phrases that repeat a variable number of times
before a new theme is heard. Each phrase lasts about fifteen
seconds and contains a series of sounds. Figure 11.4 shows
a spectrogram of a humpback song recorded in waters near
the Hawaiian Islands and made during a period when songs
contained up to nine themes.

Humpback song is so loud and distinctive that it is rela-
tively easy to record, and biologists now have recordings
of song from many humpback breeding areas over periods
of many years. There appears to be a strong force for vocal
convergence in the songs of humpback whales on a breed-
ing area at any one time, coupled with progressive change
in all aspects of the song over time (K. B. Payne et al. 1983;
Payne and Payne 1985). Recordings of humpback song
made from different whales in the same breeding area at
the same time are quite similar. At any one time, all of the
singers within a breeding area sing the same themes in
the same order, and the individual sounds that make up the
song are quite similar. However, the song changes drama-
tically from month to month and from year to year. F?r
example, theme 3 from figure 11.4 was on its way out in
March of 1977. In hundreds of recordings made later that
spring and for years afterward, it was never heard after the
end of March 1977. There is no indication that these
changes in the song reflect changes in the message, for the
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whales appear to be engaged in similar interactions even as
the song changes. ‘

Humpback song is usually recorded during the winser
in the tropical breeding grounds of these whales (see Clags
ham, chap. 7, this volume). This observation led Schevill
(1964: 310) to suggest that the song “may be an audible
manifestation of more fundamental urges.” The primary
reason that we can discuss the social functions of humps-
back song at all rests on the ability of biologists to identify
and follow singing whales at sea, and to track their interac-
tions with other whales. Singing humpback whales often
surface to breathe once per song during a particular theme,
“blowing” or breathing during the silent intervals between
notes (Tyack 1981). Biologists can deploy a hydrophone
from a small boat to listen for singers. If they can get close
enough to one singer that it is louder than the others in
the background, they can often locate the singer by careful
visual scanning during this part of the song. Once a singer
has been identified in this way, its sex can be determined
by underwater photography of the genital slit (Glockner
1983) or by taking a small tissue sample for genetic deter-
mination of sex (Baker et al. 1991; Palsboll et al. 1992; sce
Whitehead et al., chap. 3, this volume). The continuous
vocalizations and predictable surfacing behavior of singers
allow biologists to follow them for hours. These observa-
tions have shown that almost all singing humpbacks are
lone adult males, and that their songs are repeated in bouts
that can last for many hours.

Observation from elevated shore stations has been im-
portant for studying species, such as humpbacks, that con-
centrate in coastal waters. Observers on land can use a sur-
veyor’s theodolite to pinpoint the location of each whale
surfacing, and can communicate by radio with vessels that
can obtain more detailed behavioral and acoustic data by °
following whale groups (Tyack 1981). This combination
of shore- and ship-based observations has revealed inter-
actions of singing whales with groups nearly 10 km away
(Tyack and Whitehead 1983), and is well suited to observ-
ing whales for periods up to ten hours. These visual loca-
tions can also be linked to acoustic locations from arrays of
hydrophones (Frankel et al. 1995). This acoustic location
technique provides some evidence suggesting that singers
tend to be evenly spaced. The interactions of whales are s
much slower than our own pace that it is often necessary
to make a plot of movement patterns and behavioral dis
plays to make sense out of an interaction that took iy
hours to unfold.

A variety of results have encouraged biologists to suggest
that humpback song plays a role in male-male compet
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Figure 11.4, Spectrogram of the song of a humpback whale, Megaptera novaeangliae. This song was recorded from a lone humpback

on 19 March 1977 in the Hawaiian Islands.

Each line represents 120 seconds; this song took seven lines, or fourteen minutes,

befc?re repeating the initial theme. The phrase boundaries are marked by vertical lines. The x-axis indicates time; the Jraxis
indicates frequency in kHz. The third theme was not included in this song, but was in the next song of this whale,
as indicated by the star in the spectrogram. (From K. B. Payne et al. 1983; courtesy Roger Payne.)

* Song appears to maintain distance between singers (I'yack
1981; Frankel et al. 1995; Helweg et al. 1992).

* No known females were artraceed to playbacks of song
(Tyack 1983; Mobley et al. 1988).

* Aggressive interactions (particularly between singers and
known males) are much morc commonly obscrved than
sexual interactions (particularly between singers and

known females) (Tyack 1981, 1982; Darling 1983).

These behavioral observations are clearly consistent with
the idea that song plays a role in mediating male-male in-
teractions.

However, just because humpback song appears to be
used in male-male interactions does not mean that it is
not also used by females to select a mate. Both intra- and
mtersexual selection often operate at the same time on the
same display (see Catchpole 1982 for a discussion regarding
bird song). The use of songs to mediate spacing among
singers says nothing about whether females are also an im-
portant audience. Females are often more discriminating
than males in responding to an advertisement display such
s song. None of the song playbacks conducted with hump-
back whales duplicated all of the potentially relevant fea-
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tures of song, and this may account for some of the lack
of response of females to playbacks. Furthermore, as
Carchpole (1982) points out for songbirds, aggressive
male-male interactions are much more common and obvi-
ous in many species than male-female interactions. Just be-
cause the responses of male humpbacks to song are seen
more frequently than those of females does not mean that
the subtler and rarer responses of females to singers are
not biologically significant. The critical question here is
whether females choose a mate based upon his song. Copu-
lation has never been observed in humpback whales, so lit-
tle evidence has been collected to address this question.
However, genetic analysis of paternity is a much more di-
rect indicator of male reproductive success. Extensive ef-
forts to biopsy humpback whales now make genetic analy-
sis of paternity a realistic option for this species (Clapham
and Palsbell 1997).

In the absence of direct data on the relative function of
song in male-male competition versus female choice, there
may be some indirect evidence from the acoustic structure
of the song. Much more is known about relationships be-
tween acoustic structure and social function in the songs
of birds than in whales. In the next few paragraphs, T will
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apply some of these songbird results to humpback song.
Several ornithologists have attempted to relate specific
acoustic features of the songs of birds to the relative impor-
tance of intra- versus intersexual selection. Catchpole and
Slater (1995) suggest that songs used to attract females may
be selected to be long, complex, and continuous, while
songs used for intrasexual competition are likely to be
shorter, simpler, and sung with gaps, so that a singer can
listen for rival males. Catchpole (1982) suggests that con-
tinuous singing, lack of matched countersinging between
males, and lack of a singing response to song playback are
also diagnostic of a female attraction role for song, Hump-
back whales often sing continuously for hours, and they
do not respond to the song of another male by immediarely
matching the sounds produced by that male, nor do they
respond to song playbacks by singing themselves. All of
these features are consistent with the hypothesis that
humpback males sing in part to influence the mating
choices of females.

There are also some acoustic features of humpback song
that have been associated with intrasexual selection. Baker
and Cunningham (1985) suggest that intrasexual selection
tends to select for rapid song change and convergence in
the songs of neighboring males. The basic idea is that
young males may benefit from mimicking the songs of ter-
ritorial neighbors with greater attractiveness to females, and
the more attractive males may then have to change their
song to avoid this competitive mimicry. Humpback males
on the breeding grounds are not thought to be territorial,
and there is no evidence that this kind of arms race occurs
with humpback whales, but both rapid change and conver-
gence between individuals are striking features of hump-
back song.

There are problems with extrapolating from models of
bird song to singing whales, because whales live in an envi-
ronment with significant differences from those of most
songbirds. In particular, while birds must lay eggs in a riest,
whales are not bound to a fixed site, but meander at will.
During the breeding scason, females with young may seek
out clear, protected waters, but humpbacks do not stay in
one site for long, nor does either sex appear to defend ter-
ritories on the breeding ground. Tyack (1981, 1982) fol-
lowed interactions between singers and other whales within
5-10 km of a shore station, and the same individual whales
were seldom sighted across days within this site. If males
do not have small territories and consistent neighbors, then
they would be unlikely to form the subdialects described
by Baker and Cunningham (1985) for birds. Also, sound
propagates so far in the ocean that the songs of whales have
a much longer range than those of most birds. These differ-
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ences may help account for the unusual pattern of v
convergence and continual change in the songs of ent
populations of humpback whales, a pattern thar dif
from that of most songbirds.

In summary, there is evidence suggesting that hump-
back song plays a role in both male-male competition atid
female choice. Observations of interactions between hump-
backs emphasize the role of song in mediating interactions
between males, but females may also monitor, approach,
and join with singers. The acoustic structure of humpback
song clearly has attributes associated with both intra- and
intersexual selection, and is more complex than would be
expected for a signal used only in male-male interactions
(Helweg et al. 1992).

Songs of bowhead whales. In addition to humpback whales,
several other species of baleen whales are reported to pro-
duce songs that are thought to be reproductive advertise-
ment displays. However, the behavioral contexts of song
production are not as well understood in these species as
in humpback whales. Bowhead whales spend their winter
breeding season in Arctic waters, where biologists have few
opportunities to observe them. The songs of bowhead
whales have been recorded in the spring as they migrate
past Point Barrow, Alaska (Ljungblad et al. 1982). Bow-
head songs are simpler than those of humpbacks, consisting
of a few sounds that repeat in the same order for many
song repetitions. Like humpback songs, bowhead songs ap-
pear to change year after year (Clark and Johnson 1984;
Clark 1990; Wiirsig and Clark 1993). However, little is
known about behavior concurrent with singing, and there
are few reports of bowheads observed during their winter
breeding season in Arctic waters.

Long-range communication in finback whales. In the section
on echolocation, I described low-frequency vocalizations of
finback and blue whales that appear to be adapted for long-
range propagation in the ocean. As described in that sce-
tion, there has been speculation that these signals may func-
tion for long-range echolocation of large-scale geographic
targets such as seamounts, which might be used for oricnta-
tion and navigation. However, it has also been suggested
that the long series of low-frequency pulses produced by
finback whales may also be a reproductive advertisement
display produced by males (Watkins et al. 1987). Finback
whales produce pulses with energy in a range roughly be-
tween 15 and 30 Hz (Watkins et al. 1987), near the low
frequencies that humans can hear. Each pulse lasts
order of one second and contains twenty cyeles. 1’
level of the pulses ranges from about 170 e 180 i
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UPa ac 1 m (Patterson and Hamilton 1964). Particularly
during the breeding season, finbacks produce series of
pulses in a regularly repeating pattern. These bouts of puls-
ing may last for longer than one day (Watkins et al. 1987).
The seasonal distribution of these pulse series has been
measured near Bermuda, and it matches the breeding sea-
son quite closely (Watkins et al. 1987). This correlation
has been used to suggest that the pulse seties may function
as reproductive advertisement displays (Watkins et al.
1987). However, finback whales are common in waters
near the latitude of Bermuda only during the winter breed-
ing season, so few would be likely to be heard there at other
seasons even if they did vocalize at that time. Similar re-
cordings in more polar waters will be required to test how
frequently these whales produce these series of pulses out-

side of the breeding season.

Finback whales disperse into tropical oceans during the
mating season, unlike other species such as humpback and
gray whales, which are thought to congregate in well-
defined breeding grounds. The functional importance of a
signal adapted to long-range communication is obvious for
animals that disperse over ocean basins for breeding. How-
ever, even though biologists can hear finback pulses at
ranges of hundreds of kilometers by listening at appropriate
depths, the effective range of these signals for finbacks
themselves is not known. Until very recently, marine bio-
acousticians have had few methods that would allow us to
detect whether a whale was responding to the calls of an-
other whale more than several kilometers away. The longest
range over which whales have been observed o respond (o
the sounds of other whalcs is approximately 10 km (1yack
and Whitehead 1983; Watkins and Schevill 1979).

The U.S. Navy has recenty made networks of bottom-
mounted hydrophonc arrays available to biologists (Costa
1993). These arrays will allow biologists to track vocalizing
whales hundreds of kilometers away, and may help us to
ascertain whether whales actually communicate in vocal ex-
changes over these long ranges. Just because biologists can
detect these signals over such long ranges, however, does
not mean that the intended recipients are that far away. If
the signals are used in competitive interactions, for exam-
ple, and if the louder vocalizer has an advantage, then selec-
tion could favor the evolution of signals much louder than

required to be just detectable at the typical range of the
intended recipient.

Mate guarding in bottlenose dolphins. The discussion above
of reproductive advertisement displays emphasizes female
choice and competition between males. There are also spe-
cies in which males may adopt a strategy of attempting to

preempt female choice by guarding a receptive femalc 4
preventing her from mating with other males (Smuts .
Smuts 1993; Clutton-Brock and Parker 1994). As d
scribed by Connor et al. (chap. 4, this volume), groups
two or three adult male bottlenose dolphins in Shark B.
Western Australia, may form consortships with an ads
female. A coalition of males may start such a consortsl:

by chasing and herding a female away from the group

which they initially find her. Some of these consortshijs
appear to be attempts by the males to limit choice of mus

by the female, who may try to escape from the males.
Males in these coercive consortships produce distincti

trains of low-frequency clicks, called “pops” (Connor and

Smolker 1996). These pops have peak frequencies of 300
3,000 Hz, far below the clicks typically reported for echo-

location. They occur at rates of about 6—12 per second i
trains of about 3-30 pops. When a herded female hears

these pops, she shows a strong tendency to turn toward the
popping male and to approach him within seconds. A male
may produce aggressive displays toward a female who fails
to approach after he pops. These may include head jerks.
chases, or physical contact. Much of this aggression is alsa
typically associated with the production of pops by malcs.
Connor and Smolker (1996) argue that males that are con
sorting with and guarding a female produce these pops to
induce her to remain close.

Signals to Competitors: Predictive Signaling
or Fighting Assessment

Animals often find themselves in a situation in which they
must compete with a conspecific for access to a crirical re-
source. Competitors often confront one another in a con-
test in which there will be a winner and a loser. In most
of these contests, it will be worth a competitor’s while to
gather some information on the willingness and ability of
its opponent to fight. Both competitors often have a shared
interest in gaining this information, and many contests
start with a ritualized phase of exchanging displays (scc
chapter 21 of Bradbury and Vehrencamp 1998 for a review
of threat display contests). While competitive contests
sometimes involve physical contact and injury, they may
be settled prior to such escalation through a series of dis-
plays. If one contestant concludes from this initial assess-
ment phase that it would be likely to lose a fight, or that
the potential cost of injury outweighs the potential benefit
of winning, then it may gain by breaking off and leaving
the contest (Krebs and Davies 1993). In this case, it may
benefit from producing a submissive display to signal an
end to the contest to the opponent.

The communicative signals used in agonistic interac-
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 have several functions. Some features of signals may
Jate with attributes that are good predictors of fighting
ty, such as age, physical condition, or size. These basic
butes cannot be changed without considerable cost. If
intestant is using a signal to estimate the fighting ability
an opponent, then the signal need not necessarily predict
immediate behavioral response by the signaler, but it
tical that the signal involve features that are reliable
cators of fighting ability. Other agonistic signals may
used to assess the willingness of an opponent to escalate
to predict its next actions. Some theoretical analyses of
sting emphasize the costs of producing signals that help
opponent to predict one’s behavior (e.g., Maynard
ith 1974). These analyses highlight the potential benefit
bluffing or of tailoring signals so they do not allow an
pponent to predict immediate responses. However, there
, evidence of predictive signaling from a diverse array of
ecies. The potentially high risks of making a mistake in
ssessing an opponent in an all-out fight may encourage a
re or less “honest” assessment phase (Hauser and Nelson
91). For example, male African elephants (Loxodonta af-
#itana) produce vocal, chemical, and postural cues about
their willingness to fight other males during the breeding
ssason (Poole 1987). Poole (1987, 1989) argues that these
ies provide accurate signals that males frequently use in
deciding whom and when to fight. If the competitors are
¢losely matched, they may escalate to more costly displays,
which may serve the functions of more accurate assessment
f the competitor or increasing the likelihood that the com-

T

petitor will stand down. ‘

The best description of agonistic interactions and dis-
plays in cetaceans stems from observation of captive. bot-
ilenose dolphins, Tursiops truncatus. Samuels and Gifford
{1997) conducted a quantitative assessment of agonistic in-
teractions among bottlenose dolphins. Their analysis fo-
cused on a specific set of aggressive or submissive behaviors.
Following earlier work with primates (Hausfater 1975), a
dolphin was said to have lost an interaction if and only if
it produced a submissive response to either a neutral or an
aggressive behavior from its opponent. This use of submis-
sive behaviors to define which animal won or lost the inter-
action differed from most previous work on dominance in
dolphins, which focused more on aggressive than on sub-
missive behaviors. The submissive behaviors involved ei-
ther fleeing from an opponent and leaving the contest or
“flinching.” This “finching” behavior, which was previ-
ously little noted, involves an immediate recoil in response
to an action by the opponent.

Most of the aggressive behaviors defined by Samuels and
Gifford (1997) were behaviors that are directly involved in
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displays. A graded series of threat displays has been §iif§5'f i
by Overstrom (1983) for captive bottlenose Cf()iﬁ?i‘%iii% {hg
11.5). Overstrom suggests that the earliest stages of a threat
may involve one dolphin simply directing pulsed sounds

toward another. The dolphin may escalate the threat by

producing an open mouth threat display while emitting

distinctive bursts of pulses. Overstrom suggests that the

longer in duration or the louder in sound intensity th(?;%iif

burst-pulses are, the stronger the threat. As another step in

the escalation, the animal may accentuate this display with

abrupt vertical head movements. This is similar to the head

jerk display that Connor and Smolker (1996) associate

with the pop vocalizations produced by wild male dolphins

when they are aggressively herding an adult female. The

jaw clap is a commonly cited aggressive display in dolphins,

and is interpreted by Overstrom as one of the most intense

threat displays. A dolphin starts the jaw clap display with

an open mouth. The jaw clap consists of a rapid and abrupt

closure of the gaping jaw, accompanied by an intense
pulsed sound (fig. 11.6). Overstrom seldom recorded a dol-

phin producing a jaw clap when it had not already pro-

duced some burst-pulsed sounds, and the probability of an
animal producing a jaw clap increased as the duration of
the burst-pulsed sounds increased. Overstrom’s framework
for describing a graded series of threats in bottlenose dol-
phins should be viewed more as a hypothesis than as a dlew
finitive result, pending further analysis of how these dis-
plays function in agonistic interactions.

Many of the agonistic visual displays used by bottlenose
dolphins are related to movements used to inflict injl{ry.
For example, the open mouth display looks like the first
step in preparing to bite. Norris and Mghl (1983) sug--
gested that some click sounds used by dolphins and toGthed
whales may be so intense that they could be used to stun
or threaten conspecifics. Overstrom (1983) suggested that
the loudest burst-pulsed sounds or the jaw clap may b(i
intense enough to produce tactile or auditory irritation. If
these suggestions were true, then lower-intensity pulsed
calls might be used as a direct threat, similar to the way
an open mouth display may threaten a bite. However, there
is no evidence that these calls do function as weapons, s
these interpretations remain speculative.

Most of the examples of agonistic signals described
above involve “predictive signaling,” in which a signal may
reliably indicate future behavior, such as whethﬁ 4 col
petitor is ready to escalate (Hauser and Nelson 1991). The
escalating series of aggressive displays described by Cve
strom (1983) fit this “predictive signaling” maodel.
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Figure 11.5. Visual and acoustic threat displays of the bottlenose
dolphin, Tursiops truncatus, (From Overstrom 1983.)

pops described by Connor and Smolker (1996) also may
be interpreted as early stages of a threat to escalate aggres-
sion if the consorting female does not approach the pop
ping male. The pop vocalization may reliably indicate the
readiness of the male to attempt to herd the female mote
aggressively.

Let us now switch focus from predictive signaling 1
signals that allow animals to assess the fighting ability of
opponents. Body size is a good predictor of the outcome
of fights in many animal species (Krebs and Davies 1993),
A variety of animal species assess the lowest frequency of
vocalization as an indjcator of body size (e.g., Davies and
Halliday 1978 for anurans; Clutton-Brock and Albon 1979
for a terrestrial mammal). There is clear evidence for such
an effect in some marine fishes. Myrberg et al. (1993) dem
onstrated a strong correlation between the body size of the
bicolor damselfish, Pomacentrus partitus, and the funda-
mental frequency of a chirp sound produced by males
They suggested that differences in the peak frequency of
chirps result from differences in the volume of the swim
bladder. The basic principle here is that if a sound is made
by a resonant cavity, then the frequency of the sound will
be lower for an animal with a larger resonator. If males
judge the size of opponents by listening to the lowest peak
frequency of their calls, then this will create selection pres-
sure for males to make the lowest-frequency sounds they
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Figure 11.6 Spectrogram of a jaw clap from a bottlenose dolphin,

Tursiops truncatus.
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ean. However, if the minimum peak frequency a male can
roduce is constrained by the volume of a resonating cavity,
and if the resonator volume correlates with body size, then
males may be constrained to produce an honest advertise-
ment of their body size.

" However, the link between frequency of vocalizations
d body size depends upon how the sounds are produced.
fishes such as the toadfish, Opsanus tau, the fundamental
uency of the call is affected more by the contraction
te of sound-producing muscles than by the volume of the
swim bladder (Fine 1978). In this case, the frequency of
 the vocalizations may not reliably indicate the size of the
displaying fish, as was suggested for the bicolor damselfish.
A small toadfish might be able to slow the rate of contrac-
tion of its sound-producing muscles to make a call lower
in frequency than that of a larger competitor. This could
be interpreted as the weaker contestant making a bluff by
aking a display that inflates its apparent size and abilities.
if an animal can use a signal to bluff about its motivation
or ability, then it will pay the opponent to call the bluff.
In many situations, it may even pay the opponent to ignore
this kind of signal. This kind of logic has led biologists to
emphasize the importance of signals that cannot be faked
because they are inherently linked to an attribute associated
with fighting ability.

While the frequency of a resonator is inversely propor-
tional to its size, the comparison between damselfish and
twadfish shows that the association between frequency of
vocalizations and body size depends upon how the sounds
are produced. The same issue is important in mammals.
In some terrestrial mammals, there is little correlation be-
tween body size and the fundamental frequency of vocaliza-
tions (Fitch 1997). It appears for some primates that a dif-
ferent acoustic feature, the separation between formants, is
4 better indicator of size. Unfortunately, there are few mod-
els of sound production in cetaceans sufficiently detailed
to predict which acoustic features of a signal are inherently
related to attributes of the animal that may be relevant for
mate choice or fighting assessment. The sperm whale is
the cetacean species for which we have a model of vocal
production that is relevant to this issue. As mentioned by
Whitehead and Weilgart (chap. 6, this volume), an enor-
mous fraction of the volume of the sperm whale body is
devoted to an unusual organ called the spermaceti organ.
The spermaceti organ lies dorsal and anterior to the skull
and can have a length up to 40% of the length of the whale.
Nortis and Harvey (1972) argue that the spermaceti organ
may function to generate the clicks that are the dominant
vocalization of sperm whales. The clicks usually recorded
from sperm whales are made up of a burst of pulses with

very regular interpulse spacing (Backus and $
Goold and Jones 1995). Norris and Harvey (1972) sug
that this regular spacing may result from reverberation
within the spermaceti organ. They suggest that the sperina-
ceti organ has an efficient reflector of sound at the posterioe
end and a partial reflector of sound at the anterior end.
They propose that the source of the sound energy in the
click comes from a strong valve in the nasal passage, called
the musean du singe, at the anterior end of the spermaceti
organ. They suggest that the first pulse within the click is
produced as the initial sound made by this valve is trans-
mitted directly into the water, while the remaining pulses
within the click result from reverberation of the posteriorly
directed component of the initial sound between the pos-
terior and anterior reflectors within the spermaceti organ.
Each time the sound arrives at the anterior reflector, some
of the sound energy passes out into the ocean medium,
while some reflects back within the spermaceti organ. If
this hypothesis is correct, then the interpulse interval (IPI)
could represent an accurate indicator of the length of the
spermaceti organ. Gordon (1991) measured the length of
sperm whales in the wild, along with the IPI of their clicks,
and found a clear relation between IPI and estimated size
of the spermaceti organ.

Mature male sperm whales produce a distinctive click
vocalization, called slow clicks because of the long in-
terclick interval (Weilgart and Whitehead 1988). Males
can produce both slow clicks and usual clicks, and one soli-
tary maturing male switched between slow clicks and usual
clicks with no intermediate forms (Weilgart and White-
head 1988). Slow clicks differ from usual clicks not only
in their longer interclick interval, but also in their increased
loudness, longer duration, and lower-frequency intensity
peaks, near 2 kHz (fig. 11.7). Slow clicks tend to haye a =
“ringing” sound near 2 kHz, perhaps indicating a structure
in the sound production apparatus that resonates at this
frequency. Sperm whales are sexually dimorphic, with adult
males growing to 16 m in length, while females grow to
about 12 m (Best 1979). The spermaceti organ also takes
up a greater proportion of body length in adult males than
in females or smaller males (Nishiwaki et al. 1963). If some
of the acoustic features of slow clicks necessarily scale to
the size and condition of adult sperm whales, then these
may qualify as honest advertisements that may be used by
males for fighting assessment or by females in mate choice.

Other acoustic features may be directly related 1o the
condition of a male in other cetacean specics. For example
Chu and Harcourt (1986) suggest that humpback fem
may select singing males based upon how long they .
stay underwater and hold their breath. As described abiove,
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Figure 11.7. Spectrogram comparing one slow click (between 0 and 0.1 sec) and a series of
usual clicks (to right of slow click) of sperm whales. The x-axis indicates time; the y-axis
indicates frequency in kHz. Recordings are from a sperm whale group near Dominica,
West Indies. (Data from William Watkins, Woods Hole Oceanographic Institution.)

most singers surface once per song cycle, and when they
do, there are distinctive changes in the song. As a singing
whale nears the surface, the lowest frequencies of the song
drop out. This is due to the physics of underwater acous-
tics: as a sound source comes within a fraction of a wave-
length of the surface, the sound does not propagate as well
as it would at greater depth. This makes it difficult for a
singing whale to come to the surface to breathe without
broadcasting a reliable cue of his surfacing. Chu and Har-
court (1986) argue that breath-holding ability may be a
good indicator of a male’s stamina and physical condition.
Breath holding may be particularly important for diving
mammals. The problem with this argument is that, as de-
scribed above, song duration changes as humpbacks slowly
evolve every feature of their song. In the beginning of one
year, the song may average seven minutes, whereas four
months later it may have doubled in length (K. B. Payne
etal. 1983). The next season, it may start long and decrease
in length. Each individual whale is more likely to sing songs
of the current length than what he was singing a few
months earlier or later (Guinee et al. 1983). If humpbacks
were using song to advertise their breath-holding ability,
then each individual would be expected either to always
sing as long as he was able, or to sing longest at that part
of the breeding season when his chances of mating were
highest. These predictions do not match the observations

that whales at any one time sing songs of similar duration

and that the songs change over time with no repeated sea
sonal pattern.

Recognition systems and contact calls. When one animal in:

teracts with another, the appropriate behavior often de-
pends upon the identity of the other animal. Almost every

species faces this problem when selecting a mate: an indi
vidual must find a mate from the other sex of the same
species. The reproductive isolating mechanisms used to re
duce inappropriate mating can be thought of as a recogni
tion system. Other socioecological settings require othe
kinds of recognition systems. If a mother hears a begging
call from an infant, the proper response may depend upon
whether it is her own infant or not. If an animal becomes
separated from its group and hears sounds of conspecifics
it may be critical to determine whether the sounds are com-
ing from its own group or from a different one.

All animals have evolved recognition systems to dis-
criminate conspecifics from animals of other species. De-

pending upon the social system typical of a species, they
may evolve systems for discriminating kin, mates, neigh-
bors, strangers, and individual companions. As Beecher

(1989) points out, the resolution of these recognition sys-
tems depends upon the within-class and between-class vari-

ability of the signals used and upon the level of detail that -

Perer L. Tyack

292

n be sensed by the perceptual system. We do not yet
ow much about variation in the perceptual abilities used
cetaceans for resolving recognition signals, but there are
variety of cetacean acoustic signals that appear well de-
ned to allow recognition between parents and young,
tween different social groups, and between specific indi-

The need for recognition systems is particularly acute
hen animals meet after a separation. For example, if a
man mother gives birth to an infant in a room and stays
th the infant in that room, there is little need for a recog-
vition system. However, in many hospitals, the infant is
taken away from the parents into a nursery with many
other infants. As soon as this happens, there is a serious
danger of mixups unless the infant is carefully tagged and
dentified. A variety of features of cetacean life in the ma-
ine environment may require more frequent exercise of
ecognition mechanisms. Cetaceans have no nests or cen-
tral places where specific individuals or groups can reliably
be found. Cetaceans are highly mobile, and show great vari-
bility in their movement patterns. For many cetacean spe-
ies, location cues are much less useful than they are for
many terrestrial animals. Cetaceans within a group fre-
quently swim out of sight of one another, causing increas-
ng likelihood of separation unless the animals exchange
ignals using the acoustic modality, which is the only mo-
dality capable of rapidly transmitting information over the
anges at which these animals routinely separate.

The term “contact call” is used for sounds that function
o help an animal keep in touch with its group. “Isolation
alls” are a kind of contact call produced when animals
re losing or have lost contact with one another, and they

typically elicit immediate approach. Contact calls need not

necessarily elicit an immediate reaction. When members of
a group are separated but within acoustic range of one an-
other, they may regularly call in order to keep in touch with
at least one other member of the group, without otherwise
altering their activity or movement pattern. The terms
“contact” and “keep in touch” are unfortunate because they
imply close physical proximity. This is not the case for con-
tact calls; rather, these calls are used to keep an open com-
munication channel between animals that are staying
within the effective range of the communication signals.
In the ocean, this range can extend over many kilometers.
As might be expected for calls of mutual benefit to sender
and receiver that pose a risk of interception, contact calls
are often relatively short in duration and faint if the animals
are not separated by great distances. For example, the flight
calls of migrating passerine birds are shorter and fainter
than their songs. Isolation calls of primates are often longer
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and louder than contact calls of the same s
1982).

If animals can use contact calls to track one anothes o
tinuously from the time they separate to the time they
join, then these calls may reduce the need for recognition
at reunion. Much of the time, however, contact calls may
function in a recognition system by containing enough in-
formation to allow the listener to recognize the caller. The
relevant information may vary depending upon the sociul
setting. In the parent-offspring context, the parent may
need to distinguish its own offspring from other young in
the area. In species with stable groups, an animal may sim-
ply need to maintain contact with other members of its
group, while discriminating them from members of other
groups. In species in which individuals share strong bonds
within fluid groupings, it may be necessary for each indi-
vidual to recognize and track the contact calls of specific
individuals within a group. In the next three subsections,
I will describe vocal signals that appear to play a role in
mediating recognition between parents and their offspring,
between members of a group, and between specific individ-
uals.

For all three of these recognition problems, there is a
clear pattern of correlation in which those species with the
most obvious examples of each kind of signal live in socio-
ecological settings with high demands for that signal func-
tion. While the discussion will separate these three different
kinds of recognition, they all share a similar framework in
which the communication signals function to make or re-
gain contact between animals who must recognize and dis-
criminate between different individuals or classes of indi-

viduals.

Signals for parent-offspring recognition. In many mammalian
and avian species, parents invest heavily in their own off-
spring, spending significant amounts of time and cnergy
to feed their young and to maintain an appropriate physical
environment for them. All mammalian young are born de-
pendent upon the mother. Most need to suckle frequently,
and many species depend upon the mother for thermoreg-
ulation and for protection from parasites and predators.
Mammals have sophisticated systems for chemical commue
nication during pregnancy so that a fetus obtains the ap-
propriate nutrients and physical environment. Once the
young are born and the direct umbilical communications
are broken, they still need to signal the mother to maissin
homeostasis and to receive appropriate levels of nutries
When the young are in contact with the mother, th
produce a “distress” call if they require immediate ¢
a “begging” call to request food.
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If dependent young are mobile and might be separated
from a parent, they need to be able to signal their location
to the parent so they can rapidly be reunited. In most mam-
malian species, when mother and offspring are separated,
the young produce “isolation” calls that are used for re-
gaining contact. These isolation calls are produced by in-
fants within days of birth and are particularly elicited by
separation from the mother. Most mammalian isolation
calls are frequency-modulated tonal calls,
and louder than other infant calls. These calls appear to
represent a widespread and basic mammalian adaptation.
Examples come from a variety of terrestrial taxa, includ-
ing primates (Newman 1985), felids (Buchwald and Ship-
ley 1985), bats (Balcombe 1990), and ungulates (Nowak
1991).

The investment that a parent puts into its offspring pre-
sents an opportunity for other animals of the same or djf-
ferent species to parasitize the parent. Parasitism of parental
care is best documented for birds, in which a parasitic bird
may lay an egg in the nest of a conspecific (Brown and
Brown 1998; Lyon 1998; Petrie and Maeller 1991) or of
another species (Payne 1998), Young birds that are receiv-
ing inadequate parental care may parasitize the parental
care of unrelated adults. They may seek care from unrelated
adults temporarily, or they may actually be adopted by
these adults until they are independent (Pierotti and Mur-
phy 1987; K. M. Brown et al. 1995). This kind of
ism, in which the young parasitize adults, has
reported for some marine mammals,
mich (1981) reports that young (
cephalus galapagoensis, may
other than their mother.

Among some primate spectes, infants run a risk of being
taken by an animal other than the mother. While these
other animals may be highly attracted to infants, unrelated
animals seldom provide as much care as the mother. The
chances of survival for such an infant may be low unless
it is reunited with its biological mother. Similar cases of
animals other than the mother associating with a young
infant have been reported for several species of odontocetes
(see Whitehead and Mann, chap. 9, this volume), both in
the wild and in caprivity.

and are longer

parasit-
also been
For example, “I'rill-
aalapagos tur seals, Arcro-

attempt to suckle from females

The risks described in the preceding paragraphs may cre-
ate selection pressures either for parents to isolate their off-
spring from conspecifics or for a system for mothers and
young to recognize one another. Among some mammals,
there appears to be a two-part process by which a mother
finds and then recognizes her offspring. For example, a ewe
uses visual and auditory cues at a distance to learn that a
lamb may need care (Alexander 1977; Alexander and Shil-
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lito 1977). However, once she has approached a lamb, s
relies upon olfactory cues before letting it suckle (Alexanid
1978). Similarly, when a female Galapagos fur seal ar
at the beach after feeding, both she and her pup may
change calls to find one another (Trillmich 1981). Bek
actually allowing the pup to suckle, however, she sniffs ¢

pup, apparently using olfactory cues for final recognitios

While olfaction was probably important for individual re«
ognition among the terrestrial ancestors of cetaceans,

sense of olfaction has been either lost or greatly reduc

among modern cetaceans (see the section above on chem
cal communication). Vision functions over much shores
ranges underwater than in air. This leaves acoustic signals

as the primary ones for individual recognition in cetaccans
Most birds also have a poorly developed sense of olfuc
tion and rely upon acoustic signals for parent-offspring rec

ognition. In many cases, the calls used by the young to beg

for food or by parent and young to reunite contain sufh

cient information for individual recognition. The ability of
different bird species to recognize individuals using these

signals appears to correlate with the likelihood of misalloca.

tion of parental care. For example, barn swallows (Hirunds

rustica) raise their young in nests that are far from other
broods, so location is a good predictor of kinship through-
out the period of parental care. Young cliff swallows (Petro-
chelidon pyrrhonota), on the other hand, intermingle within
a colony while still being fed by their parents. There is
evidence from these closely related species that animals
evolve systems to recognize their own young if the ecologi-
cal setting involves a sufficient risk of providing care to the
wrong offspring or of withholding care from the correct
onc. The chicks of barn swallows make 2 begging call, bu
their parents do not distinguish between the calls of their
own and unrelated chicks (Medvin and Beecher 19806).
ClLiff swallow parents can discriminate the begging calls of
their own offspring from those of other young (Stoddard
and Beecher 1983). Cliff swallows have evolved a more dis-
tinctive begging call in the young and also a more rapid
discrimination of begging calls by adults (Loesche er al.
1991). Similar results suggest that colonial birds switch
from location cues to identifying the calls of their own off-
spring at the time when the young from different broods
intermix (Beer 1970; Miller and Emlen 1975). These re-
sults suggest that evolution favors investment in parent-
offspring recognition if the risk of misallocation of care
outweighs the cost of the recognition system.

The young of many dolphin and other odontocete spe-
cies are born into groups made up of many adult females
with their young, and they rely upon an unusually extended
mother-young bond. Bottlenose dolphin calves typically re-
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n with their mothers for three to six years (Wells et al.
7). Sperm whales and short-finned pilot whales (Globi-
ala macrorhynchus) suckle their young for up to fifteen
s (Best 1979; Kasuya and Marsh 1984). Dolphin calves
precocious in sensory and locomotor skills, and they
out of sight of the mother within the first few weeks
(Mann and Smuts 1993). Sperm whale calves may
be able to stay with their mother on deep foraging
, and may remain separated from her nearer the sur-
for tens of minutes (Weilgart and Whitchead 1986;
tehead and Weilgart, chap. 6, this volume). Young
ves often associate with animals other than the mother
ring these separations. This combination of early calf
bility and prolonged dependence would appear to s‘el'ect
early development of a mother-offspring recognition
tem in these species. The prevalence of alloparental care
hese species (seec Connor et al., chap. 4; Whitehead and
‘eilgart, chap. 6, this volume) may favor a more general-
| caregiver-calf recognition system. :
Some baleen whales show a pattern different from this
rolonged and highly social period of dependence in the
ung. In the seasonally migratory baleen whales, a young
If must migrate thousands of kilometers within months
of birth, and the young of most species are weaned within
sne-half to one year (Tyack 1986a). When an adult female
humpback whale has a calf, she seems to avoid other
mother-calf pairs (Tyack 1982). Very few groups of hump-
backs with more than one calf are ever sighted on the
breeding grounds. Some baleen whales may have an ecolog-
al setting more like that of barn swallows than cliff swal-
lows, in which a mother and calf may stay away from other
mothers with young during most of the period of depen-
dency. This reduces the potential for misallocation of pa-
rental care. In these cases, there may be reduced selection
for parent-offspring recognition. One caveat about these
conclusions concerns our ignorance of how mothers and
calves maintain contact on the migration, and the social
setting for migration. This is an important setting for fur-
ther behavioral research. ‘
In the beginning of this section, I mentioned that in
many terrestrial mammals, infants produce frequencx—
modulated tonal “isolation” or “distress” calls. A very simi-
lar call is produced by dolphin species in which the young
are raised within a social group or school. In most of these
species, dolphin infants produce frequency-modulated
tonal calls, called whistles, within the first few days of life.
Not only the acoustic structure of dolphin whistles, but
also the context in which they are produced, is very similar
to the isolation or distress calls of many terrestrial mam-
mals. Dolphins of all ages often whistle when alarmed or

%

distressed, leading to some early descriptions of alasm o
distress whistles (Lilly 1963b; Busnel and Dziedsic 1968),
While dolphins do tend to whistle in these contexts, ih
is little evidence for a species-specific alarm or distress whis-
tle with a particular acoustic structure that differs from that
of whistles produced in other contexts (Caldwell et al,
1990).

Observations of captive dolphins suggest that whistles
function to maintain contact between mothers and young
calves (McBride and Kritzler 1951). When a mother and
her young calf are forcibly separated in the wild, both whis-
tle at high rates (Sayigh et al. 1990). During voluntary scp-
arations between wild mothers and calves in Shark Bay,
Western Australia, whistling can be heard after the calf
turns toward the mother (Smolker et al. 1993). This obscr»‘
vation suggests that mothers and calves can keep trac:k of
each other’s general location during normal separations,
and that they use whistles to reunite as they approach cach
other.

The ecological and social settings of sperm whales wo‘uld
suggest a premium on early development of a communica-
tion system for mothers to find and recognize their %‘alvcs
after separations. Newborn calves appear unable to dive as
deep as their mothers must dive to feed. In one of th'c few
published observations of a sperm whale birth, Weilgart
and Whitehead (1986) report that a calf was left on the
surface for twenty minutes as the mother dove. Yet sperm
whales have not been observed to produce whistles, and
they primarily produce click sounds. Newborn sperm
whales have been recorded making relatively unstereotyped
sequences of clicks (Watkins et al. 1988). Tonal sounds
have also been recorded in settings where a calf was present,
and this is the only setting in which tonal sounds have
been reported for sperm whales (J. C. D. Gordon 19874;
Watkins et al. 1988). Further research is required to test
whether these tonal calls are used in a fashion similar to
the isolation calls of other mammals, or whether sperm
whale calves might use clicks to meet the same functional
need to reunite after separations.

There are some hints among cetaceans of the same kind
of matching between social setting and parexxcw()ffsprifzg
recognition system as has been shown for some bird species
(Beer 1970; Miller and Emlen 1975; Stoddard and I3€€:§f§3€§‘

1983; Medvin and Beecher 1986; Loesche et al. 19 ]

91 1
mentioned above that humpback whale mother-calf paiss
remain close together in clear tropical waters. They alss
appear to isolate themselves from other mothers and caly
and this may reduce the importance of a system ¢
and recognize each other (Whitehead and Mi‘iﬁiii :
this volume). The vocalizations of humpback whales §
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been well studied on the breeding grounds. Biologists have
followed and recorded thousands of social groups. While
vocal patterns have been well documented from lone males

(song) and from groups of males competing for access to
« female (so-called social vocalizations: Silber 1986), there
are no reports of vocalizations from mothers and calves. I
have spent tens of hours listening within range of mother-
calf pairs and have never heard a vocalization from them.
I their use of vocal signals to maintain contact was as fre-
quent as that of bottlenose dolphin mother-calf pairs, then
this level of monitoring effort would have recorded such
Herman and Tavolga (1980) have argued that
among the odontocetes, the species not known to produce

signals.

whistles are more solitary than those that do whistle. Moth-
ers with young of non-whistling species may be solitary
enough to have reduced needs for a vocal system to recog-
nize their own offspring. However, further studies of com-
munication between mothers and infants, and of the social
settings of mothers and infants, will be needed to test
whether cetaceans show the same kind of matching be-
tween social setting and individual recognition systems that
has been shown for many bird species. In particular, studies
need to be designed for unbiased estimates of call rates and
the behavioral contexts of vocalizations in different social
groups (see Mann, chap. 2; Whitehead et al.,, chap. 3, this
volume). This is particularly important for the poorly stud-
ied platanistid river dolphins and phocoenid porpoises,
which have been described as solitary based upon frag-
mentary data. Herman and Tavolga (1980) categorized
platanistid river dolphins as “non-whistling,” but whistles
have been reported for several platanistid species (Mizue
et al. 1971; Jing et al. 1981; Wang et al. 1995). Further
research on the vocalizations of this group is also urgently

needed.

Signals for maintaining coordination and cohesion of groups.
Individual animals that live in social groups may need to
remain with a particular group to obtain the fullest benefits
of group living. If these animals are mobile, they may need
a communication system allowing them to maintain or re-
gain contact with members of their group at the distances
over which they separate. There are two cetacean species
for which there is strong evidence for stable groups. These
two species, killer whales and sperm whales, are described
by review chapters in this volume. As Baird (chap. 5, this
volume) points out, the most stable groups documented
among, mammals occur among fish-eating killer whales
studiced in the inshore waters of the Pacific Northwest. Nei-
ther wex disperses from its natal group; the only way group
composition changes is by birth, death, or rare fissions of
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very large groups (Bigg et al. 1990b). Adult female spers
whales live in matrilineal family units that are stable te
years (Whitehead and Weilgart, chap. 6, this volumc).
Both sperm whales and killer whales tend to aggrega
while they are socializing, but individuals often dispersc o1
of sight of other group members while feeding. Groups of

N8i - A1, A4, A5 H

N7i - A1, A4, AS

o

sperm whales near the Galdpagos Islands tend to spewd
about three-quarters of each day diving and foraging
small dispersed clusters and about one-quarter of the da .
aggregated in large social groups (Whitehead and Weilg i MU
1991). While killer whales in the inshore waters of Britisl
Columbia tend to be sighted in stable pods, these pox
break up during foraging into small subgroups that dispcrs
over areas of several square kilometers (Ford 1989). In bot

species, individuals would appear to need some modc «

communication to allow animals separated by several kile:
meters to maintain contact or to reunite on a daily basis

This problem would easily be solved by vocal contu
calls. Loud calls of sperm and killer whales can be heund
over ranges of 5 km or more under normal circumstances
However, a single species-specific contact call could caus
problems for maintaining group cohesion. In areas of hig}

whale density, several groups might swim within acousti

range of one another, and individuals that are disperse:
while foraging might be confused by calls from severs
groups coming from different directions. Individual speri
and killer whales also face a problem in that their pod e
family unit may join with any of a large number of oth
groups, and when these larger groups split up, each individ:
ual must find its own pod or family unit. This probless
would seem to call for a group-distinctive contact call ¢
act as a badge of group membership. In fact, killer an
sperm whales are the only cetacean species for which group

TIME  §

500 ms

are 11.8. Spectrograms of discrete calls N7 (left column) and
4 (right column) from killer whales of the northern residens
snmunity in waters off British Columbia. Each of the spectro-
wns represents a repeated subtype of the basic N7 or N8 call.
445 is labeled above each spectrogram, along with the pods that
: been recorded producing this call. The x-axis indicates time;
the y-axis indicates frequency in kHz. (From Ford 1991.)

specific vocal repertoires have been reported.
Killer whales produce a variety of vocalizations, inclu

ing echolocation clicks, whistles, and pulsed calls. Ford
(1989) separates the pulsed calls into two general categorics
of discrete and variable calls. The discrete calls can casis
be further broken down into stable call types, while th
variable calls cannot be sorted into such well-defined cat
gories (Ford 1989, 1991). Figure 11.8 shows spectrograns:
of several stereotyped discrete calls from killer whales e
corded in the waters off British Columbia. These spectie
grams show the slight variations that define different sul
types of two common discrete calls from this communits
N7 and N8. Individual pulses can be seen as vertical line
in the beginning of cach of the N8 calls. In other parts f
these spectrograms, the interval between pulses is usuall
less than the window size for spectral analysis. This create
a pattern that may look like the multiple harmonics of 4

sal signal, but the apparent harmonics actually represent
frequency proportional to the period of the interpulse
¢rval (Watkins 1967). As long as one uses the same set-
s for spectrographic analysis, the apparent harmonics
: no problems for categorizing these discrete calls. Ford

) points out that these signals are relatively broad-

| and contain abrupt frequency shifts, which enhance
it potential for detection in noise and for localization.
While all of the pulsed calls of killer whales are thought
function primarily in social communication, the discrete
#lls are most associated with foraging and traveling, and
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the more variable pulsed calls are associated with socializing
(Ford 1989). When killer whales are foraging, each pod
usually breaks up into subgroups, and often several differ-
ent pods will feed in the same area (Ford 1989). A foraging
killer whale will often produce a seties of the same discrete
call, or two or more whales will exchange series of the same
call. Discrete calls are also produced at high rates when two
different pods meet and temporarily join.

Each pod of killer whales has a group-specific repertoire
of discrete calls that is stable for many years (Ford 1991;
Strager 1995). Figure 11.9 illustrates the presence or ab-
sence of different discrete calls within the northern resident
community of killer whales. Each pod has been recorded
producing between eight and fourteen of these calls. No
two pods have the same repertoire of these calls. These
group-specific repertoires are thought to indicate pod affil-
iation, maintain pod cohesion, and coordinate activities of
pod members. Ford (1989) argues that these repertoires
function to maintain the spacing and coordination of for-
aging and traveling whales. Production of discrete calls
would allow dispersed subgroups of foraging whales to keep
track of each other’s location. After several pods have fin-
ished foraging together, they may use their group-specific
repertoires to regroup to form the original pods. Ford
(1989: 743) argues that these “repertoires of multiple dis-
crete calls have evolved in killer whales to increase the reli-
ability and efficiency of intrapod communication and to
maintain the integrity of the pod.”

The only other cetacean species in which group-specific
dialects have been reported is the sperm whale (Weilgart
and Whitehead 1997). Sperm whales make a variety of
click sounds. So far, I have discussed the usual clicks pro-
duced during foraging dives and the slow clicks produced
by adult males. When sperm whales are socializing, they
tend to repeat series of clicks, lasting 0.5—1.5 seconds, that
follow a precise thythm. Each of these distinct rhythmic
click patterns is called a coda (Watkins and Schevill 1977¢).
As with the discrete calls of killer whales, codas can be easily
classified into discrete categories based on the number of
clicks they contain and the timing of the intervals between
clicks (Moore et al. 1993; Weilgart and Whitehead 1993).
Figure 11.10 illustrates examples of codas from sperm
whales recorded in waters near Dominica, West Indies.

Individual sperm whales often repeat a particular coda
pattern several times in a row (Backus and Schevill 1966,
Watkins and Schevill 1977¢). Watkins and Schevi
(1977¢) used an array of hydrophones to locate where ea
coda was produced. They reported that over periods
of minutes, each coda pattern appeared to come
direction, and different coda patterns came from
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Nl11
; x x X X Figure 11.10. Spectrograms of coda vocalizations recorded from
i x X x x sperm whales in waters near Dominica, West Indies. The timing
NI2 X X X X X X x x of intervals from Dominican sperm whales can usually be
N13 X X categorized as regular (A) or by a series of long intervals followed
Ni6 by a series of short intervals (B). (From Moore et al. 1993.)
i X
ii X X . . EX :
i X x directions. This observation led them to suggest that cach
iv X sperm whale produces an individually distinctive coda
II:JI }; X Whales that are close together—say, within a few hundrcd
NIS y x X meters—often exchange codas (Watkins and Schevill
N20 x X x x 1977¢). Sperm whales that are exchanging individually dis-
N21 X tinctive codas may match the coda typical of the other
Irji; )): whale (Watkins and Schevill 1977¢).
Later research on sperm whale codas has revealed tha
Total 14 14 13 14 9 8 9 I3 in each geographic area, the most common codas are sha red

Figure 11.9. Patterns of production of discrete calls by eight pods
of killer whales in the northern residens community. An X in
the column of a pod means that the call has been recorded
from that pod; a blank space means that the call has not
been reported. (From Ford 1991.)

by different individuals in different groups. The two most
common codas from Dominican sperm whales involve five
equally spaced or “regular” clicks fig. 11.10A) and a serics
of two long intervals followed by a series of two short inter-
vals (fig. 11.10B). Codas involving equally spaced click in-
tervals are similar in different oceans. For example, the reg-
ular codas from Dominican sperm whales are similar to
those reported from sperm whales in the Galapagos (Weil-
gart and Whitehead 1993). By contrast, irregular codas
from sperm whales in the Galapagos differ from those from

nica, tending to start with short intervals followed by
tervals (Weilgart and Whitehead 1993). Weilgart
hitehead (1997) have analyzed coda repertoires by
ing session, date, group, place, area, and ocean. They
trong similarities in coda repertoires recorded from
same group of whales over periods of several years,
with a weaker pattern of geographic variation. This
ng leads them to describe sperm whale codas as group-
ific dialects. As with the discrete calls of killer whales,
akest link in this argument is the lack of data on the
repertoires of individual sperm whales within these
ps.
Veilgart and Whitehead (1997) suggest that codas
tion primarily for intragroup communication. The
s that make up codas appear to be less intense than
| or slow clicks. Weilgart and Whitehead (1997) argue
t codas may have an effective range that does not extend
ond 600 m, limiting communication to within groups.
wever, this is almost certainly an underestimate of the
ective range of codas, and sperm whales have been seen
act to codas of other groups. Sperm whales sometimes
iptly silence their own vocalizations after distant codas
n some other group of sperm whales are heard (Watkins
al. 1985). The impression this gives to a listener is that
whales cease vocalizing to listen for the faint codas of
ant whales. Adult female sperm whales with young tend
3 form temporary groupings of two matrilineal units
Whitehead and Weilgart, chap. 6, this volume). This
ans that sperm whales within a unit frequently join or
slit with other units. When they detect a distant unit, they
¢e a problem of deciding whether to join or avoid that
nit. Weilgart and Whitehead (1997) show that groups
swithin one area tend to have more similar coda repertoires
than more distant groups. Sperm whales may listen to the
similarity of call repertoires to assess a group within acous-
¢ range; for example, to decide whether or not to chal-
lenge strangers, to affiliate with a neighboring group, or to
avoid a group altogether. While these intergroup interac-
tions may not be as common as intragroup responses to
codas, more research is needed to define the effective range
of codas and to evaluate whether interception of codas from
ather groups influences interactions between groups.
Whitehead and Weilgart (1991) systematically recorded
vocal and visually observable behaviors as they followed
groups of sperm whales in the Galapagos. They found that
usual clicks were strongly associated with periods when the
whales were diving and foraging in dispersed subgroups,
and that codas were strongly associated with periods when
the whales were socializing in tight aggregations at the sur-

face. This pattern differs from the usage of discrete calls
in killer whales, which predominate during foraging, but
Weilgart and Whitehead (1993) have an interpretation of
the function of codas similar to that proposed by Ford
(1989) for discrete calls in killer whales. Weilgart and
Whitehead (1993) hypothesize that codas function to
maintain the cohesion of groups of sperm whales as they
aggregate following dispersed foraging. It is also possible
that the different coda repertoires of different groups could
result from cultural or genetic drift, with no adaptive func-
tion. Testing these hypotheses about the possible functions
of codas will require more detailed observations of call us-
age by individual killer and sperm whales as they come
together after dispersal. There is an urgent need to study
the fine-grained patterns of communication using methods
that can link data on acoustic location of calls with follows
of individual whales.

If an engineer were designing a system to identify group
membership, she might assign one distinctive call as a
badge for each group. Sperm and killer whales have a more
complex system in which individual calls may be shared
between groups, but the entire call repertoire of each group
is distinctive. One reason for this apparent complexity may
involve difficulties in evolving a system where each group
develops a distinctive call. In addition, if the number of
distinctive features in one call is limited, then a larger reper-
toire might allow for a larger number of groups to be distin-
guished. However, this system has the potential disadvan-
tage that an individual may need to monitor a series of
calls for some time before being able to distinguish between
some groups.

Current research on calls for maintaining cohesion in
cetacean groups suggests a correlation between the presence
of and the need for such calls. However, there is a paucity
of data describing how sperm or killer whales use theSe calls
as members of a group reunite, or as members of one group
detect a distant group and make a decision about whether
or not to join with it. The main reason for this lack of data
stems from a methodological difficulty. It is relatively easy
to follow a group of killer or sperm whales in the wild and
to record sounds in their presence. However, it is extremely
difficult to identify which animal produces a call. This
problem forces one to analyze the data by group and pre-
vents one from studying patterns of signal and response of
individuals within a group. Miller and Tyack (1998) report
the development of an array of hydrophones that can be
towed behind a boat and used to locate where killer whale
sounds are coming from. This kind of system can be inte-
grated with individual-focused follows of visual behavior
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o dentity which individual produces a call. This technique
may llow obscrvers to better define the contexts in which
an individual whale produces a call as well as the vocal and
behavioral responses of other individuals. Such an ap-
proach holds great promise for better defining functional
usage of these calls.

Signals for maintaining individual-specific social relation-
ships. A common theme runs through many chapters of
this book, suggesting that individual-specific social rela-
tionships may be important elements of the social behavior
of many dolphins and toothed whales. If animals are to
maintain these individual-specific relationships, they must
be able to recognize and differentiate between different in-
dividuals. Another mammalian taxon in which individual-
specific social relationships are important is the primates,
and the mechanisms of individual recognition by primates
have been well studied. Some primates can recognize indi-
viduals by voice cues (e.g., Cheney and Seyfarth 1980), but
visual recognition of the face is of primary importance for
individual recognition in many primate species. Primates
appear to have evolved a system for recognizing and differ-
entiating between many different individuals using special
mechanisms for processing individually distinctive features
of the face (Gross 1992; Tovee and Cohen-Tovee 1993).

If some cetaceans also rely upon individual-specific so-
cial relationships, then they will require mechanisms for
individual recognition. Many cetacean species have enough
individual variation in visual features, such as pigmentation
or scars and notches, that human biologists can discrimi-
nate between many individuals (Hammond et al. 1990).
However, as described above, vision is much less valuable
as a distance sense under the sea than in many terrestrial
environments. If cetaceans are to broadcast a signal of their
identity or recognize individuals at ranges of greater than
10 m or so, they must rely upon acoustic signals.

The whistle vocalizations described for dolphins in the
context of mother-infant recognition provide one of the
most striking cases of individually distinctive vocalizations.
Most eatly papers on dolphin whistles tried to associate
specific whistle patterns with a particular behavioral con-
text, such as alarm or distress, and they appeared to assume
that all or most of these whistle patterns were shared by
all members of a species (Dreher and Evans 1964; Lilly
1963b). However, Caldwell and Caldwell (1965) recorded
whistles from five recently caught wild bottlenose dolphins
in o varicty of captive contexts, and they reported that each
mdividual dolphin tended to produce its own individually
dhstinctive whistle, which they called a signature whistle.
Sipnatare whistes have also been reported for the common
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dolphin, Delphinus delphis (Caldwell and Caldwell 19
the Pacific white-sided dolphin, Lagenorhynchus obliqus:
(Caldwell and Caldwell 1971), and the spotted dolph
Stenella plagiodon (Caldwell et al. 1973). Caldwell ¢
(1990) reviewed whistle repertoires from 126 captive s
tlenose dolphins of both sexes and a wide range of ages. |
primary method of identifying which dolphin producs-
whistle was recording dolphins when they were isolat
and signature whistles made up about 94% of each iudi
vidual’s whistle repertoire in this context. These sign.us
whistles were distinctive between individuals and s
over many yeass.

Caldwell et al. (1990) also reported that bottlenosc «
phins produce an extremely variable array of whistles s
are not individually distinctive. These non-signaturce whs
tles are called variant whistles. While variant whistles m,
up only about 6% of the whistles in the Caldwell ct 4l
(1990) data set, which emphasized isolated animals, ths
are more common in other contexts. For example, Ty.x
(1986b) reported that variant whistles made up 23% ol tis
repertoire of two dolphins that were interacting socialis
and Janik et al. (1994) reported that variant whistles we
much more common when a dolphin was being trainsd
than when it was isolated. The increased tendency of doi:
phins to produce signature whistles in isolation suppor
the hypothesis that dolphins use signature whistles to mais:
tain contact with individuals from which they have bees
separated (Janik and Slater 1998). Variant whistles can b
very diverse, but there can also be considerable overlap
the repertoires of variant whistles from different individu:
als. Tyack (1986b) and Janik et al. (1994) identified scver
classes of variant whistles, such as rise, flat, or down whis
tles, that were repeated by each individual and appearcd 1
be shared across different individuals in different studics

Additional evidence for signature whistles comes from:
a study of free-ranging bottlenose dolphins in inshore wa
ters near Sarasota, Florida. Approximately a hundred free-
ranging dolphins have been the focus of this long-term ficld
study of population biology and behavior, which has in-
volved extensive observations and censuses (Scott ct
1990a; Wells et al. 1987; Wells 1991). This study also it

cludes, on a more or less annual basis, a temporary capture

release component, in which dolphins are briefly held in s
net corral and are then released. During the period whes
they are restrained and isolated from other dolphins in the
net corral, the vocalizations of individual dolphins can be
recorded with suction cup hydrophones placed directly os
the head of each animal. A library of 398 recording scs-
sions, most containing hundreds of whistles from an identi
fied individual, has been obtained from 134 known indi-
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#uduals. Many of these dolphins were first recorded at one
i two years of age and have been recorded over spans of  the song, that becomes the primary unit of analysis. Biol
, to twenty years. All but a very few individuals have
fiown a stable and distinctive signature whistle over the
#atire time span during which they have been recorded
vigh et al. 1990), similar to the pattern reported by
dwell et al. (1990) for captive dolphins. Figure 11.11
sws spectrograms of the signature whistle of an adult fe-
sale over a period of eleven years and of one of her calves
one and three years of age. These whistles were recorded
an unusual setting, when the dolphin was restrained and
warated from other dolphins. However, there is evidence
t these whistles are similar to whistles recorded un-
i+ more normal circumstances. Sayigh (1992) followed
sups of free-ranging Sarasota dolphins (average group
 of three to seven animals) and found that the signature
tles recorded during these follows matched those re-
«ded previously from the same individuals using suction
» hydrophones.
There are several details of analyzing the acoustic struc-
sute of whistles that are crucial to the categorization of sig-
sature whistles. When biologists analyze the song of a bird,
shiat is defined as a song is not limited to signals with con-
imuous energy. If these continuous signals, called syllables,
i¢ seldom produced in isolation and usually produced in

RECORDING DATE

a regular and predictable series, then it is the serles

gists who have had the opportunity to study large reper
toires of whistles from identified individual dolphins have
tended to define the acoustic structure of signature whistles
in a manner similar to that of bird song, as opposed
syllables. For example, the signature whistles of mother 16
and calf 140 shown in figure 11.11 are each made up of
three continuous elements, which are called “loops” by
Caldwell et al. (1990). Since these are typically produced
as a unit with regular interloop spacing and highly variable
spacing between the three-loop units, they are analyzed as
one three-loop whistle instead of as three separate whistles.
Even if a dolphin varies the number of loops in a signature
whistle, as long as the variation involves repetition of the
same loop with regular spacing, it is categorized as one sig-
nature whistle (Tyack and Sayigh 1997). Dolphins some-
times appear to produce incomplete sections of a signature
whistle. If such a whistle precisely matches a portion of a
signature whistle, Tyack (1986b) would categorize it as a
segment of a signature whistle. Inspection of the whistles
of mother 16 in figure 11.11 reveals how precisely dolphins
can repeat the frequency-time contour of a loop over more
than a decade.

McCowan (1995) proposed an alternative way to ana-

MOTHER NO.16

FEMALE CALF NO.140
BORN 1984

1976

05 1.0 05 1.0

Figure 11.11. Spectrograms of signature whistles from one wild adult female bottlenose dolphin
recorded over a period of eleven years, and from her daughter at one and three years of age.
Note the Stablllty of both signature whistles. The x-axis indicates time in seconds;
the y-axis indicates frequency in kHz. (From Sayigh et al. 1990.)
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bore dolphim whisdes, The basic unit of her analysis is a
contiuous trace of whistle energy in a spectrogram. This
would spht many signature whistles into their component
loops, @ modihcation that would affect later analysis as
mvch us if one compared an analysis of bird song with an
analysis of the same data broken up into each song syllable.
Furthermore, most analyses of signature whistles compare
the detailed changes in frequency with time that make up
the Toop and whistle. McCowan instead used a technique
that assigns litdle weight to the actual durations and fre-
quencies of the whistle, but rather compares the relative
changes in frequency across twenty evenly spaced segments
of cach whistle. These are then fed into a cluster analysis,
which, as might be expected, yields quite different whistle
categories from those derived by the typical approach
(Janik 1999). McCowan and Reiss (1997) used this
method to categorize whistles of captive dolphins and re-
ported results similar to those of “studies published before
the advent of the ‘signature whistle hypothesis’
whistle repertoire within social groups, sharing of whistle
types across social groups, and a predominant but not indi-
vidualized whistle type” (180).

These differing results from different methods of catego-
rizing whistles can be resolved only by testing how dolphins
themselves perceive whistles. The hypothesis that dolphins
use signature whistles to broadcast individual identity as-
sumes that dolphins can use acoustic features of whistles to
recognize different individuals. McCowan and Reiss (1995,
1997) appear to be arguing thar most whistles do not con-

a large

tain individually distinctive features. Some studies have
been conducted that are germanc to this issuc. Captive dol-
phins have been trained to categorize a sample of whistles
from the same individual as similar and samples of whistles
from different individuals as different, even if these are
novel whistles from dolphins with which they have not in-
teracted. A captive male bottlenose dolphin was able to dis-
criminate signature whistles from two different males, in a
design using a large sample of whistles from both individu-
als (Caldwell et al. 1969). Recall of this discrimination re-
mained high for as long as the animal was retested, up to
twenty-two days. Experimental playbacks with wild bottle-
nose dolphins have also demonstrated that mothers and
»ffspring can recognize each others’ signature whistles even
after calves became independent from their mothers (Say-
igh 1992; Sayigh et al. 1999).

Quantitative signal processing also indicates that signa-
ture whistles provide sufficient information to distinguish
individuals. The question of whether the interindividual
variability of signature whistles is greater than their intra-
mdividual variability was tested analytically by Buck and

Tyack (1993), who developed a computer algorithm to
compare the similarity of pairs of whistle contours. This
algorithm measures differences in absolute frequency whilc
allowing different segments of the whistle to vary their time
axis to maximize fit in the fundamental frequency of the
whistle. It was used to sort three randomly chosen signarurc
whistles recorded from each of ten wild bottlenose dolphins
of the Sarasota population during temporary captures. Five
dolphins produced signature whistles without repetitive
loops, and the other five produced multi-loop whistles. The
algorithm correctly matched fifteen of fifteen of the whis-
tles without repetitive loops and fourteen of fifteen central
loops from multi-loop whistles.

Bottlenose dolphins appear to develop a highly stablc
signature whistle within the first year or so of life, yet ob-
servations of dolphins that are interacting socially and/or
acoustically suggest that imitation may play an important
role in the natural communication system of dolphins.
Janik (1998) found whistle matching in 24% of 188 whis-
tle interactions among wild bottlenose dolphins in the Mo-
ray Firth, Scotland. In one study of two captive adult dol-
phins, Tyack (1986b) found that each dolphin imitated
the signature whistle of the other at rates of about 25%
(i.e. 25% of all occurrences of each signature whistle werc
imitations produced by the other dolphin). Other studics
have reported rates of signature whistle imitation near 1%
among captive dolphins that were in acoustic but not phys-
1975; Gish 1979; Janik and

hese imitated signature whistles are not just

ical contact (Burdin er al.
Slater 1998). 71
produced immediately after the partner makes its signaturc
whistle, but can become incorporated into a dolphin’s
whistle repertoire. For example, after a period of silence,
one dolphin might produce a copy of another dolphin’s
signature whistle. The two animals in the Tyack (1986b)
study were first housed together at about five years of age,

well after signature whistles are developed. This ability of

adult dolphins to add new whistles to their vocal repertoirc
through imitation of auditory models has been well estab-
lished in experimental studies in which dolphins werc
trained to imitate novel synthetic whistle-like sounds (e.g.,
Richards et al. 1984).

If one dolphin can produce precise imitations of another
dolphin’s signature whistle, then this raises questions about
whether a dolphin hearing a signature whistle can reliably
predict which individual made the whistle. We do not
know whether dolphins can discriminate imitated whistles
from the original signature whistle, but many imitated
whistles have acoustic features that allow biologists to dis-
criminate them from the original (Tyack 1991b). Little is

known about the precise functions of whistle imitation. If
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the intended recipient of an imitated whistle is the animal
that typically produces that whistle, then that animal is un-
likely to be confused about whether it is an imitated whistle
or not. In this context, imitated whistles may function to
initiate an interaction with the animal whose signature
whistle has been imitated (Tyack 1993). Among songbirds,
call matching appears to provide a competitive advantage
for young males (R. B. Payne 1982, 1983). The deceptive
mimicry hypothesis suggests that call matching might allow
a young bird to deceive a mate or competitor into accepting
it as an experienced resident (McGregor and Krebs 1984a).
While dolphins do not have the same pattern of territorial-
ity, a dolphin could use an imitated whistle to attempt to
deceive another dolphin about the identity of the whistler.
In order to succeed, such deception would have to be rare
enough not to interfere with the usual reliability of individ-
ual recognition by signature whistles. All of these consider-
ations suggest that imitation of signature whistles is not
likely to interfere with their role in individual recognition.

McCowan and Reiss (1997) raised a different set of
questions about the proportion of whistles produced by
captive dolphins that are unique to individuals. They re-
corded whistles from small groups of captive dolphins held
together in small pools. Their methods differed from earlier
studies of signature whistles, both in the categorization
scheme described above and because they limited their
whistle sample to occasions when the individual producing
the whistle could be identified because the whistle was ac-
companied by a stream of bubbles from the blowhole.
Emission of bubbles allows one to identify whistles from
dolphins that are interacting closely, but is so rare that
Caldwell et al. (1990) raised questions about its reliability
and effectiveness. ‘

McCowan and Reiss (1997) categorized 185 bubble-
stream whistles from ten adult dolphins in three social
groups. Their categorization method identified twenty-
eight whistle types, 29% of which were shared across
groups, 25% of which were shared only within groups, and
46% of which were unique to individuals. Differences in
the methods used to categorize whistles make it difficult
10 compare the McCowan and Reiss (1995, 1997) data
to other analyses of signature whistles. The percentage of
whistles unique to individuals reported by McCowan and
Reiss (1997) was lower than the 70—90% typically reported
for signature whistles, but if they recorded imitated signa-
ture whistles, those would probably have been scored as
whistles shared within a group. The most common whistle
was a simple upsweep produced by all of the adults. This
# similar to the rise whistle reported by Tyack (1986b),
who identified whistles from two captive dolphins using

small telemetry devices, called vocalights, attached o cash
dolphin’s head. However, the upsweep accounted for 97 af
185 bubble-stream whistles, but only 17 of 284 vocalight
whistles. Janik et al. (1994) found that rise whistles were
the second most common whistle type (305/1743), after
the signature whistle (1098/1743) of the subject.

The primary results of McCowan and Reiss (1997) are
that they observed fewer whistles unique to individuals,
and many more upsweeps, than has been reported in other
whistle samples. Janik and Slater (1998) studied whistles
of four captive bottlenose dolphins and found that these
differences may relate to the social context in which the
whistles were recorded. They reported that each dolphin
produced its signature whistle when in a separate pool from
the other three, but that rise whistles were most common
when all the dolphins were swimming together in one
group. When these captive dolphins were undisturbed and
together in one pool, only 2.4% of their whistles were sig-
nature whistles. These results make sense in terms of the
signature whistle hypothesis, which suggests that dolphins
use signature whistles to maintain contact with specific in-
dividuals when they are separated or isolated.

The Janik and Slater (1998) results emphasize how im-
portant it is to study variation in whistle repertoires within
a behavioral context. Most work on signature whistles has
emphasized recordings from the isolation context, so it
might be expected to overestimate the percentage of signa-
ture whistles compared with other contexts. On the other
hand, bubble-stream whistles may also represent a biased
sample of whistles. As mentioned in the section on visual
displays, bubble streams may be used as a display by ceta-
ceans. If a dolphin chooses to add a visual display to a
whistle, the intended recipient may be likely to be within
view, so this context may be particularly different from the’
isolation setting, where other dolphins are out of view. In
addition, the highly unusual addition of bubble streams to
a whistle does not necessarily occur at random, but may
be more likely for some whistle types, such as upsweeps,
Their rarity, unreliability, and potential for bias led Cald-
well et al. (1990) to consider bubble streams a method of
last resort for identifying whistles from captive bottlenose
dolphins.

Resolution of these alternative interpretations of dol-
phin whistles will depend upon several directions for futuse
research. Experiments on how dolphins perceive w%;sﬁ_&%
are urgently needed to test which methods of categori
whistles most closely match how dolphins categor
tles themselves. In addition, new methods are requires
identify whistles unbiased by the activity or conss in
which the dolphins are engaged. A promising seare ins this
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direcnon was provided by Janik (1997), who located indi-
viduabwild dolphins fronm a shore station and used an array
ol ,l}‘(ll()llll(>!lL'S to I()c;llc ll]c whistles Ofwﬂd dolphins. He
way able to link the acoustic locations of whistles to the
sightings of specific individual dolphins being followed

from shore, and neither observation method affected the
behavior of the dolphins in any way.

Anaother cetacean species reported to have individually
distinctive signals is the sperm whale. In the first paper 1o
define the codas of sperm whales, Watkins and Schevill
(1977¢) suggested that each individual sperm whale may
produce an individually distinctive coda. Since that time,
both Moore et al. (1993) and Weilgart and Whitehead
(1993) have reported that many sperm whales within a geo-
graphic area may share several common coda types, such as
those illustrated in figure 11.10. Weilgart and Whitehead
(1993) reject the hypothesis that codas are individual iden-
tifiers, except over short time periods, because many indi-
viduals produce more than one coda type, and there are
many fewer coda types (as classified by Moore et al. 1993
and Weilgart and Whitehead 1993) than individuals in the
population. Weilgart and Whitehead (1997) interpret co-
das as group-specific dialects. However, the existence of
shared codas does not rule out the existence of individually
distinctive codas as well. Weilgart and Whitehead (1997)
partitioned variance in codas from the large scale of ocean
and area down to the group, and found that codas within
a group were similar over several years. However, they were
not able to compare coda repertoires of individual whales
within a group. Their results are consistent with cither
group-specific dialects or a repertoire combining shared co-
das and individually distinctive codas. The small number of
coda types does not rule out the possibility of an individual
identification function among subscts of the population.
Codas are categorized by humans rather broadly by timing
and number of clicks. It is likely that sperm whales can
achieve finer distinctions among codas. Bradbury and Veh-
rencamp (1998) point out that it is common for signals to
have hierarchical levels of variation, in which a mean pat-
tern might indicate species or group identity, and small
deviations from the mean may indicate individual identity.

A broad range of communication and echolocation
functions has been hypothesized for sperm whale clicks.
These different functions are by no means mutually exclu-
sive, especially for different click patterns such as slow
clicks, regular clicks, and codas. I cannot help but feel thac
our understanding of sperm whale codas is like that of the
blind men feeling small parts of the elephant—each indi-
vidual study has had such a limited view that different stud-
s ol codas can casily be expected to have come to different
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conclusions. I feel that our most important task is to de-
termine the coda repertoires of individual sperm whales
within a variety of behavioral contexts. Further research
using acoustic recording tags or acoustic location to iden-
tify codas from known individuals over days, weeks, and
years may provide a new perspective on this problem.

Echolocation May Influence
Communication in Cetaceans

Many cetaceans use their vocal and auditory systems for
echolocation as well as communication. Many treatments
of vocal behavior in cetaceans suggest that high-frequency
clicks are used exclusively for echolocation and that all
other sounds are used exclusively for social communica-
tion. While this assumption of a rigid dichotomy between
echolocation and communication is often implicit, it may
overly restrict our hypotheses about the functions of ceta-
cean vocalizations. Some cetaceans may use low-frequency

sounds for biosonar, sounds that are typically thought of

as serving a communicative function. For example, whilc
humpback song appears to function as a reproductive ad-
vertisement display (Tyack 1981), whales may also learn
about their environment from listening to echoes of bot-
tom reverberation from sounds used in song (Tyack 1997).
I have discussed how different biologists have argued that
the 20 Hz pulses of finback whales may function either
as a low-frequency echolocation system (e.g., Norris 1967,
1969; Payne and Webb 1971; Thompson et al. 1979) or
for social communication (Payne and Webb 1971; Wat-
kins et al. (1987); McDonald et al. 1995), perhaps as a
reproductive advertisement display (Watkins et al. 1987).
On the other side of this issue, there are several dolphin
species that appear to use “echolocation” clicks for social
communication. Several of the species that specialize in
high-frequency hearing, including the phocoenid porpoises
and dolphins of the genus Cephalorhynchus, are not known
to produce any of the sounds typically associated with
social communication in other dolphins (Amundin 1991;
Dawson and Thorpe 1990). The clicks they use in echolo-
cation may also function in social communication (Amun-
din 1991; Dawson 1991; Dawson and Thotpe 1990).
Amundin (1991) associated relatively stereotyped patterns
of repetition rate of “echolocation” clicks with specific so-
cial contexts in the harbor porpoise. Dawson (1991) also
found in Hector’s dolphin, Cephalorhynchus hectori, that
specific kinds of complex clicks were associated with large
groups and specific group activities. High repetition rates
of Hector’s dolphin clicks were associated with aerial and
aggressive behavioral contexts rather than feeding. If preda-

Tyack

304

tors of these species, such as killer whales, cannot hear the
high frequencies of these clicks, then it may be advanta-
geous to use them for communication as well as echoloca-
tion. Sperm whales also have a vocal repertoire limited pri-
marily to clicks, and biologists have argued that these clicks
are used for echolocation (Backus and Schevill 1966;
(oold and Jones 1995; J. C. D. Gordon 1987a; Whitehead
and Weilgart 1990) as well as communication (Watkins
and Schevill 1977¢; Whitehead and Weilgart 1991).

Tyack (1997) has argued that research on the evolution
of echolocation in cetaceans suffers from a dearth of studies
of ecological function and from a lack of broad comparative
reviews. If studies of cetacean sonar included more analysis
_of the problems for which sonar may have evolved, we
might have a much broader view of echolocation in ceta-
ceans. For example, low-frequency sound is better suited
than high-frequency sound for long-range sonar in the sea,
and many targets of great importance to cetaceans, such
as large bathymetric features, are also well suited to low-
frequency sonar. Clark (1993) suggests that the low-
frequency calls of baleen whales that are so well suited for
long-range propagation in the sea, such as those described
for blue and finback whales, may function for long-range
orientation through detecting echoes from large distant fea-
tures such as seamounts. Even if these signals have a pri-
marily communicative function, these whales may also
detect and respond to reverberation from bathymetric
features. This possibility has been little studied, but there
is suggestive evidence that bowhead whales migrating
through the ice may use low-frequency calls to detect large
areas of ice where they may not be able to surface to breathe
(Ellison et al. 1987; Clark 1989 and George et al. 1989).

These examples blend features typically associated with
the separate domains of sonar and communication. I would
like to suggest that auditory and vocal skills evolved to
function in one of these domains may preadapt animals for
developing abilities in the other domain.

Vocal Learning

Most of this review has suggested parallels between com-
munication in cetaceans and in other taxa. There is one
area, however, in which cetaceans show pronounced differ-
ences from their terrestrial mammalian relatives. Janik and
Slater (1997) review evidence for vocal learning among
mammals. Their definition of vocal learning concentrates
on “production learning”: evidence that the acoustic mor-
phology of an animal’s signals is modified by auditory ex-
posure. Very few nonhuman terrestrial mammals have been
shown to have an ability for production learning. Janik and
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Slater (1997) further divide evidence for vocal learning into
modification of the timing of vocalizations, which may in-
volve simple modification of the timing of exhalation, ver-
sus modification of frequency parameters, which is more
likely to involve complex coordination of the entire vocal
apparatus. The only nonhuman mammals for which they
find convincing evidence of vocal learning of frequency pa-
rameters are the following:

* Greater horseshoe bat, Rhinolophus ferrumequinum
* Harbor seal, Phoca vitulina

* Humpback whale, Megaptera novacangliae

* Beluga whale, Delphinapterus leucas

* Bottlenose dolphin, Tursiops truncatus

Some of the strongest evidence for vocal learning comes
from species that have been reported to imitate man-made
sounds in captivity. A few individual harbor seals (Ralls
et al. 1985) and beluga whales (Eaton 1979) have been
reported to imitate the sounds of human speech. Many
bottlenose dolphins have been shown to imitate man-made
whistle-like sounds (Caldwell and Caldwell 1972¢; Her-
man 1980). Dolphins can also be trained using food and
social reinforcement to imitate man-made whistle-like
sounds (Evans 1967; Richards et al. 1984; Sigurdson
1993). Evidence of vocal learning in the other two species
stems from observations of natural behavior. The echoloca-
tion call of horseshoe bats rises in frequency over ‘the first
year or two of life and then has a decreasing frequency with
increasing age. The echolocation calls of young with older
mothers are lower in frequency than the calls of young with
younger mothers, suggesting that young horseshoe bats
match the call of their mother ( Jones and Ransome 1993).
The vocal convergence at any one time within'a population
of singing humpback whales, coupled with the rapid.
changes in the song over time, provides evidence for*vocal
learning in these animals (K. B. Payne et al. 1983).

There is a striking lack of evidence for these kinds of
vocal imitation among nonhuman terrestrial mammals.
Since vocal learning is so important for human communi-
cation, the lack of evidence for vocal learning is particularly
striking in nonhuman primates. This observation high-
lights the importance of investigations into ‘the evolution-
ary origins of vocal learning in other mammals. The ques-
tion can be addressed by studying the current utility of
learned displays and then comparing the phylogenetic re-
lationships of species with and without skills for vocal
learning.

There is some evidence for a link between echolocation
and vocal learning among some bats and dolphins. Several
species of bats have hearing that is particularly sensitive in
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4 nantow frequency band. This frequency band is so narrow
that the Doppler shift in frequency of their outgoing pulse,
wduced by the relative motion of bat and target, can shift
the ccho outside of the bat’s best hearing band. These bats
madify their outgoing signal to maintain the appropriate
frequency of the Doppler-shifted echo, a process called
Doppler compensation. This frequency shift is required
for cffective operation of their sonar system. While this
frequency shift takes place in milliseconds, and involves
changing one’s outgoing pulse depending upon the echo
characteristics of one’s own earlier vocal production, it is
otherwise similar to the frequency matching between
mother and infant that is reported as evidence for vocal
learning in the horseshoe bat. Beluga whales and bottlenose
dolphins have been shown to imitate a variety of pulsed
and whistle-like sounds. Both of these species are able to
ccholocate, and, as in the case of Doppler compensation
in bats, vocal learning may play a role in the effective opera-
tion of their sonar. Both species have been shown to be
able to shift the peak frequency of their echolocation clicks,
either as a result of differing ambient noise (belugas: Au
et al. 1985) or through training (bottlenose dolphins:
Moore and Pawloski 1991). These findings suggest that the
requirements of echolocation may have selected for a sim-
ple form of vocal learning in these species.

Bottlenose dolphins are skilled at imitating whistle-like
sounds, and whistle matching appears to play a role in their
natural communication system. Their use of whistles in in-
dividual recognition, coupled with the problems associated
with voice cues for individual recognition in diving ani-
mals, suggests that vocal learning may play a critical role
in individual recognition and in maintaining individual-
specific social relationships in whistling odontocetes (Tyack
1991a; Janik and Slater 1997). The diving habit of ceta-
ceans may create significant differences in how they per-
form vocal individual recognition compared with terrestrial
mammals. Slight variations in the vocal tracts of terrestrial
animals cause predictable differences in the voices of indi-
viduals. Many of the features that distinguish the calls of
individual terrestrial animals appear to be subtle cues that
result from these variations in the vocal tracts of different
individuals. These involuntary characteristics of voice are
not likely to be reliable cues for diving animals, however.
The vocal tract is an air-filled cavity, and gases halve in
volume for every doubling of pressure as an animal dives.
Since different parts of the vocal tract are more or less elas-
tic, changes in volume will lead to changes in shape. These
depth-induced changes in the vocal tract are likely to out-

whale recorded ar different depths show strong differcns
in their frequency spectra (Ridgway 1997). If diving as
mals rely upon individually distinctive calls, they may
unable to use voice cues and may need to create distincti
calls by learning to modify acoustic features under volu
tary control, such as the frequency modulation of whistle

Selective pressures for the evolution of complex adve
tisements appear to have played a role in the evolution
vocal learning in songbirds and baleen whales. As in
case of most oscine songbirds, vocal learning in humpbad|
whales has been described only for their song, which is &
reproductive advertisement display that has evolved by sc
ual selection. Indirect evidence also suggests that sexual s
lection was a significant factor in the evolution of vocal
learning in some seals. Evidence for vocal learning amor
seals (Ralls et al. 1985) is particularly interesting from .
evolutionary perspective, because the pinnipeds evolved
from a different terrestrial ancestor than the cetaceans. T'his
suggests that there were at least two independent origin:
of vocal learning among marine mammals. Vocal imitatios
in harbor seals has been reported only for adult males (Rulls
etal. 1985), and adult male harbor seals have been reported
to produce repetitive acoustic displays during the breeding
season (Hanggi and Schusterman 1994). Many seals pro
duce songlike advertisement displays during the breeding
season (Ray et al. 1969; Sjare and Stirling 1993; Stirling
1973; Thomas et al. 1983). Further research is urgenly
needed on the potential role of vocal learning in these scal
songs. Among the cetaceans, there appear to be a varicty
of current functions for vocal learning, including echolo-
cation, individual identification, and producing advertisc-
ment displays. This variety makes it difficult to determine
whether vocal learning has arisen several times indepen
dently in this taxon, and if not, which was the original
function for which the skill evolved. Janik (in press) sug;
gests that vocal learning initially evolved in cetaceans for
individual recognition, and only later played a role in evo-
lution of songs in baleen whales. Whatever its origin, ceta:
ceans use vocal learning for developing a remarkable array
of signals with different social and sonar functions.

Comparison of Social Signals
with Social Organization

This volume has described a great diversity of social sys-
tems, life histories, and mobility among cetaceans. Data on
acoustic communication and social behavior also suggest
diverse patterns of variation in communicative signals,

weigh the subtle developmental differences that lead to  from individually distinctive signals, to group-specific vocal
vorce differences. For example, the whistles of a beluga repertoires, to signals shared among groups over broad geo-
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ic areas, to vocal dialects in different areas. Socioeco-

comparisons between species suggest diverse func-

for these signals among cetaceans.

ere is a clear correlation between the types of social

s and the types of communication signals seen in dif-

t cetacean groups (Tyack 1986a). Individual-specific

Is have been reported for species, such as the bottle-

dolphin, with strong individual social bonds; group-

fic vocal repertoires have been reported for species,

as killer whales, with stable groups; and population-

fic advertisement displays have been reported among

es, such as humpback whales, in which adults appear

ave neither stable bonds nor stable groups. Vocal learn-

ﬁppears to be involved in the development of many of
: signals. It is possible that vocal learning evolved de
0 in these different taxa as independent solutions to the
erent problems posed by their differing social organiza-

s. However, once a flexible system of vocal develop-
nt evolved to solve one problem, it may have allowed the
ibility to solve different problems. As the descendants
animals that had evolved abilities of vocal learning
nched into other niches, they may have used vocal learn-
to other ends.

The rarity with which vocal learning has evolved in ani-
ils suggests that the evolution of a system of vocal devel-
sment with this kind of flexibility may be a slow and
unlikely process. If a system for vocal communication can-
be modified through learning, but changes via the evo-
lution of genetic predispositions, then modification of the
em may take evolutionary time scales. Yet animal popu-
tions may face new socioecological opportunities on eco-
ogical time scales that are shorter than the evolutionary
es. For example, bottlenose dolphins that reside in in-
shore local habitats may benefit from different group sizes
and structures for feeding and predator avoidance than mi-
gratory offshore populations. The recognition systems re-
quired to maintain these different societies are also likely
io be quite different. While I separated the functional prob-
fems of parent-offspring recognition from those of group
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and individual recognition, it appears that dolphins may
use whistles, and sperm whales may use clicks, for all of
these recognition problems. We cannot assume that ceta-
ceans have evolved specific signals independently for each
of these functions. It is also possible that cetaceans have
evolved an open system of vocal development in which in-
dividual animals develop vocal repertoires through learn-
ing that match their locally adapted social groupings. Sup-
pose that cetaceans develop a signal distinctive enough for
parent-offspring recognition and then imitate common sig-
nals in their environment. Even if they followed the same
system of vocal development, animals living in stable social
groups might then develop group-distinctive repertoires,
while animals living in fluid societies might develop reper-
toires characterized by more individual-distinctive signals
and a diverse set of other calls. Further research will be
required to test whether these kinds of patterns reflect an
adaptive system in which vocal learning allows fine-tuning
of a communication system to local demands, or whether
vocal learning may create variation in signals with litde
adaptive significance, as has been suggested for some
songbird dialects (Andrew 1962; Bitterbaum and Baptista
1979; Wiens 1982).

One of the most promising areas for future research on
communication among cetaceans involves detailed behav-
ioral studies of how individuals of different age and sex
classes in a variety of different species use communication
signals. New techniques for identifying which individual is
vocalizing in the wild, and for following details of social
interaction, will better integrate studies of cetacean com-
munication with social interaction. Longitudinal studies of
individuals will be important for studying vocal develop-
ment. The current status of knowledge of communication
in cetaceans highlights the importance of cetaceans for
studying relationships between social signals and sdcial
structure, interactions between echolocation and commu-
nication, social influences on vocal development, and the
evolutionary origins of vocal learning.
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