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Abstract

This dissertation explores the design of dolphin social acoustic signals by

addressing the question: how have the signals used by these animals been adapted to the

physical, sensory and social environments they inhabit? To obtain answers to this

question, the behavior and acoustic signals of spinner dolphins (Stenella longirostris) and

spotted dolphins (Stenellafrontalis) were examined. A rhythmic pattern of behavior is

described for a population of spinner dolphins resident off the island of Oahu. The

population is tied to both trophic and physiographical resources associated with the

island's coastline, where groups fuse and fragment in predicable patterns over the course

of a daily cycle of activity and rest. Acoustic signals are thought to playa critical role in

the coordination of animals within and between groups.

A broadband analysis of the whistles and burst pulses ofthese two species reveals

that they span a much broader range of frequencies than typically discussed in the

literature. A considerable amount of energy is found in the higher frequency harmonics

of whistles, as well as in the ultrasonic bands of burst pulses. Many burst pulses in fact

have energy exclusively at ultrasonic frequencies and are thus inaudible to human

hearing. Most if not all ofthe frequency hearing sensitivity typical for dolphins appears

to be exploited in the design of their social acoustic signals.

Evidence is also presented on the directionality of whistles together with a

discussion on how the directional transmission ofharmonics may provide important cues

to listening animals about the orientation and direction of movement of a signaler. The
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"mixed-directionality" of dolphin whistles is proposed as a signal design feature that may

be very important for the coordination of individuals within groups.

Finally, a discussion is presented on how these findings fit together to provide a

more complete picture of the nature of dolphin social acoustic signals. Their functional

design is considered along with the features that make them well suited for echolocation

and communication underwater. A roadmap is provided for future investigators who

wish to further explore the design of dolphin social acoustic signals.
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CHAPTER 1 - INTRODUCTION

The function ofcommunication:

All animals must make behavioral and physiological "decisions" about how to

respond to the actions and conditions of other individuals. These decisions influence an

animal's ability to survive and reproduce and therefore contribute strongly to its fitness.

Because there are always alternatives in the condition of other individuals (level of

aggression, direction of travel, reproductive state, etc.), animals inevitably face

uncertainty in the decision making process. To cope with and reduce this uncertainty,

they process various forms of available information (Bradbury and Vehrencamp, 1998).

Knowledge of prior probabilities obtained from past experience, such as the likely

outcome of a contest is one such form of information. Another is the use of present

stimuli. Cues that are correlates of a condition of interest, for example water turbulence

produced by nearby individuals moving in response to a threat (Pitcher et aI., 1976), are

one such stimulus. Another are amplifiers of a trait that serve as a conspicuous indicators

to make the direct assessment of a condition more accurate (e.g., body markings which

highlight certain features of an individual). Finally, animals may produce and receive an

information-bearing signal.

A signal is defined from a behavioral standpoint as " ... any action or trait generated

by one animal which provides information used by another animal to select an action

beneficial to both parties" (Bradbury and Vehrencamp, 1998, p.355). It is the production

and reception of a signal followed by a response to that signal that is the basis of

'communication' among animals. More formally, communication is " ... the provision of
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information by a sender to a receiver and the subsequent use of that information by the

receiver in deciding how to respond" (Bradbury and Vehrencamp, 1998, p.2).

There are nine distinct stages in the communicative process according to Endler

(1993). These are:

a) The generation and emission of a signal by a signaler.

b) The transmission of the signal as dictated by environmental properties.

c) Reception of the signal at the sense organ(s) or environmental boundary of a

receiver.

d) Transduction of the signal by receptors.

e) Coding of the signal by sense organs for subsequent processing by the brain.

£) Perceiving that the signal is present and estimating its parameters.

g) Recognizing, discriminating and classifying the perceived signal.

h) Interpreting the signal and extracting critical information

i) Deciding, on the basis of the assessment, what to do in response to the signal.

Natural and sexual selective pressures operate on each of these stages and determine

the form of signals, senses, and signaling behaviors (Endler and Basoto 1998). Also,

predictable properties of the environment as well as of neural and sensory systems

influence and often constrain evolution at each stage of the process (Endler, 1992).

Finally, the intended purpose of communication, be it honest or deceitful, as well as any

asymmetries between the sender and the receiver's sensory acuities also play an

important role in shaping the communicative process (Krebs and Dawkins, 1984;

Mitchell and Thompson,· 1986). Animal communication must therefore be viewed as a
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coupling of signals, sensory organs and behaviors on the part of both sender and receiver

for the purpose of eliciting or adopting an evolutionarily adaptive course of action.

Signal design: where communication begins:

Communication can be accomplished through a variety of sensory modalities. These

include any combination of the tactile, chemical, visual and/or acoustic channels. Which

modalities are employed vary as a function of the complexity of the message, the medium

the message is being sent in, and the location and sensory acuity of intended (and

unintended) receivers. Despite this variability, all animal communication is predicated

on the production of a signal. To understand any system of communication it is

therefore important to develop an accurate and complete assessment ofthe signals

involved.

Studies undertaken to understand communication generally attempt to infer the

content of signals (i.e., what message is encoded). Fewer efforts are typically made to

study signals from a design standpoint (i.e. why they have specific characteristics). The

ways in which signals are designed reflect not only the selective forces that have shaped

them, but ultimately determine their usefulness as a communicative tool. Understanding

the factors influencing the design of signals is therefore an essential part of any effort to

decipher a system of communication.

The works of Hockett (1963) and later Hockett and Altmann (1968), were the first to

examine the signal design features of communication systems. Their efforts attempted to

classity signals based on a set of universal design rules shared by all signals. Five
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features were identified that could be used to classify signals based on quantitative

variables associated with each feature. These included features related to modality

(transmission properties, receiver sensitivity), social context (type, location and number

of receivers), behavioral antecedents and consequences (does the signal predict the

sender's action? Can it be deceptive?), the degree of variation in signal form as a function

of age, sex or group, and the degree to which signals are graded (as opposed to

stereotyped).

Subsequent attempts to characterize signal design features involved shifts in emphasis

rather than fundamental differences with the Hockett!Altman approach. Morton (1977)

defined what he termed "motivational structural rules" in the design of acoustic signals,

based on the premise that frequency and bandwidth variants of acoustic displays

constitute a graded system for the expression ofdifferent degrees ofaggression and fear.

Endler (1992, 1993) examined environmental constraints and receiver biases on signal

design and developed a specific list of mechanisms for maximizing signal range.

Finally, Guildford and Dawkins (1991) examined the role ofreceiver detectability,

discriminabiEty and memorability in shaping the design of signals and how these factors

could be influenced by the need to produce honest vs. manipulative signals.

Bradbury and Vehrencamp (1998) synthesized these and other works into a set of six

design features that account for the information content and transmission needs of all

signals, regardless of modality. These features can be summarized as follows:

I.· The range or active space of the signal; how far the signal can carry and still

maintain its communicative value.
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2. The locatability of the signal; the ability to provide the angular location of the

signaler to the receiver through the signal's locational and directional properties.

3. The signal's duty cycle; the amount oftime a signal is "on" relative to how long it

is "off" as detennined by the temporal pattern in the signal's delivery.

4. The identification level of the signal; how well the signal reveals the identity of

the sender to the receiver.

5. The signal's modulation potential; where the coding scheme of the signal falls

along a scale from highly stereotyped to graded signaling.

6. The signal's fonn-content linkage; the degree to which the signal's fonn is

dependent upon its content.

Any given signal will reflect these six design considerations to varying degrees. The

physical environment, the life history of the sender and its relationship to the listener will

ultimately detennine which design features predominate in the signal's final expression.

For example, while some mate-attraction signals might be optimized to provide

infonnation about the sender's identity and location, in more competitive situations

senders are likely to put a comparatively greater emphasis on form-content linkage to

relay infonnation about fitness. For instance, among songbirds living sympatrically,

frequency, note shape and syntax are critical song characters for species identification,

whereas temporal parameters playa lesser role (Becker, 1982). Conversely, in the gray

tree frog (Hyla versicolor) females actively select males that perform calls with long

durations, which are more costly energetically (Gerhardt et al., 1996; Wells and Taigen,
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1986} Thus, the design of signals will reflect both their proximate (how information is

transferred) and ultimate (why information is transferred) functions.

Communication in the delphinids:

The Delphinidae (commonly known as 'dolphins') are a family of marine mammals

(Order: Cetacea, Suborder: Odontoceti) believed to mediate much information via

communication (Herman and Tavolga, 1980). Delphinids represent an intriguing

example of the adaptability of social life. They live in groups ranging between several to

hundreds of animals in size, forage cooperatively, develop social hierarchies, engage in

alloparental care and are known to form strong pair bonds and coalitions between kin and

non-kin (See Pryor and Norris, 1991; Norris et aI., 1994; Mann et aI., 2000 for a review

of the literature on dolphin societies). These traits resemble in many ways social patterns

found in numerous avian and terrestrial mammal species.

Dolphins are known to communicate via a combination of the visual, tactile, acoustic

and possibly chemosensory channels (Herman and Tavolga, 1980). Visual signals in the

form of postural displays are thought to convey levels of aggression, changes in direction

of movement, and affiliative states (Pryor, 1990; Norris et aI., 1994). Tactile interactions

vary in purpose from sexual and affiliative to expressions of dominance and aggression

(Dudzinski, 1998; Johnson and Moewe, 1999). Although not well documented yet, it is

thought that a derivative of chemosensory perception, termed "quasiolfaction" allows

dolphins to relay chemic,,1 messages about stress and reproductive status (Nachtigall

1986; Kuznetsov, 1990). However, it is acoustic communication in particular that is

believed to have been the primary force behind the evolution of dolphin societies and the
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main tool that enables dolphins to function cohesively as a group (Norris and Evans,

1988; Connor et aI., 1998). Examining how dolphins have adapted their use of sound is

therefore an important step for understanding how social mammalian life managed to

evolve and thrive in the sea.

The challenge ofstudying delphinid acoustic signaling:

Some difficult challenges must be overcome to study the acoustic communication

behavior of dolphins. Foremost among these are the restrictions imposed by the aquatic

environment. The physics associated with underwater acoustics pose a major problem to

those not adapted for hearing in water. Sound propagation in the sea makes even a

simple task like identifYing the location of a sound source nearly impossible for air

adapted listeners. Matching signals with specific individuals and their behavior in the

field is problematic without the use of sophisticated technology like recording arrays or

directional transducers. Secondly, sensory disparities between human researchers and

their delphinid subjects create another major hurdle. Most species ofdolphins examined

specialize in producing and hearing sounds with frequencies well beyond the limits ofthe

human hearing range (up to 180 kHz). Thirdly, under controlled conditions, legal

restrictions relating to invasive research on federally protected species severely limit the

degree to which the reception of signals at the sense organs, the transduction by

receptors, and the coding of the signal by the brain can be examined. Furthermore, the

high cost of capturing and maintaining dolphins in captivity have allowed for only

sporadic and opportunistic attempts at investigating the perception, recognition and

interpretation of communication signals by dolphins. Finally, in the wild it is difficult to
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accurately assess the decision made by a receiver in response to a signal. Behavioral

responses to sounds generally occur out of human sight and are potentially confounded

by simultaneous processes like tactile and visual signaling.

Despite these challenges, over four decades of research on dolphin acoustic

processes have yielded a substantial amount of knowledge, particularly on hearing and

the ability of dolphins to echolocate. Echolocation behavior is a distinguishing

characteristic shared by all odontocetes (with the possible exception of sperm whales,

Physeter macrocephalus) that sets them and many bat species (Order: Chiroptera) apart

from other mammalian taxa. Considerable interest in echolocation on the part of the

defense industry has resulted in much research being focused on the dolphin's ability to

detect and discriminate various sounds on the basis of temporal (Johnson, 1968a;

Vel'min and Dubrovskiy, 1976; Moore et aI., 1984; Au et aI., 1988), spectral (Johnson,

1968b; Au and Moore, 1990, Lemonds, 1999) and spatial (Renaud and Popper, 1975,

Branstetter, 2001) variables. Additionally, many other mechanisms associated with the

production and processing of echolocation signals are now also well understood (see Au,

1993 for a review).

In comparison to echolocation, less has been learned about dolphin communicative

signaling. Besides the limitations of not being able to observe the behaviors of both the

signaler and the receiver(s), questions have remained unanswered about the nature of the

signals themselves. Surprisingly, much is still unknown about the design of dolphin

social signals. Although some basic parameters like frequency and temporal modulation

have been well documented and examined, few data presently exist to answer the
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question: How have dolphin social acoustic signals been adaptively designed for

communication in an aquatic environment? In other words, we have an incomplete

understanding of the acoustic communication signals produced by dolphins.

Our present knowledge ofdolphin social acoustic signals:

Delphinids emit a range of sounds that can be broadly classified into pulsed and

tonal signals. Echolocation signals are pulsed, or click-like in nature. Individual clicks

are very short in duration (usually < 70 Msec) with broadband energy from a few to more

than 150 kHz. Echolocation clicks are produced in rapid succession with inter-click

intervals generally between 20 and several hundred milliseconds (ms) long. These series

of clicks are termed 'click trains'. Except for beluga whales (Delphinapterus leucas), all

delphinids for which echolocation behavior has been empirically established produce

click trains that allow for the two-way travel time to the target and back, as well as a

processing period from 19 to 45 ms long between subsequent clicks (Au et aI., 1974;

Penner 1988, Thomas and Turl, 1990). Beluga whales are unique among the species

examined in that they sometimes use packets of clicks with inter-click intervals less than

the two-way transit time to the target (Au et aI., 1987; Turl and Penner, 1989).

Delphinid social sounds can be both pulsed and tonal. Most workers studying the

production of sounds by dolphins typically make a distinction between echolocation click

trains and what are known as 'burst pulse' sounds. Burst pulse sounds are also click

trains that have inter-click intervals of only a few milliseconds. Because these intervals

are considerably shorter than the processing period generally associated with

echolocation behavior and because they are often recorded during periods ofhigh social
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activity, burst pulse click trains are thought to instead be important for communication.

However, this distinction in function is rather gratuitous and has never been tested in

captivity or in the field. In fact, a concrete quantitative definition of the burst pulse

classification does not exist in the literature, making it somewhat ofa wastebasket

category for pulsed signals not seemingly related to echolocation. The lack of a concrete

definition is partly due to the fact that most reports of burst pulse production have relied

on the qualitative classification of sounds based on the aural interpretation of human

listeners. The use of labels like "yelps" (Puente and Dewsbury, 1976), "cracks"

(Caldwell and Caldwell, 1967), "screams" (Dawson and Thorpe, 1990) and "squawks"

(Herzing, 1996) to describe burst pulses has made it difficult to establish the basis on

which the classifications were made.

The production of burst pulse sounds has been reported for a variety of species

including: bottlenose dolphins (Tursiops truncatus; Caldwell and Caldwell, 1967),

Hawaiian spinner dolphins (Stene/la longirostris; Norris et aI., 1994), Atlantic spotted

dolphins (Stenellafrontalis; Caldwell and Caldwell, 1971), narwhals (Monodon

monoceros; Ford and Fisher, 1978), Hector's dolphins (Cephalorhynchus hectori;

Dawson, 1988), pilot whales (Globicephala melaena; Busnel & Dziedzic, 1966) and

harbor porpoises (Phocoena phocoena, Busnel & Dziedzic, 1966). To date, however,

much remains unknown about their role as communication signals and very little has

been learned about their acoustic properties. For instance, nothing is known about their

source levels and their full-band spectral makeup has yet to be established.
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Whistles are the other major class of social sounds. Whistles are FM and AM tones

that can last anywhere from 50 ms to 3 or more seconds. Their fundamental frequencies

are usually in the human audible range « 20 kHz) although their harmonic frequencies

are known to extend into the ultrasonic range (Au et aI., 1999). The temporal and

spectral modulation structures of whistles (their contour) have been shown to exhibit

species specificity (Steiner, 1981; Ding et al., 1995). However, numerous whistle

contour types can also be shared by both sympatric and allopatric species (Oswald,

2003).

Limitations in the technology available to most researchers have traditionally

restricted efforts to study the occurrence and use of communication signals in the wild to

an effective bandwidth of analysis ofless than about 22 kHz (Sjare and Smith, 1986;

Sayigh et al., 1990; Ford, 1991; Moore and Ridgway, 1995; Herzing, 1996). As a result,

the full spectral composition of delphinid burst pulses and whistles have remained poorly

defined. This is a significant shortcoming because, as was indicated before, most

dolphins are either known or suspected to be sensitive to high frequencies up to 150 kHz.

With little or no data to work with, the role of higher frequency signals or signal

components in communication have been left largely unexplored.

Other aspects of the design of dolphin social sounds have also been only partially

explored. Ofthe six signal design features outlined previously, most have received only

a partial empirical assessment. What is presently known about each feature is

summarized below.



12

The active space of social signals

In order to establish the communicative range of a signal, something must be known

about the amplitude level at which it is usually produced. For burst pulses, average

source levels have not yet been established. Their relatedness to echolocation signals

suggests they could be quite loud, possibly reaching upwards of 220 dB re 1 ftPa.

However, no direct evidence currently exists to indicate that this is the case.

Janik (2000) recently investigated the active space of whistles. Using a dispersed

hydrophone array he was able to geometrically infer the location of signaling animals.

The mean source level of the whistles he recorded was 158 dB ±0.6 re 1 ftPa. The

maximum was 169 dB re 1 ftPa. By factoring in transmission loss, ambient noise levels,

the critical ratios and auditory sensitivity of the species involved (Tursiops truncatus) he

estimated the active space of an unmodulated whistle between 3.5 and 10 kHz in

frequency to be between 20 and 25 km in a habitat 10 meters deep at sea state O. At sea

state 4 the estimated active space ranged from 14 to 22 km, while for whistles at 12 kHz

it dropped to between 1.5 and 4 km. These estimations were made for dolphins occurring

in the Moray Firth in Scotlaud, a relatively shallow, mostly mud-bottom, quiet

environment. No data presently exists on the source levels aud active space

characteristics of delphinid whistles in pelagic waters and comparatively louder tropical

nearshore environments.
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The locatability and directionality of social signals

The ability to localize a signal in space is an important component of its

communicative value. In many situations, simply receiving a signal from an unknown

origin is of limited use to the listener trying to make a decision about how to respond.

This is especially true for animals that use signals to facilitate or mediate social

processes.

The locatability of any given signal is determined by the interplay between physics

and the receiver's sensory physiology. To locate a signal, a receiver must to be able to

detect some vector quality of the physical signal that is indicative of its source (Hopkins,

1983). In the case ofSOlJllds, such a vector can be encoded in the physical properties of

the signal itself (its directionality), or be inferred via sensory processing (amplitude,

phase or time of arrival discrimination at multiple sensory organs).

Dolphins possess fine angular discrimination abilities for artificial sounds

resembling communication signals (Renaud and Popper, 1975). For 20 kHz pure tones

originating in line with their rostrum, bottlenose dolphins (Tursiops truncatus) have a

minimum audible angle of2.1 0 and 2.3 0 in the horizontal and vertical planes,

respectively. Dolphins also possess a receiving beam finely tuned for hearing returning

echoes during echolocation (Au and Moore, 1984). This beam is relatively broad at

lowerfrequencies and narrows with increasing frequency. Such directional hearing is

most likely an adaptation for improving the signal to noise ratio associated with returning

echoes and listening in a noisy environment, and probably also assists in localizing the

signals of conspecifics as well as other sounds.
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The beam-like directionality of echolocation clicks has been empirically derived for

the bottlenose dolphin (Au et aI., 1978, 1986) the beluga whale (Au et aI., 1987), the false

killer whale (Pseudorca crassidens; Au et aI., 1995) and the harbor porpoise (Au et aI.,

1999), and has been quantitatively observed in the rough-toothed dolphin (Steno

bredanensis; Norris and Evans, 1966) and the killer whale (Orcinus orca; Scheville and

Watkins, 1966). In contrast, little is known about the directional characteristics of social

sounds. Whistles have been qualitatively described as being less directional than pulsed

sounds (Herman and Tavolga, 1980) and as a result have been treated as omnidirectional

signals by most workers (Norris et aI., 1994). But no quantitative data presently exist to

justifY or challenge this approach. Burst pulse sounds are usually assumed to have

directional properties due to their shared similarities with echolocation signals, but this

assumption needs further empirical testing.

The duty cycle of social signals

The question of how long any given signal or class of signals is "on" versus "off'

must be qualified by the time frame of interest. Signals can vary in the fine structure of

their temporal patterning (e.g., duration), in their temporal spacing within a bout, and in

their occurrence within a larger cyclical time frame, such as a 24-hour day. Each of these

aspects of the temporal delivery of signals carries its own implication for communication.

Fine scale characteristics can define the nature of the signal itself and provide

information about its relationship to other signals as well as constraints associated with

its mechanism of production. The occurrence and timing ofa signal within a bout can
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help convey information about the urgency of a situation, the level of arousal, the fitness

of an individual and can assist the receiver in the task of localization. Finally, the

periodicity of signals over hours or days can be an indicator of variables such as activity

levels and reproductive state.

Murray et al. (1998) investigated the fine scale duty cycle characteristics of

delphinid social signals. Using a captive false killer whale (Pseudorca crassidens) as

their subject, they examined the temporal relationship between the units of a click train

(individual clicks) and tonal signals. Their analysis revealed that false killer whales

modulate the temporal occurrence of clicks to the point of grading them into a continuous

wave (cw) signal such as a whistle. This finding was interpreted as evidence that

Pseudorca may employ graded signaling for communication (a topic discussed in more

detail below), as well as to suggest that clicks and whistles are produced by the same

anatomical mechanism.

The timing of signals within a bout has not been investigated with much success

among delphinids. The primary obstacle towards this line of work has been the difficulty

of identifying the signaler(s) involved for even short periods oftime under field

conditions. Early work by Caldwell and Caldwell (1968) on a group or four naIve

captive common dolphins (Delphinus de/phis) suggests that whistle exchanges do have

temporal structure. In whistling bouts involving more than one signaler, the onset of a

whistle specific to an individual was followed within two seconds by that of another.

Furthermore, initiation of a whistle by two animals within 0.3 seconds of one another

always resulted in the inhibition ofone of them, with some individuals deferring more
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than others. Initiations separated by 0.4 - 0.5 seconds caused inhibition less frequently

while those longer than 0.6 seconds resulted in almost no inhibition. Repeated whistles

produced without an intervening response by another animal were usually delayed by less

than one second. Thus, the duty cycle of whistling bouts and chorusing behavior among

common dolphins does appear to follow certain temporal rules. What communicative

value these rules have has not yet been established.

Periodicity in social signaling has been investigated in captive bottlenose dolphins

and common dolphins (Powell, 1966; Sidorova et aI., 1990; Moore and Ridgeway, 1995),

as well as free ranging spinner dolphins (Stenella longirostris) (Norris et al., 1994) and

common dolphins (Goold, 2000). In the captive studies, signaling activity was linked to

feeding schedules, nearby human activities and responses to different forms of introduced

"stress". For spinner and common dolphins in the wild, the occurrence of social acoustic

signals was highest at night, when both species were foraging, and lowest in the middle

of the day.

The identification level of social signals

Establishing the identity of the signaler, both at the species and individual level, is an

important function of communication signals for any animal mediating social processes

in the presence of conspecifics and related sympatric species. Among delphinid whistles,

varying degrees of specificity have been documented across taxa and for sympatric and

allopatric situations. Congeneric species tend to have more similar whistles than those of

different genera, while the whistles of sympatric species diverge more than those of

allopatric ones (Steiner, 1981). Further, pelagic species tend to have whistles in a higher
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frequency range and with more modulation than coastal and riverine species and, on

average, taxa with longer body lengths produce whistles at lower frequencies (Ding et al.,

1995). These differences have been proposed as species-specific reproductive isolating

characteristics (Steiner, 1981), as ecological adaptations to different environmental

conditions and/or as restrictions imposed by physiology (Ding et aI., 1995). To date, no

efforts have been made to quantitatively compare burst pulse signals across taxa and

locations.

The role ofdelphinid whistles as individual-specific signals has been the focus of

probably more scientific attention than any other aspect of their social acoustic signaling.

Caldwell and Caldwell (1965) were the first to propose that individual dolphins each

possess their own distinct "signature" whistle. The idea was borne out of the observation

that recently captured dolphins each produce a unique whistle contour that makes up over

90% ofthe individual's whistle output. Since being proposed, the so-called "signature

whistle hypothesis" has emerged as the most widely accepted explanation for whistling

behavior among dolphins. The idea has received support from numerous studies

involving captive and restrained animals (Tyack, 1986; Caldwell et aI., 1990; Sayigh et

aI., 1990, 1995; Janik et aI., 1994; Janik and Slater, 1998) as well as from field studies of

free ranging animals (Smolker et aI., 1993; Herzing, 1996; Janik, 2000b). Some,

however, have argued that a simple signature function for dolphin whistling cannot

account for the diversity of signals observed in socially interactive dolphin groups

(McCowan and Reiss, 1995; McCowan and Reiss, 2001). While not denying the

presence of signature whistles per se, these authors have argued that the large percentage
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of stereotyped signature signals observed in other studies may be an artifact of the

"unusual" circumstances under which they were obtained (isolation, temporary restraint,

separation, captivity). The debate over the prevalence of signature whistles among

captive and free ranging dolphins remains a contested topic in the literature and at

scientific meetings. On the other hand, no evidence or formal discussions presently exist

to judge whether burst pulse signals carry any individual-specific information.

The modulation potential of social signals

The modulation potential describes the amount of variation present in any given

signal as measured by its position along a scale from stereotyped to graded signaling

(Bradbury and Vehrencamp, 1998). Stereotyped signals are repeats of structurally

identical forms and vary discretely between one another. They are used most often for

communication when the prospect of signal distortion is high, such as in noisy or

reverberant environments or for communicating over long ranges. Stereotyped signals

ensure that the basic form encoding the message is received by the listener, without

regard to introduced variations. Graded signals have more variants than stereotyped ones

and are encoded by changing one or more signal dimensions. These can include

intensity, repetition rate and/or frequency and amplitude modulation. Graded signals are

usually employed when a continuous or relative condition must be communicated in a

favorable propagation environment. For graded signaling to function, listeners must be

able to attend to fine variations present in signals and be aware of the coding scheme

employed.
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Many studies to date have made an a priori assumption that dolphin signaling is

categorical in nature, with signals belonging to mutually exclusive classes on the basis of

their shared similarities. Some evidence in support of this assumption comes from the

signature whistle hypothesis work, where restrained and isolated individuals are often

observed producing highly stereotyped bouts of signaling. However, few data are

presently available to suggest how dolphins perceive and distinguish social signals (Reiss

and McCowan, 1993). Therefore, it is unclear whether an assumption made based on the

occurrence of signature whistles is broadly applicable towards other forms of social

acoustic signaling (i.e., non-signature whistles and burst pulses).

A few studies have explored the occurrence of graded signaling in the

communication of delphinids and the larger whales. Taruski (1979) created a graded

model for the whistles produced by North Atlantic pilot whales (Globicephala melaena).

He concluded that these signals could be arranged as a "continuum or matrix (of signals)

from simple to complex through a series of intermediates" (p.349). Murray et al. (1998),

examining the signals of a captive false killer whale (Pseudorca crassidens), came to a

similar conclusion and proposed that Pseudorca signals were also best represented along

a continuum of signal characteristics, rather than categorically. Finally, Clark (1982),

examining the "call" signals of southern right whales, made the observation that "...the

total repertoire of calls is best described as a sequence of intergraded types along a

continuum" (p.1 066). Besides these works, however, the importance of graded signaling

in cetaceans has been virtually unexplored. Controlled experiments are needed to test

how dolphins perceptually classifY social sounds.
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The form-content linkage of social signals

The degree to which the fonn of a signal is linked to its content depends on how

infonnation is coded and on proximate factors associated with the signal's production.

The relationship between a signal's structural fonn and its message can range from being

rather arbitrary to tightly linked to a specific condition (Bradbury and Vehrencamp,

1998). For example, Thomson's gazelles will stott to signal their relative fitness to an

approaching predator (FitzGibbon and Fanshawe, 1988), while vervet monkey alann calls

semantically communicate to conspecifics the type of predator threatening the troupe

(Seyfarth et ai., 1980). In the former case the receiver of the signal (the predator) is

required to make a subjective evaluation of it, while in the latter situation the signal's

form is unmistakably linked to a specific condition. In addition, age, individual size and

the motivational state of the signaler can influence the signal's form, thereby adding

information to its content. Bonnet macaques for example respond differentially to the

alarm calls produced by adults and juveniles (Ramakrishnan and Coss, 2000).

Among delphinids, a clear relationship between signal form and content has only

been demonstrated for signature whistles (discussed above). Dolphins have been

experimentally shown to be capable oflabeling objects acoustically (also known as vocal

learning), as well as mimicking model sounds following only a single exposure (Richards

et ai., 1984). Additional evidence of vocal learning exists from culturally transmitted

signals in the wild (Deecke et ai., 2000) and in captivity (McCowan et ai., 1998), as well

as from the spontaneous production of acoustic labels in captivity (Reiss and McCowan,

1993). Context-specific variations in signatw·e whistle fonn have also been demonstrated
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(Janik et aI., 1994). However, to date, no semantic rules have been identified for

naturally occurring social signals among delphinids.

The overall aim ofthis dissertation:

The level of understanding that can be achieved about any system of animal

communication is limited by our ability to observe the characteristics that define it. A

complete assessment of the adaptive nature of delphinid social acoustic signaling will

require that we comprehensively understand the kinds of sounds that are used, the

sensory systems involved, the associated cognitive processes, and that we have a

knowledge of the behavioral contexts in which communication takes place. We are still a

long way from such a synthesis.

Integrating the above variables will not be possible without first understanding each

one individually. The goal of this dissertation is to further our knowledge about the

design of dolphin social acoustic signals. Specifically, to contribute some answers to the

question: how have dolphin communication signals been adapted to the physical, sensory

and social environments inhabited by these animals?

The objectives ofthis dissertation:

This dissertation examines the behavior and acoustic signaling of two species: the

Hawai'ian spinner dolphin (Stenella longirostris) and the Atlantic spotted dolphin

(Stenellafrontalis). Spinner dolphins were chosen as the focal species ofthis work

because they are highly active socially and acoustically, are locally abundant in near

shore Hawaiian waters, and are predictable in their occurrence. Atlantic spotted dolphins
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were examined for comparative purposes because they represent a related species with

similar communication needs but with a different ecology from spinner dolphins.

Spotted dolphins were studied in the Bahamas where they occur in a shallow-water bank

habitat and live in a social network quite distinct from that of spinner dolphins.

Three primary objectives will be met in the following chapters. The first will be to

provide a behavioral context for the use of social acoustic signals by spinner dolphins.

Understanding the behavior patterns of these animals will be important subsequently in

order to create a framework for their use of acoustic signals for commuuication. Chapter

two, "The occurrence and behavior of Hawai'ian spinner dolphins along Oahu's leeward

and south shores", examines the local occurrence of this species and provides the life

history background necessary to interpret the design characteristics of their signals. This

chapter also contrasts the behavior pattern observed on Oahu with previously established

patterns noted in other habitats.

The second objective is to detail the full bandwidth spectral characteristics of

dolphin whistle and burst pulse signals. Chapter three, "The broadband social acoustic

signaling behavior of spinner and spotted dolphins", presents the first quantitative full

bandwidth assessment of whistle and burst-pulse production by free-ranging dolphins. In

chapter four, "A comparative analysis of echolocation and burst-pulse click trains in

Stenella longirostris", the characteristics of burst pulses and the issue of graded versus

stereotyped signaling are explored by asking: Are echolocation and burst pulsed signals

categorically distinct from one another?
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Finally, the third objective is to assess the locatability of dolphin whistles. In

chapter five, "Directionality in the whistles of Hawai'ian spinner dolphins (Stenella

longirostris): A signal feature to cue direction of movement?" empirical evidence is

presented on the directionality ofwhistles together with a discussion on how directional

features could be used to coordinate the behavior of groups.

In the last chapter (chapter six), the presented findings are brought together in a

concluding discussion with relevant comparisons to the behavior and signaling patterns

of other taxa. All but chapters one and six have been written and are presented as

individual manuscripts to be published separately.
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CHAPTER 2 - THE OCCURRENCE AND BEHAVIOR OF HAWAI'IAN SPINNER
DOLPHINS (STENELLA LONGIROSTRIS) ALONG OAHU'S LEEWARD AND

SOUTH SHORES

INTRODUCTION

The spinner dolphin (Stenella longirostris) is a cosmopolitan species with

widespread distribution in tropical and subtropical oceans around the world (Perrin and

Gilpatrick, 1994). The common name is derived from the aerial acrobatics that

characterize the surface behavior of this species. Four subspecies (Sl. longirostris, Sl.

orientalis, Sl. centroamericana, and Sl. roseiventris) and one race (the Hawai'ian

spinner dolphin) are recognized that vary from one another in geographical occurrence,

size, shape and coloration (Perrin, 1990; Norris et al., 1994; Perrin et ai, 1999). Two of

the subspecies (Sl. centroamericana and orientalis) are thought to represent ecotypes

adapted to the pelagic environment of the Eastern Tropical Pacific (ETP), another (Sl.

roseiventris) is a dwarf form restricted to shallow waters in SE Asia, and the fourth (Sl.

longirostris) is found worldwide.

Spinner dolphins occur in both open ocean and coastal environments. Pelagic

populations, such as in the ETP, are often found in waters with a shallow thermocline

(Reilly, 1990). The thermocline concentrates pelagic organisms in and above it, upon

which the dolphins feed. Coastal populations are also common and are usually found in

island archipelagos like Hawai'i and French Polynesia where they are tied to trophic and

habitat resources associated with the coast (Norris and Dohl, 1980; Poole, 1995).



36

Despite their diversity in form and habitat use, all spinner dolphins (except the dwarf

form) specialize in foraging on small « 20 cm) mesopelagic fish, shrimp and squid

(Norris et aI., 1994). Foraging takes place primarily at night when the mesopelagic

community migrates towards the surface (Perrin et aI., 1973). Spinner dolphins dive to

meet the rising layer of prey organisms and forage cooperatively. Recent observations

made using a modified sonar system have revealed that spinners work as a group to

systematically concentrate segments of the layer (Benoit-Bird and Au, 2003).

In Hawai'ian waters, spinner dolphins are the most abundant ofthe delphinid species

(Mobley et aI., 2000). They occur along the leeward coasts of all the major islands and

around several of the atolls northwest of the main island chain. Their presence in Hawaii

and other Pacific archipelagos is attributed to the so-called 'island mass' effect (Norris et

aI., 1994). Slow, nutrient-rich bottom currents are brought to the surface by the slopes of

the islands (Gilmartin and Revelante, 1974). Localized nutrient-rich waters concentrate

the mesopelagic community upon which the dolphins feed.

The behavior of spinner dolphins resident along the Kona coast of the island of

Hawai'i was detailed first by Norris and Dohl (1980) and later by Norris et al. (1994) and

6stman (1994). These studies revealed that spinner dolphins engage in a very cyclical

and largely predictable pattern ofbehavior. Dolphins on the Kona coast seek out

shallow, wind-sheltered coves daily for protection from predation while resting. Groups

of 20 to 100+ dolphins usually enter these coves in the morning and gradually descend

into a state of lowered activity level for several hours. Periods ofrest are characterized

by very cohesive group formations and an almost total absence of acoustic activity. It is
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thought that these prolonged periods of quiescence are important for tissue regeneration

in the sound producing structures so heavily used for echolocation at night (Norris et aI.,

1994). During rest, spinner dolphins rely on vision rather than echolocation for scanning

their environment and as a result favor clear, calm waters and light bottom substrates that

provide a less cryptic backdrop for predators like tiger sharks. In the late afternoon/early

evening, following a period of renewed social activity, groups move offshore again

towards their evening foraging grounds. The cycle is repeated almost daily with the only

seasonal changes being adjustments in the timing of events reflecting shifts in day length.

The studies of the Kona population by Norris and his colleagues provide the current

framework for our understanding of spinner dolphin behavior and natural history.

Similar patterns of spinner dolphin foraging and resting cycles have also been observed at

other island habitats such as Moorea in French Polynesia (Poole, 1995) and Midway atoll

(Andrews, pers. corn.). However, little information presently exists about the variability

of behavioral patterns typical of spinner dolphins at different locations.

Norris et aI. (1994) suggested that the availability of prey and resting habitat are the

primary limiting factors influencing the occurrence of spinner dolphins along the Kona

coast. Presumably, these are the same constraints faced by populations on other islands.

Yet, the Kona coast is rather unique in the Hawai'ian archipelago and among other

tropical Pacific islands in its large size, availability of numerous protected coves, and vast

stretches of calm (Beaufort sea state 0-2), clear leeward waters. Additionally, the

mesopelagic community along Kona differs in density and distribution from communities

found on other Hawai'ian islands (Benoit-Bird et aI., 2001). So, how do spinner dolphins
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on different islands with more exposed coastlines, few or no protected coves and different

prey fields exploit their environment and carry out their daily behavioral cycle?

To address this question, the patterns of habitat use and behavior of a population of

spinner dolphins resident on the island of Oahu were investigated over a 5-year period.

The occurrence, movements and behavioral patterns of spinner dolphins on the southern

and western shores of Oahu were examined and compared with patterns previously

described for the Kona coast.

METHODS

Study Area

The western and southern shores of Oahu (the former is typically known as the

Waianae coast) represent two different habitats occupied by spinner dolphins (Fig. I).

The Waianae coast faces WSW and stretches 38 km from Barbers Point in the south (21 0

17.5' N, 1580 06.5' W) to Kaena Point (21 0 34.5'N, 1580 ITW) in the north. All but 2-4

km of the southern end of the coast are usually in the lee of prevailing northeasterly

tradewinds. The Waianae mountain range parallels the coastline, impinging directly on it

north of Kepuhi Point and south of Maili Point, creating a large valley in between.

Offshore tradewinds result in variable surface conditions along the coast. North to

easterly winds are funneled and strengthened in the valley and are mostly blocked by the

mountains elsewhere. Beaufort sea states on a typical (10-20 mph) tradewind day range

from 1-3 along the different parts of the coast. The majority of human activities along

Waianae are limited to small « 20 m) commercial and private fishing, diving and whale

watching craft.
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Figure 1 - Map of study area showing 10, 50 and 100-fathom isobaths.

The south shore is flanked by Barbers Point in the west and Koko Head crater (21 0

IS.S'N, 157" 42.5'W) in the east. Most of the 48-km coastline faces due south except for

a 7 km stretch between Honolulu harbor and Diamond Head crater where it faces SW.

The tradewinds refract around the Ko'olau mountain range that parallels the east side of

the island, resulting in sideshore easterly winds along most of the south shore. Surface

conditions are considerably rougher than along Waianae on most days, with Beaufort sea

states typically ranging between 2 and 4. The south shore is also much more heavily

navigated than the Waianae coast with commercial, industrial, and military shipping as
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well private crafts operating in large numbers each day out of Honolulu harbor, Pearl

Harbor and four small boat harbors.

Data collection:

Data for this study were obtained within the operating framework of a larger effort to

study the acoustic signaling of spinner dolphins between June 1996 and November 2001.

Observations of the occurrence, movements and behavior of dolphins were made

systematically by visually tracking the movements of groups for extended periods and

also opportunistically when transiting through the study area on other research matters.

All observations were made from either a 5.2 m Boston Whaler with a 40-hp outboard

engine or from a 9.7 m Grand Banks with a 120-hp inboard diesel engine.

The primary approach for data collection was to locate groups of dolphins occupying

the study area and visually track their movements and record their behaviors for extended

periods of several hours. When tracking or behavioral sampling of a group was not

feasible, only the time, number of animals and GPS location ofthe sighting was recorded.

The search for dolphin groups was typically launched between 7:00 AM and noon from

Waianae harbor, Kalaeloa harbor or Keehi harbor (Fig. 1). Initial search routes along

Waianae alternated between exploring the northern coast up to Kaena Point one day and

the southern end towards Barbers Point the next. On the south shore, the waters east of

Keehi harbor up to Diamond Head and west of the harbor to Barbers Point were explored.

Surface conditions were too rough on most days to effectively search the waters east of

Diamond Head.
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Once encountered, a group of dolphins was tracked and observed as long as the

animals could be kept in sight or until surface conditions were deemed too rough to

continue. Spinner dolphin groups were typically tracked from a distance of ISO-SOD m.

At 3D-minute intervals, groups were approached to within 50-100 ill and several variables

were recorded including: the time, the number of animals present, their GPS position, the

water depth, and a series ofbehavioral measures used to establish their relative level of

activity. An activity index (A.I.) was developed as a composite metric of the behavioral

state of spinner dolphin groups. It is based on three measures: the degree ofcoordination

between individuals in a group, the duration of their dives and the amount of surface

activity observed. These measures were defined in the following manner:

Coordination Index (C.I.): Group coordination was classified into three types (Fig. 2):

Type I - A group composed mostly of animals occurring in pairs, triplets and alone

swimming without much cohesion with one another (C.L = I), Type II - A core group of

animals moving in a synchronized fashion with a number ofindividuals continuing to

swim independently on the periphery (C.1. = 2) and Type III - All animals in the group

integrated into a tight cohesive unit (C.1. = 3).

Diving Index CD.1.): Dive patterns were timed and classified by observing individuals

with naturally occurring marks and scars from the beginning of one surfacing event

(often composed of consecutive breaths) to the beginning of the next. Dive intervals

were classified as either Short -lasting less than one minute (D.1. = I), Medium -lasting

between 1 and 2 minutes (D.L = 2), or Long-lasting longer than 2 minutes (D.I. = 3).
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Figure 2 - Classification criteria of spinner dolphin group coordination based on the

relative spacing between individuals. The gray ovals represent dolphins.
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Surface Index (S.L); The surface and aerial acrobatic behaviors displayed by a group

were recorded over a five-minute sampling period using the classification nomenclature

of Norris et al (1994). Observed behaviors were dictated into a tape recorder and later

classified according to their relative level of intensity and/or their presumed behavioral

function. Surface behaviors were divided into; Moderate effort - acrobatics where more

than V. but less than the entire animal's body broke the water's surface (e.g., head slaps,

back slaps), High effort - when the entire animal's body left the water (e.g. tail-over-head

and arcuate leaps), and Social - behaviors linked to direct interaction with other

individuals (e.g., chases, tail slaps).

The surface index was calculated for the subgroup based on the number of

animals present using the equation;

S.L = 0.5(M) + H + 0.5(S)

where, M, H and S represent the number of moderate effort, high effort and social

behaviors, respectively, per animal divided by the upper 95% confidence interval value of

each class calculated from the entire data set. High effort surface behaviors were

weighed more than moderate effort and social behaviors to reflect the perceived disparity

in the energy required to perform them. These weights were arbitrarily selected. The

resulting S.L values ranged between 0 and 2.

Norris et al (1994) characterized alert and socially interactive spinner dolphin

groups as having loose swimming formations, short dive times and displaying frequent

aerial acrobatic behaviors. Conversely, they described resting groups forming tight



44

clusters, diving for long periods and suppressing most surface activity. The Activity

Index (A.I.) used in this study was developed to quantitatively follow the shifts in

behavioral state of a group of spinner dolphins through the day as a function of these

behavioral cues. For each 5-minute sampling period, the A.I. was calculated using:

A.I. = C.I. + D.I. - S.I.

This formula was selected so that all A.I. values would range between zero and

six, with low behavioral indices (0-2) representing alert, socially active groups, while

higher indices (4-6) being indicative of progressively more subdued groups. At a

maximum A.I. value of six all animals in a group were tightly clustered, dove for periods

longer than two minutes, and were coordinated to the point of synchrony.

Data analysis:

The GPS positions of spinner dolphin groups were plotted on digital NOAA

navigation charts using Nobletec Visual Navigator 4.1 software. The distance to shore

and to the 10, 50 and 100 fathom bathymetric contours were measured for each waypoint.

Additionally, the bearing of travel was calculated for successive positions. This provided

a measure of the change in direction of travel over time. Tracks with three or more

waypoints provided multiple 'legs' for which changes in travel angle and rate could be

calculated.

To examine the occurrence of dolphins and their patterns of activity over time and

at different locations, data were grouped by the time of day and by the location along the
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coast where the animals occurred. Time of day was classified as early morning (7:00 

9:59), late morning (10:00 - 11:59), midday (12:00 - 13:59), early afternoon (14:00

15:59), late afternoon (16:00 - 17:59) and evening (18:00 - 19:59). Locations along the

Waianae coast were divided by latitude into 3 areas: north Waianae (21° 34.5' - 21° 29'),

central Waianae (21 0 28' - 21° 24') and south Waianae (21 0 23' - 21 0 17.5). On the south

shore, the coast was also divided by longitude into three areas classified as: Barbers point

(1580 06.5' - 1580 01 '), Pearl Harbor (1580 00' -1570 54') and Honolulu (1570 53'

1570 49'). To examine patterns of behavior in more detail, the three areas were in some

cases grouped further into smaller segments of coastline spanning only 2

latidudinaI/longitudinal minutes (3.45 kIn).

Pods of spinner dolphins seldomly remained cohesive for more than 1-2 hours at a

time. Groups changed in a fission-fusion pattern of occurrence, whereby large groups

fragmented into smaller subgroups, which periodically re-joined other groups to form a

new pod (Fig. 3). As a result, the number and compostion of individuals in a group of

dolphins being tracked frequently changed. Often, recognizable animals disapeared from

groups being monitored only to rejoin them several hours later or occurring with some of

the same animals in a new group on a different day. To account for this variation, data

points on the location and behavior of groups were averaged over two hour periods. Each

two-hour period was considered to represent a distinct makeup of animals and treated as a

separate data point. For statistical analysis, data points obtained within the same day

were pooled with those obtained on different days. This approach assumed that the

variation in the composition of groups within each day was approximately equivalent to
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Figure 3 - A hypothetical representation of the fission-fusion pattern of occurrence of

spinner dolphin pods along the coast over a period of three days. Circles with

letters represent subgroups which mayor may not remain cohesive over time.

The illustration shows how over several hours the composition of pods being

observed can vary as much as that of pods observed on different days.
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the variation between days and that any lack of independence between points resulting

from shared individuals between groups would average out over the course of the study.

The manner in which groups moved along the coast was classified according to

whether they milled in a restricted location or traveled down the coast. Milling behavior

was defined on the south shore as movement limited to less than one longitudinal minute

over a 2 hour period and an average change in travel angle greater than 90 degrees over

that same period. On the Waianae coast, which faces WSW, milling was defined by a

north/south displacement of less than 0.83 latitudinal minutes over two hours (the

equivalent distance in meters as on the south shore) and by an average change in travel

angle greater than 90 degrees. Conversely, traveling was characterized by a net

movement of more than one and 0.83 latitudinal minutes along each respective coast and

an average change in travel angle ofless than 90 degrees.

RESULTS

A total of 131 surveys ofthe three areas along Waianae and 89 surveys of the

three south shore locations were conducted, totaling 905 hours of combined searching

and tracking effort. The frequency with which spinner dolphins were encountered

somewhere along the coast during a survey was 75.1% on Waianae and 56.1% on the

south shore. Along Waianae, spinner dolphins were tracked 63 times and sighted on 42

other occasions. On the south shore, dolphins were tracked 12 times and sighted 27 other

times. Tracks lasted on average 3 hrs 21 min (S.D. =2 hrs 32 min) on Waianae and 3 hrs

and 32 min (S.D. = 2 hrs 15 min) on the south shore.
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Occurrence:

Table I presents the relative occurrence of spinner dolphins on the coast in terms

of thefrequency with which they were encountered in each area adjusted for survey

effort. Along Waianae, groups of spinner dolphins were found in the early morning

period with roughly equal frequency along the northern and southern parts of the coast,

and less so on the central part. Within these two areas, dolphins were found

disproportionately at two specific 1.5 km2 shallow water «10 fathoms) sites (Fig. 4a). In

north Waianae, 95.2 % of all initial sightings were made along the stretch of coast in

front and just north of Makua beach. In south Waianae 52.4% of sightings occurred in

front of Kahe Beach Park. Only 15.1% of pods encountered were found in central

Waianae, and ofthese 87.5% occurred in front ofPokai Bay, adjacent to the Waianae

harbor entrance. In total, 37 out of 49 (75.5%) of all sightings made in the early morning

occurred at these three sites over a combined area of 4.2 km2
. This represents only

13.2% of all the nearshore habitat less than 10 fathoms deep on the Waianae coast.

The pattern of occurrence after lOAM was different than in the early morning

hours (Fig. 4b). Spinner dolphins were found in approximately equal proportions along

all three coastal areas. Dolphins remained common in north and south Waianae, but were

also frequent in central Waianae. Only 27 out of 50 (54.0 %) pods encountered or

tracked during the late morning occurred at Makua, Pokai Bay or Kahe. This proportion

decreased further as the day progressed. During the midday, early afternoon, late

afternoon and evening periods 18 of39 (45.9 %),13 of39 (33.3%), 7 of28 (25.0%) and

oof5 (0%) of pods, respectively, occurred at the three sites.
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Table 1 - The frequency of spinner dolphin encounters on different parts of the Waianae

coast and south shore for surveys conducted in the early morning and late

morning.

Freq. of encounter (# of surveys)

7:00 - 9:59 10:00 - 11 :59

Waianae

N. Waianae 71.9% (32) 80.0% (10)

C. Waianae 26.6% (33) 64.5% (13)

S. Waianae 78.6% (28) 73.3% (15)

South Shore

Barbers Pt. 18.2%(11) 28.6% (14)

Pearl Harbor 36.0% (25) 40.0% (20)

Honolulu 61.5% (13) 16.7% (6)
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On the south shore, the pattern of occurrence of spinner dolphins was different

than along the Waianae coast. In the early morning, dolphins were most commonly

found along the shoreline adjacent to Honolulu (Table 1). While there, however, they did

not exhibit a preference for any specific location, as they did along Waianae (Fig. Sa).

During the late morning period, dolphins became more common in the Pearl Harbor area,

but again did not show any consistent preference for a specific site (Fig. 5b). At midday,

7 out of II pods (63.6%) sighted or tracked occurred near Pearl Harbor, compared with 4

pods (36.4%) off Honolulu and none off Barbers Point. Only four pods were tracked into

the early afternoon period of which three occurred off Honolulu and one traveled east of

Diamond Head. Two ofthese remained off Honolulu into the late afternoon period,

while the rest were lost from sight.

Spinner dolphins on both coasts exhibited a strong affinity for waters inside and

near the 10-fathom (60 ft.) isobath between the early morning and late afternoon periods

(Fig. 6a). During this time, 92.6% of all pods sighted or tracked along Waianae and

80.5% of pods on the south shore occurred in waters less than 100 feet deep. Dolphins

on the Waianae coast, however, occupied shallower waters than on the south shore.

Before 4 PM groups along Waianae occurred on average 210 m (S.D. = 358 m) inshore

ofthe lO-fathom isobath in waters with a median depth 006 feet. On the south shore

they were found 56 m (S.D. = 417 m) offshore of the 10-fathom isobath in waters with a

median depth of 63 ft (Wilcoxon rank sum test, P < 0.001). In the late afternoon, dolphin

pods on both coasts began to transition to deeper waters. By the evening, pods on

Waianae typically occurred directly over the 100-fathom isobath (Fig 6b). All tracks on
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Figure 5 - Occurrence of spinner dolphins on the south shore in the (a) early and (b) late

morning periods. Percentages indicate the proportion of sightings (from

initial encounters and tracks) recorded during the course of the study on the

different parts of the coast.



53

Offshore
(a)

2.00

2.50~-------------------,

E...
~

t: -0.50 
i5

-1.oo.l---+---I----+---+---I---

..c
] 1.50

~ ::::::::::::::;::;t:7'
E -I--1Ic---t:r-=:=:::!~==;~~~:::::::::::::":~----I-1O fathom
~ 000 :.: .1______ isobath

_______1 1'_ ________ ___ __ ___________ ~

Inshore

E 0.50-,---------------------, Off~hore

... (b) .,
~ +----------------If----It--+100 fathom!-:::----------T~;,/ i"b'"
~ -1.00 ---.~--------~~ ------ -----------

.:: i
-1.50

t:
i5 -2.00 +---+-----i---+---+----1----j

Early Late Early LateMidday Evening
morning morning afternoon afternoon

Inshore

Figure 6 - Average distance of spinner dolphin pods from (a) the lO-fathom and (b) 100-

fathom isobath as function of the time ofday. Closed circles are for pods

along Waianae and open triangles are for pods on the south shore. For clarity,

standard deviation bars are shown only for the Waianae values.



54

the south shore ended by the late afternoon due to rough surface conditions so no data

were obtained for the evening period.

Group size:

The size of dolphin pods varied considerably on both coasts. The largest pod

encountered was estimated to have between 110-120 individuals, while the smallest

group was composed of only 2 animals. No lone spinner dolphins were ever observed

during the course of this study.

Figure 7 shows the average group size along both coasts as a function of the time

of day. There was a significant trend on both the Waianae coast (One-way ANOVA; P =

0.006) and the south shore (One-way ANOVA; P =0.03) for groups to be larger in the

morning than in the afternoon. This difference was greatest between the early morning

and early afternoon periods on Waianae and the late morning and early afternoon periods

on the south shore. In addition, pods on the south shore were consistently larger than

along Waianae. These differences were significant during both morning periods and in

the early afternoon, but not during midday (Fig.7). Insufficient data points were

available from the late afternoon on the south shore for statistical comparison with

Waianae.

Movement:

Pods of spinner d.olphins milling were more common than traveling groups along

Waianae in the early morning hours (Fig. 8). After 10 AM they were approximately
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Figure 7 - The average size and standard deviation of spinner dolphin pods along

Waianae (e) and the south shore (ll) as a function of the time of day. Stars

(*) indicate significantly different (p < 0.05) values between the two coasts.

equally likely to engage in either pattern of movement. On the south shore, dolphins

milled and traveled in roughly equal proportions throughout most of the day, except

during the midday period when all 7 pods that were tracked traveled along the coast.

Movement patterns along Waianae differed between specific locations. Figure 9

shows the proportion ofmilling vs. traveling pods as they occurred in latitudinal 2-minute

bins along the coast. Dolphins engaged in the greatest proportion of milling behavior in

the three bins that coincided with the Makua, Pokai Bay and Kahe sites. Milling also

occurred to a lesser extent in bins adjacent to these sites. Notable is the fact that almost
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Figure 8 - Proportion of spinner dolphin pods milling (liD and traveling (D) on the south

shore (8.s.) and Waianae (W.) as a function of the time of day. The number of

pods observed is indicated at the top of each column.

all pods occurring at two of the sites in central Waianae and one in south Waianae only

traveled while in these areas.

Not enough tracking data points were obtained from the south shore to be divided

into latitudinal2-minute bins. However, a broader comparison between the two coastal

areas for which several observation were made revealed that pods milled and traveled in

approximately equal proportions off Honolulu and Pearl Harbor (Fisher's exact test; P =

0.147). Only a single data point of a milling group was collected for the Barbers Pt.

area.
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parts of the Waianae coast. The number of pods observed at each location is

indicated at the top of each column.

Activity level:

The level of activity of spinner dolphins along Waianae, as measured by the

activity index (A.I.), was significantly influenced by time of day (One-way ANOVA; P <

0.001) (Fig. 10). Activity levels were statistically equivalent during both morning

periods, but differed from the midday and early afternoon when A.I. values increased

significantly (Tukey's pairwise comparisons; P < 0.0065). In addition, while the larter
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Figure 10 - Average activity indices (A.I.) measured on Waianae (e) and the south shore

(l!.) at different times of the day.

two periods did not differ from one another, both did differ significantly from the late

afternoon period when A.I. values were the lowest of the day (Tukey's pairwise

comparisons; P < 0.0065). Similar inference tests for data obtained on the south shore

were not warranted, as only 3-4 data points were available for each time period. The

trend of the means, however, followed the same pattern observed on the Waianae coast

(Fig. 10).

A comparison of the activity levels of dolphin pods on the different segments of

the Waianae coast revealed no significant differences between latitudina12-minute bins

(One-way ANOVA; P = 0.253). Milling and traveling pods also did not differ

significantly in their average activity levels (Two-sample t-test; P =0.31).
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Foraging:

Spinner dolphins were tracked until they began foraging on 15 occasions along

the Waianae coast. A group of dolphins was assumed to be foraging when animals began

to dive for several minutes at a time in the late afternoon/evening periods while over deep

water{2> 300 ft) (Norris et aI., 1994). Figure 11 shows where dolphin pods went to begin

foraging relative to where they were between 2 and 3 PM. All but one pod traveled to

one of three sites: the edge of the shallow water bank off Kaena point, the bank off Maili

point, or the edge of the bank off Barbers point. Animals occurring in north Waianae in

the afternoon traveled either to Kaena point or Maili point, while those in south and

central Waianae went to either Maili point or Barbers point. Foraging typically began

between 5 and 7 PM, although on at least one occasion a group of approximately 65

animals was tracked to the offshore edge of the Barbers point bank where they began

foraging shortly after 4 PM.

DISCUSSION

Spinner dolphins off Oahu carry out their daily cycle in the same general manner

as they do off the Kona coast of Hawai 'j in the sense that groups come into shallow

waters during daytime hours to rest and socialize, then move further offshore in the late

afternoon or early evening to forage. Beyond this basic similarity, however, some

noteworthy differences exist in the manner in which dolphins on Oahu use the nearshore

habitat.
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3 PM).
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Patterns ofoccurrence:

Along the Waianae coast, spinner dolphins seek out specific locations each

morning as they do along Kana. Makua beach, Kahe point and to a lesser extent Pokai

bay are essentially analogs of Kealakekua Bay on Hawai'i where spinner dolphins occur

almost daily. Two common features shared between these sites are that they are usually

more sheltered from prevailing tradewinds than adjacent areas and that the bottom

substrate is dominated by large stretches of white sand bottom.

These locations appear to serve as gathering sites where multiple pods meet after

a night of foraging. The function of forming large aggregations at specific locations is

likely related to social processes that occur prior to groups descending into rest. High

levels of acoustic and social activity typically characterize the early morning hours at

these locations. Chases between individuals, affiliative behaviors (caressing, sexual and

pseudo-sexual interactions), and the production of whistles and so-called 'burst pulse'

acoustic signals are all very frequent during this time. These activities appear to be

important in establishing or re-affirming social relationships between individuals in

newly emerging subgroups. Norris et a!. (1994) suggested that because spinner dolphin

pods are so fluid in composition, a period of re-acquaintance between members is

probably necessary to establishing an effective resting group.

On the south shore of Oahu, no specific aggregating sites were identified.

Spinner dolphins did not appear to prefer any particular place along the coast, but instead

remained in consistently larger groups regardless of location. Pods on both coasts

typically started offlarge in the morning and gradually fragmented into smaller
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subgroups until a minimum size was reached at the peak of the resting cycle in the early

afternoon. The fact that pods on the south shore were consistently larger suggests that a

trade-off may exist between the number of animals required to form an effective resting

group and the physiography ofa particular area. Norris and Schilt (1988) proposed that

polarized dolphin schools (and probably most other types of schools, herds and flocks)

rely on what they termed a sensory integration system (SIS) to protect themselves from

predation. An SIS in action is characterized by the receipt of environmental information

by individual members of a group monitoring different segments of three-dimensional

space, followed by the rapid passage of a response reaction in all directions throughout

the group (Norris and Doh!, 1980). Resting spinner dolphins on the south shore may

require larger numbers to achieve an effective SIS than on Waianae. On most days, the

south shore habitat is considerably more exposed to tradewinds and as a result waters

tend to be more turbid than along Waianae. In addition, no sites exist with large stretches

of white sand bottom. Therefore, decreased visibility and a more cryptic bottom

substrates may require animals on the south shore to maintain higher numbers to achieve

adequate vigilance. Although highly reduced during rest, the overall echolocation

activity of larger groups is likely to be greater than that of smaller ones. This could allow

larger groups to remain aware of nearby threats even in reduced visibility. Alternatively

(or additionally), by being in a larger group, individuals may simply gain greater

protection through a higher dilution effect (Foster and Treheme, 1981).
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Movement patterns:

The patterns of movement of spinner dolphins along the Kona coast have not been

described in detail to date. However, Ostman-lind (pers. com.) reports that during the

day spinner dolphins there usually seek out and remain at specific resting sites along the

coast until they move offshore again to their foraging grounds late in the afternoon. This

is different than what was observed on Oahu. Spinner dolphins on both the Waianae

coast and the south shore moved around quite a bit during the day. In fact, other than in

the early morning period, during most of the day they were equally as likely to mill at or

near an aggregating site as they were to travel along the coast. On the south shore, where

no specific aggregating sites were identified, groups spent more time traveling than

milling, especially during the midday period. Interestingly, spinner dolphins were

almost never observed milling to the north and south of Pokai bay and at the southern end

of Waianae near Barbers point. These were areas consistently more exposed to wind and

dominated by shallow « 30 ft) reef bottom topography (pers. obs.). It seems spinner

dolphins qualitatively distinguished between these and other locations along Waianae,

choosing only to transit through certain areas.

When dolphins traveled along the coast, they did not do so haphazardly. Rather,

they exhibited a strong affinity for staying near the 10-fathom isobath. As the coastline

twisted and turned, rarely did a traveling group of animals choose to take the shortest

path between two points separated by deeper water, preferring instead to follow the

outline of the coast. This pattern became so obvious during the first two years of

observation that the band of water centered on the 10-fathom contour was nicknamed the
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"spinner expressway". Groups of dolphins traveling in opposite directions often met on

this expressway, sometimes interacting briefly and shuffling individuals, and other times

(especially during rest) reacting in avoidance or indifference.

Resting behavior:

Following ll11 early morning phase of social activity, spinner dolphins on both

coasts almost invariably entered into a period of rest. Unlike on the Kona coast,

however, spinner dolphins on Oahu did not restrict their resting behavior to specific sites.

Rather, time of day appeared to be a greater influence on their activity level thll11location.

Although resting behavior could occur at all hours of the day, it was observed with the

greatest consistency during the midday and early afternoon periods. Whether a group

was milling or traveling, between approximately noon ll11d 4 PM it typically entered into

a behavioral pattern where all members ofthe pod were tightly polarized, coordinated

and doing long dives. Traveling groups tended to cycle between this pattern ll11d

somewhat looser swimming formations, whereas milling groups often persisted this way

for several hours at a time.

The ability to rest while minimizing predation risks is undoubtedly the primary

reason spinner dolphins occupy the nearshore habitat during daylight hours. Not

surprisingly, they appear able to adopt more thll11 one strategy to achieve rest. Besides

the well-documented approach of seeking sheltered areas with light bottom substrate,

spinner dolphins are clearly also able to rest while on the move. By traveling over

shallow water they diminish the ability of a predator to attack from below, which is
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probably why they exhibit such a preference for the 10-fathom isobath. Pods may also

choose to maintain large numbers and alternate vigilance responsibilities between

subgroups. Typically, larger pods of 50 or more animals were composed of two or more

distinct subgroups in different phases ofthe active/resting behavioral cycle. Which

strategy spinner dolphins ultimately employ to rest is probably dictated by the habitat

available to them and the number ofanimals present in the group.

Movement towards foraging sites:

During the late afternoon, spinner dolphin groups that spent the day separated

while resting often re-joined or met up with new groups. This period was marked by an

increase in overall behavioral activity. As on the Kona coast, prior to moving towards

their foraging grounds pods typically engaged in what Norris and Dohl (1980) termed

"zigzag" swimming. During this time, groups would suddenly become highly active

aerially and make a concerted push towards offshore waters, only to double back and

settle again into a resting' pattern. This was often repeated several times until the group

finally continued in its offshore progression. Acoustic activity at this time also rapidly

increased and reached a crescendo of whistle choruses when the group finally made its

offshore move. Norris et al. (1994) compared this behavior to the acoustic "pep rallies"

of Cape African hunting dogs (Lycaonpictus) that perform similar false starts and

choruses in preparation for a hunt (Estes and Goodard, 1967). In both cases the function

of this behavior is thought to be to alert all members of the group's intentions and

readiness to move off.
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When dolphins on the Waianae coast finally left their shallow water daytime

refuge they spread out widely (over a square kilometer or more) and almost invariably

traveled to one of three areas: Barbers point, Maili point and Kaena point. Specifically,

they headed toward the 100-fathom isobath that marks the edge ofthe banks at these

locations. While there, they were often joined by bottlenose dolphins (Tursiops

truncatus) and spotted dolphins (Stenella attenuata) as they began doing extended dives

of 3 or more minutes in coordinated groups of several (5-15) animals.

The fact that spinner dolphins traveled to nearby banks rather than simply moving

to the closest deep water to look for mesopelagic prey is indicative of an adaptive

approach to finding their food. Recent studies of the mesopelagic boundary community

along the Waianae coast have shown that this layer of organisms migrates not only

vertically but also horizontally towards shore at night (Benoit-Bird et aI., 2001). The

distance of the layer from shore is a function ofthe time of night relative to midnight.

Mesopelagic organisms begin their shoreward movement in the evening and by midnight

are densest within 1 km of the shore. Their migration is then reversed so that by dawn

they are again offshore in deep waters. Spinner dolphins begin foraging at a protruding

bank because the prey layer enters shallow waters here before anywhere else along the

coast. This has two important consequences. First, it maximizes the dolphins' overnight

exposure time to the layer, and second, it reduces the depth of the dives they need to

perform (and therefore the energy they need to expend) to reach their prey. Both of these

advantages are significant in light of recent findings by Benoit-Bird (2003) that the

caloric content of typicalmesopelagic organisms requires that spinner dolphins consume
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at least one organism per minute over an II-hour foraging period to maintain a positive

energy balance. Not surprisingly, spinner dolphins appear to be quite efficient at

obtaining their prey.

Human interactions:

In recent years, spinner dolphins on Oahu and on other islands have increasingly

become the focus of human attention. Their acrobatic surface displays and predictable

occurrence have made them a profitable attraction for local dolphin and whale watching

tour companies. On the Waianae coast between four and six operators presently seek out

spinner dolphins on a daily basis, often multiple times a day. In addition, approaching

and swimming with dolphins at places like Makua beach and Kealakekua bay have

become very popular with residents and tourists alike despite being illegal. This has

raised concerns with some about the long-term effects of chronic human encroachment

on these populations.

Because they occupy shallow coastal waters during most of the day, spinner

dolphins on Oahu regularly come in contact with vessels and ships of all sizes. Usually,

spinner dolphins simply ignore nearby boats and ships, but occasionally individuals will

swim to up to a vessel and ride the bow wake. Interestingly, when a group is rapidly

approached on an intercept course one or two animals will often begin to spin (one of

their most common aerial displays). The purpose of this behavior is not clear, but is

suggestive of an alerting/warning response to the approaching craft.



68

How spinner dolphins react to vessels and swimmers is primarily determined by

their behavioral state and the manner in which they are approached. Socially active

groups are often quite tolerant of a human presence provided they are not actively

pursued (pers. obs.). As they become more polarized and coordinated groups tend to shy

away from direct interactions with people. By the time they are at rest, they usually

avoid being engaged and will sometimes leave an area if forced to interact (Norris et aI.,

1994).

Conclusion:

Spinner dolphins occurring on Oahu's leeward and south shores are closely tied to

the island's coastal environment. They rely on the physiographical and trophic resources

provided by the nearshore habitat for nearly all phases of their life history. There is

evidence that the animals on these coasts have long-term site fidelity. Marten and

Psarakos (1999) photographically identified two uniquely scarred individuals on the

Waianae coast that had been previously identified twenty years earlier. This observation

implies that the home ranges of at least some individuals are probably quite stable over

time.

Resting behavior on Oahu appears to occur somewhat more opportunistically than

what has been described for Kona. Sheltered sites like Makua beach and Kahe point are

clearly of high importance to spinner dolphins since they occur there almost daily.

However, they also consistently occupy adjacent areas along the coast and can rest while

traveling. Therefore, it would be more accurate to conclude that shallow waters are the
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primary daytime attraction for spinner dolphins rather than anyone specific site. The

local features found at places like Makua beach and Kahe point probably represent the

optimal end of a continuum of conditions spinner dolphins are able to exploit.

Presently, no data exist to predict how the rising level of daily human

encroachment will affect the lives of these animals in the long term. It is reasonable to

suspect, however, that the ability to rest effectively will playa key role in determining

future patterns of their occurrence and behavior along the coast. Spinner dolphins in

Hawai'i are presumably capable of resting while offshore since in other parts of the world

populations exist that live nowhere near land. Aerial survey data indicate that pods do

occur offshore and in the channels between the islands in Hawai'i during the day

(Mobleyet aI., 2000). Should human encroachment become too great and their preferred

coastal sites be reduced in the ability to support resting behavior, local populations could

gradually become less frequent near shore, choosing instead to remain at sea. Tour

industry operators and regulatory agencies would be well advised to consider this and

similar consequences in their efforts to manage this resource. Formulating policies and

approach guidelines based on the known behavioral patterns of local populations would

help ensure that spinner dolphins remain a common feature ofHawai'i's nearshore

environment.
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CHAPTER 3 - THE BROADBAND SOCIAL ACOUSTIC SIGNALING BEHAVIOR
OF SPINNER AND SPOTTED DOLPHINS f

INTRODUCTION

Dolphins (Family: Delphinidae) are known to produce and hear sounds well beyond

the frequency limits ofhuman hearing. Their use of short, broadband clicks with peak

energies between 60 and 120 kHz is well documented in the context of echolocation

behavior (see Au, 1993 for a review). In contrast, considerably less has been reported on

their use of ultrasonic signaling for communicative purposes, in part because broadband

recorders were until recently quite expensive and not very portable (Au et al., 1999).

With a few exceptions (Brownlee, 1983; Dawson, 1991; Rasmussen and Miller, 2002),

the vast majority of studies examining dolphin social signals in the field have been

restricted in bandwidth to the human-audible range. This has left the full-band

characteristics of their signals poorly described and the use of ultrasonic frequency bands

for communicative purposes all but unexplored.

Most dolphin species produce two primary types of sounds thought to playa role in

socialinteractions: tonal, frequency modulated whistles and rapid repetition rate "burst

pulse" click trains (Herman and Tavolga, 1980). A few species do not produce whistles

and are believed to communicate exclusively via pulsed sounds (Dawson, 1991).

How whistles are used in communication is an ongoing topic of debate among

researchers (McCowan and Reiss, 2001), but the general consensus is that they play an

important role in maintaining contact between dispersed individuals (Janik, 2000a).

t This manuscript was co-authored with Whitlow Au and Denise Herzing for publication in the Journal of
the Acoustical Society of America.



Burst pulses have also been strongly implicated in communication (Caldwell

andCaldwell, 1967; Dawson, 1991; Norris et aI., 1994), but their occurrence and

functional significance are still only poorly understood. Some authors have suggested

they play an important role in agonistic encounters (Caldwell and Caldwell, 1967;

Overstrom, 1983; McCowan and Reiss, 1995;), while others have proposed they

represent "emotive" signals in a broader sense (Lilly and Miller; 1961; Herzing, 1988,

1996), possibly representing graded signals (Brownlee, 1983).

Dolphins produce whistles with fundamental frequencies usually in the human

audible range (below 20 kHz). These whistles often also have harmonics, which occur at

integer multiples of the fundamental and extend beyond the range of human hearing.

Harmonics are integral components of tonal signals produced by departures of the

waveform from a sinusoidal pattern. To date, no published efforts have been made to

explore the occurrence and functional significance of whistle harmonics. It is not

presently known how often they occur in dolphin whistles, how far in frequency they

extend, how much energy they contain relative to the fundamental or why harmonics are

present in some whistles but not in others.

Little is also known about the properties of burst pulses. The spectral, temporal and

amplitude characteristics of burst pulse click trains have been only marginally explored.

Early descriptions in the literature were mostly qualitative, reflecting the subjective aural

interpretations and classifications ofhuman listeners (Busnel and Dziedzic, 1966;

Caldwell and Caldwell, 1967; Caldwell and Caldwell, 1971). Later efforts were more

quantitative, but as with studies of whistles, these also relied primarily on audio-range



analyses (Overstrom, 1983; Herzing, 1988, 1996; McCowan and Reiss, 1995; VanParijs

and Corkeron, 2001). Presently, the only quantitative description of burst pulsing at

ultrasonic frequencies is for a non-whistling species, the Hector's dolphin

(Cephalorhynchus hectori) (Dawson, 1991). Only anecdotal accounts exist about the

occurrence of burst pulses above human-audible frequencies for whistling species (Lilly

and Miller, 1961; Norris et ai., 1994).

In light of the acute hearing sensitivity to ultrasonic frequencies exhibited by all

dolphin species tested so far (Nachtigall et al., 2000), the current lack of knowledge about

the broadband properties of whistles and burst pulses make it difficult to fully appreciate

their design as communicative signals. In this study, we used broadband recording

technology adapted for the field to examine the signaling behavior of two commonly

studied species of dolphins, the Hawai'ian spinner dolphin (Stenella longirostris) and the

Atlantic spotted dolphin (Stenellafrontalis). Our objectives here are to: (I) report the

full-bandwidth properties of the whistles and burst pulses of these two species, (2)

present distinctions in their production, and (3) provide an estimate of the bias associated

with recording dolphin social signals narrowband (0 - 20 kHz).

METHODS

Data collection

Recordings of dolphin whistles and burst pulses were obtained using a Portable

Broadband Data Acquisition System (PBDAS), previously described in Au et al. (1999).

The system employs a laptop computer to operate a National Instruments DAQCard-AI-



16E-4 12-bit analog to digital (AID) converter PCMCIA card. Dolphin signals were

digitally sampled at a rate of 260 kHz, providing a Nyquist frequency for all recordings

of 130 kHz. Prior to sampling, signals were conditioned by an analog signal processing

unit consisting of a high-pass and low-pass filter and variable gain. The high-pass and

low-pass filters were set at 600 Hz and 100 kHz, respectively, and the gain provided was

60 dB. Recordings were obtained using a custom-built, 2.5 em-diameter spherical

hydrophone flat (± 3 dB) to approximately 150 kHz with a calibrated sensitivity of -197

dB re IIlPa.

The AID card was programmed to sample continuously into a circular memory

buffer in the computer's random access memory (RAM). Incoming signals were detected

aurally through headphones and by monitoring an LED bar graph display that revealed

the presence and amplitude of signals independent of their frequency. When signals were

heard or observed on the LED, the system's operator pressed a trigger switch that

initiated the transfer of data from RAM to the computer's hard disk. Usually, about one

second ofpre-trigger data and 2 seconds of post-trigger data were automatically stored

with each trigger.

Recordings were obtained from free-ranging spinner dolphins in Hawai'i on eighteen

occasions and Atlantic spotted dolphins in the Bahamas on seventeen occasions. Data

were collected off the south and west shores of Oahu, Hawai'i during various periods

between June 1997 and August 1998 and in the Bahamas along the western edge of the

Little Bahama Bank during the month ofAugust in 1999 and 2001. Vessels ranging from

13 to 62 feet in length were used to approach groups of dolphins in each locale. The



hydrophone was typically placed 3 meters below the surface, between 50 and 200 m in

front of moving or milling animals. Recordings were made as groups approached and

passed by the vessel. Group sizes ranged from 3 to approximately 100 individuals. The

behavioral states of spinner dolphin groups included resting, traveling and socializing.

The same states were observed for spotted dolphins in addition to both daytime and

nighttime foraging. Behavioral states were established using the classification method of

Norris and Dohl (1980) for spinner dolphins and Herzing (1996) for spotted dolphins.

Data analysis

Cool Edit 96™ was used for the initial visualization ofrecordings. A 1024-point

Hanning window was used to plot all sonograms. Subsequent quantitative analyses were

carried out using custom-written Matlab™ 5.2 programs. Whistles were analyzed

quantitatively if they had harmonics, if their signal to noise (SIN) ratio was sufficient to

unambiguously establish their beginning and ending points, and provided they did not

overlap in time and frequency with other whistles. The analysis algorithm employed a

short-time Fourier Transform approach to establish several parameters of interest. These

included: 1) the properties of the fundamental frequency contour (maximum, minimum

and mean frequencies as well as signal duration); 2) the number ofharrnonics present and

the relative occurrence ofeach harmonic in the whistle (as a percent of signal duration);

3) the relationship between amplitude modulation of the frmdamental (normalized to the

maximum amplitude within a signal) and the presence of a second harmonic, and 4) the

relative amount of energy in each harmonic.



Burst pulses were quantitatively analyzed provided the SIN ratio between the peak

to-peak amplitude of clicks and the root mean square (RMS) amplitude of the

background noise floor was greater than 12 dB. Burst pulses were evaluated with respect

to the number of clicks iJ;l a train, their inter-click interval (ICI), and the peak frequency,

center frequency and RMS bandwidth of individual clicks. In addition, the relative

energy present above and below 20 kHz was calculated for each click.

Burst pulses were distinguished from echolocation click trains on the basis oftheir

ICls. Click trains were considered burst pulses if their mean ICI did not exceed 10 ms.

This criterion was based on previous work by Lammers et al. (in press) and is discussed

in more detail later.

RESULTS

Whistles:

A total of 11 06 and 557 whistles were collected from spinner and spotted

dolphins, respectively. Visual inspection revealed that 61.4% of spinner dolphin whistles

and 69.3% of spotted dolphin whistles had one or more higher harmonics. Ofthe 679

spinner dolphin whistles with harmonics, 167 (24.5%) were deemed appropriate for

quantitative analysis. This was the case for 220 (57.0%) of the 386 spotted dolphin

whistles with harmonics. Fewer spinner than spotted dolphins whistles met the criteria

for quantitative analysis because spinners tended to chorus more, resulting in multiple

overlapping whistles that did not lend themselves well to further analysis.



Properties of the fundamental:

The contours of the fundamental frequency of spinner and spotted dolphin

whistles were roughly equal in their frequency modulation (FM) range (approximately 7

kHz), but spinner dolphin whistles were significantly (Two-sample t-test; P < 0.00 I)

longer in duration and higher in their minimum, maximum and mean frequency than

those of spotted dolphins (Table I). All fundamentals had most or all of their energy

below 20 kHz. Eight (3.6%) spotted dolphin and 41 (24.5%) spinner dolphin whistles

had maximum frequencies of the fundamental that were above 20 kHz. The highest

maximum frequency measured for a spotted dolphin whistle fundamental was 27.1 kHz.

For spinner dolphins it was 24.9 kHz.

Spotted dolphins often produced whistles that were qualitatively very distinct

from spinner dolphin whistles. To human listeners, many spotted dolphin whistles had a

coarse quality. This was because segments of their waveforms frequently exhibited such

a high degree of amplitude modulation (AM) that they took on pulse-like properties (Fig.

I). In the spectral domain, the energy of these whistles covered a wide band (1-5 kHz),

making them less tonal than spinner dolphin whistles. Signals with this trait often

occurred either in conjunction with or immediately following burst pulses. Bouts of a

specific contour type usually exhibited a very similar AM pattern on consecutive

whistles, suggesting that the modulations observed were not simply the byproduct of

surface and bottom reflections constructively and destructively interfering with the direct

signal (the Lloyd mirror effect; Urick, 1983). Approximately 41 % of spotted dolphin

whistles exhibited this distinct AM pattern on at least part of the signal. Spinner dolphin



Table I - The characteristics of the fundamental frequency (FO) of spinner and spotted dolphin whistles. All values are given

as mean ± standard deviation unless indicated otherwise.

N
Duration Mean Fa FM range Fa max (kHz) ". Fomin (kHz)" % energy No. of

(5) ** frequency (kHz) .. of Fo(kHz) mean ± 8.0.(95% C.I.) mean ± 8.0. (95% C.I.) in Fo harmonics

S. longirostris 167 0.66± 0.36 13.8±2.3 7.3 ± 3.9 17.4 ± 3.0 (16.9-17.9) 10.1 ±25 (9.7-10.5) 90.6 ± 6.9 1.83 ± 0.87

S. frontalis 220 0.44 ± 0.30 10.9±2.0 7.4 ± 2.9 14.5 ± 2.5 (14.1-14.9) 7.1 ± 1.5 (6.9-7.3) 90.0 ± 10.3 1.99±1.03

** P < 0.01

79
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whistles were also amplitude modulated to a degree, but less than 2% showed the pulsed

quality exhibited by spotted dolphins.

Occurrence and characteristics of harmonics:

The maximum number of harmonics observed was seven for a spinner dolphin

whistle and eleven for that of a spotted dolphin whistle (Fig. 2). More typically,

however, the whistles of both species had between I and 3 harmonics. These did not

usually occur throughout the duration of a whistle, but rather varied considerably in the

percentage of time they were present in a signal (Table 2). In some cases, one or more

harmonics occurred throughout the duration of the whistle, while in others harmonics

were present during only certain segments of the signal (Fig. 3).

Also variable was the amount of the signal's energy contained in higher harmonics.

Although generally about 90% of a whistle's energy was found in the fundamental (F0),

the second harmonic (HI) could contain up to 34.1 % and 43.8% of the total energy of

spinner and spotted dolphin signals, respectively. In terms of amplitude, in both species

the second harmonic was on average approximately 12 dB lower than the fundamental.

However, this difference could be as small as -0.3 dB in some spotted dolphin whistles

and -2.8 dB in those of spinner dolphins. The third (H2), fourth (H3) and fifth (H4)

harmonics always contained progressively less energy (Table II).

In whistles where one or more harmonics were present during 25%-75% of the

signal's duration, there was a significant difference in the relative amplitude of segments

that had a second harmonic versus those that did not (Paired t-test, P < 0.001).
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Table 2 - The occurrence, energy content and amplitude ofthe second (HI), third (H2), fourth (H3) and fifth (H4) harmonics

relative to the fundamental (FO). All values except maxima are given as mean ± standard deviation.

% of total signal energy dB less than Fa

Harmonic N % of signal duration Mean Maximum Mean Minimum

H, 167 74.3 ± 18.9 81 ± 5.8 34.1 -11.7 ± 3.7 -2.8

S. /ongirostris
H, 96 56.7 ± 27.8 2.2 ± 2.4 13.4 -18.4 ± 5.0 -7.7

H3 33 41.0 ± 23.3 05 ± 0.5 2.0 -24.6 ± 4.9 -15.6

H, 9 37.1 ± 17.5 0.2 ± 0.3 1.0 -28.7 ± 6.6 -19.1

H, 220 71.4 ± 25.0 8.4 ± 8.5 43.8 -12.3 ± 5.0 -0.3

S. frontalis
H, 133 52.1 ± 29.5 2.2 ± 2.6 16.0 -19.0 ± 6.3 -5.2

H3 57 47.5 ± 24.6 1.0 ± 0.8 3.1 -20.9 ± 5.5 -13.7

H, 29 43.7 ± 22.5 0.5 ± 07 3.3 -24.1 ± 53 -13.5
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Hannonics usually occurred at and around the peaks of amplitude modulation in the

signal.

Burst pulses:

Seventy-nine spinner dolphin and 73 spotted dolphin burst pulses were obtained

that met the criteria set for quantitative analysis. Burst pulses were produced alone, in

bouts or associated with whistles (Fig. 4). Spinner dolphins produced burst pulses that

had on average approximately 30 clicks per train with a mean ICI of3.85 ms (Table 3).

Spotted dolphin burst pulses averaged about 100 clicks per train with a mean ICI of 3.19

ms. The number of clicks in a burst pulse displayed an approximately bimodal

distribution that distinguished burst pulses into low quantity « 70 clicks) and high

quantity (> 70 clicks) click trains (Fig. 5). Spotted dolphins produced significantly more

high quantity burst pulses (N = 25; x = 239 clicks; max = 958 clicks) than spinner

dolphins (N =6; x = 116; max = 168 clicks) (Chi-square test, P<O.OOI).

Peak and center frequencies for spinner dolphin burst pulses were on average 32.3

and 40.1 kHz, respectively. For spotted dolphins these were somewhat higher at 40.3 and

44.4 kHz, respectively. RMS bandwidths were roughly equivalent at 20.5 kHz for

spinner dolphins and 18.1 kHz for spotted dolphins. Spectral energy distribution in

clicks did not show any relationship to either the number of clicks in a train or the inter

click interval.

Only 17.8% of spinner dolphin and 20.2% of spotted dolphin burst pulses had

click trains with peak frequencies below 20 kHz (Table 4). On average, approximately
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Figure 4 - Examples oftbe variation in burst pulse OCCUfJence: (a) spinner dolphin burst pulse with minimal energy below 20

kHz occurring alone; (b) sequence offour spinner dolphin burst pulses with minimal energy below 20 kHz

occurring within a one second period; (c) simultaneously occurring spinner dolphin whistle and burst puJse with

energy both above and below 20 kHz; (d) simultaneously occurring spotted dolphin whistle and burst pulse with

energy mostly below 20 kHz.
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Table 3 - The temporal and spectral characteristics of spinner and spotted dolphin burst pulses. All values are given as mean ±

standard deviation. No inference was attempted to distinguish the broadband spectral measures of the two species

due to the potentially confounding effects of signal directionality (see discussion).

N
No. of clicks I Mean inter-click Peak frequency Center frequency RMS bandwidth
burst pulse •• interval (ms) • (kHz) (kHz) (kHz)

S. long/rostns 79 29 ±29 3.85 ± 1.67 32.3 ± 12.5 40.1 ± 12.1 20.5±4.3

S. frontalis 73 103± 145 3.19±1.40 40.3 ± 17.8 44.4 ± 16.5 18.1±4.8

• P < 0.05
•• P < 0.01
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Table 4 - Narrowband (20 kHz) vs. broadband (130 kHz) bias of burst pulse spectral content and energy. Values presented as

number of signals and % out ofN or as mean ± standard deviation.

S. longirostris

S. frontalis

N

79

73

No. wI peak frequency
below 20 kHz

16 (20.2%)

13 (17,8%)

% energy above
20 kHz

78.7 ± 19.6

80,4 ± 27,8

No. wI less than 10%
energy below 20 kHz

31 (39.2%)

44 (60.3%)

No. not detectable
narrowband « 20 kHz)

32 (40.5%)

22 (30.1 %)
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80% ofthe total energy in burst pulses was above 20 kHz for both species. Moreover,

39.2% of spinner dolphin and 60.3% of spotted dolphin burst pulses had less than 10% of

their total energy below 20 kHz. Thus, while some burst pulses were clearly audible and

prominent at sonic frequencies « 20 kHz), most were either barely detectable (aurally or

visually on a sonogram) or completely devoid of energy at those frequencies (Fig. 4a &

4b). When we digitally resampled each data file to reflect a 20 kHz bandwidth, we found

that 40.5% of spinner dolphin and 30.1 % of spotted dolphin burst pulses showed no

evidence of being present within that frequency range (Fig. 6).

DISCUSSION

Signal characteristics:

Our results reveal that the whistles and burst pulses of these two species of

dolphin span a broader frequency range than is traditionally reported for delphinids.

Although the fundamental frequency contours of their whistles occur mostly in the

human-audible range (as is typically assumed), their harmonics routinely reach 50 kHz

and beyond. In addition, their burst pulse signals are predominantly ultrasonic, often

with little or no energy below 20 kHz.

The spectral measures we have presented must be viewed with caution, however,

due to the confounding effects of signal directionality. Dolphin clicks are well known to

have directional properties (Au, 1993) and recent findings by Lammers and Au (in press)

and Miller (2002) indicate that delphinids also project whistles in a frequency-dependent

beam. We could not control for signaler orientation in our study. Therefore, our
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estimates of the energy content and the occurrence ofharmonics and burst pulses are

almost certainly underestimates of what these dolphins actually produce on-axis of their

transmission beam.

Whistle harmonics

The majority of whistles recorded had one or more harmonics. Whistles without

harmonics were generally fainter than those with them. These may have been signals that

were produced by animals oriented away from the hydrophone rather than whistles truly

lacking harmonic structure. Additionally, dolphins may also have exerted some degree of

control over the harmonics in their whistles, modulating their occurrence. Our tinding

that the presence or absence of a second harmonic was matched to amplitude maxima in

the fundamental suggests that harmonics could be spectral by-products of amplitude

modulation. As a dolphin increases signal amplitude it may progressively lose its ability

to produce a pure tone, resulting in harmonic distortions. The variation in harmonic

composition between and within whistles suggests that directionality and modulation

probably both influence their occurrence. Empirical measurements of a whistle beam

pattern with a more detailed examination ofhow signal amplitude affects harmonic

content will provide a more definitive explanation for the variability we observed.

An intriguing result was obtained when we used a delphinid audiogram to infer the way

whistles with harmonics might be heard by nearby conspecifics. No audiograms specific

to spinner or spotted dolphins presently exist, so we used one recently obtained for a

species in the same genus, the striped dolphin (Stenella coeruleoalba) (Kastelein et al., in



Table 5 - Comparison of the relative amplitude of harmonics measured from the data (assuming equal sensitivity across all

frequencies) and corrected for the hearing sensitivity of S. coeruleoalba.

Mean amplitude of harmonics relative to Fo (in dB)

Mean frequency Equal sensitivity across Adjusted with
(kHz) frequencies (from Table II) S. coeruleoalba audiogram

Fo 13.8

H, 27.6 -11.7 +3.3

S. longirostris H2 41.4 -18.4 +6.6

H3 55.2 -24.6 +2.4

H. 69.0 -28.7 -3.7

Fo
H1 10.9 -12.3 -0.3

S. frontalis H2 21.8 -19.0 +4.0

H3 32.7 -20.9 +6.1

H. 43.6 -24.1 +4.9
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press). Adjusting the relative amplitude of each harmonic (from Table 2) with respect to

the striped dolphin's hearing sensitivity at the corresponding frequencies revealed that

dolphins should be quite sensitive to harmonics. For almost all the frequencies

examined, increased hearing sensitivity more than compensated for the decreased

amplitude of harmonics (Table 5). In fact, at most harmonic frequencies the levels

presumably received by listeners were between 3 and almost 7 dB higher than the

fundamental

Whether listening dolphins hear the fundamental or a specific harmonic as the

dominant frequency of a whistle depends on the perceived level and the signal to noise

ratio of each signal component. Given the broad range in relative amplitudes of the

harmonics we measured, it is entirely likely that harmonics sometimes are heard as the

dominant frequency of a whistle. Figure 7 illustrates such a case. A whistle is presented

as it was first recorded using a hydrophone with a flat frequency response and then

bandpass filtered to approximate the striped dolphin's hearing sensitivity. In the filtered

whistle the second and third harmonics are in fact higher in amplitude than the

fundamental. We can conclude from this that how listening animals actually hear a

whistle is greatly influenced by the signal's full spectral makeup, which is in turn

determined by the listener's relative position to the emitting beam and perhaps also by

active modulation on the part of the signaler.

Whether whistle harmonics playa role in communication among dolphins is a

question open for debate. To human listeners, harmonics provide the perceptual quality

of timbre and offer qualitative cues that serve to distinguish between otherwise very
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harmonics in the power spectrum of the filtered signal.
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similar sound patterns (e.g., the same word spoken by different individuals) (Handel,

1989). In many taxa, including other primates, harmonics are often associated with

individual identity cues (Masters, 1991; Caudron et al 1998; Jouventin et aI., 1999;

Charrier et aI., 2002). However, in dolphin signals the directionality of high frequency

spectral features probably result in whistle harmonics being poor indicators of identity

due to azimuth-dependent degradation. On the other hand, cueing by listeners on the

orientation-dependent amplitude of harmonics could play an important role in promoting

group cohesion by revealing the orientation of signalers, as suggested by Miller (2002)

and Lammers and Au (in press). Discrimination experiments with captive animals are

needed to test whether dolphins in fact attend to changes in the harmonic structure of

whistles.

Burst pulses

Energy distribution

The finding that burst pulses have the majority of their energy at ultrasonic

frequencies is novel but comes as little surprise, given the properties of echolocation

clicks (see Au, 1993). The burst pulse waveforms we recorded could not be readily

distinguished from the other, presumably echolocation clicks that were obtained.

Relatively few signals matched the traditional audio-range descriptions given for burst

pulses, which often report peak frequencies of a few hundred to a few thousand hertz

(e.g. Caldwell and Caldwell, 1967; McCowan and Reiss, 1995; Herzing, 1996). Only a

minority of signals had peak frequencies below 20 kHz. However, numerous burst pulses
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displayed "breaks" in their energy distribution, reflecting a rippled spectrum caused by

closely spaced surface and bottom reflections (Au, 1993). These often had a small

energy peak in the audible range with considerably more energy distributed well above

20 kHz (Fig. 8). We presume that many of the previous narrowband descriptions of burst

pulses may have been accounts of only these lower spectral peaks. In all likelihood, if a

broader spectral analysis had been employed in earlier studies, considerably more energy

would have been noted at the higher frequency bands.

Of particular interest is the proportion ofburst pulses that had little or no energy

at sonic frequencies. The fact that 30-40% of burst pulses were undetectable below 20

kHz implies that they are probably a more common form of social signaling among

delphinids than previousiy suspected. In our recordings, few whistling periods were

observed that did not also coincide with at least some burst pulsing (sonic or ultrasonic).

Consequently, it is our conclusion that at least in these two species burst pulses probably

play an equally important if perhaps different social signaling role as do whistles.

Social signaling or echolocation?

Given the similarities that exist between burst pulses and other click trains, a

perplexing question invariably arises: what is the distinction between click trains used for

communication and those used for echolocation? The existing literature on this topic is

vague because burst pulses have been traditionally discussed in terms of their sonic

properties (Herman and Tavolga, 1980; Popper, 1980; Overstrom, 1983; Herzing, 1996;

Van Parijs and Corkeron, 2001). In our analysis, we considered a signal to be a burst
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pulse if the inter-click intervals did not exceed 10 ms. This criterion was based on a

previous effort that examined patterns of click production in spinner dolphins which

found a bimodal distribution of mean inter-click intervals separated at around 10 ms

(Lammers et aI., in press).

Admittedly, this distinction is not necessarily definitive because click trains are

sometimes produced that begin with long inter-click intervals (l0-1 00+ ms) and end with

very short ones (1.5-9 illS). These are often observed when animals are foraging and

presumably echo10cating on prey (Herzing, 1996). However, a rationale can be

presented for the 10 ms distinction, given that it is not clear whether dolphins process the

returning echoes from click trains with very short intervals. Experiments with free

swimming bottlenose dolphins (Tursiops truncatus) have shown that a lag time of

between 15 and 45 ms plus the two-way travel time to the target is always associated with

successive clicks produced by animals echolocating on targets further than 0.4 m away

(Evans and Powell, 1967; Au, 1993). The 15-45 ms period is presumed to be the time it

takes for the dolphin to process each echo. As animals close in on a target « 0.4 m),

inter-click intervals as low as 2.5 ms have been observed (Evans and Powell, 1967;

Morozov et aI., 1972), but whether dolphins are processing more than one echo at a time,

selecting specific echoes or even using the returning echoes at all is not known.

More telling perhaps is the fact that, even at close range, there is always a gradual

progression towards shorter click intervals as the dolphin approaches a target (Evans and

Powell, 1967; Morozov et al., 1972). Presently, no evidence exists to indicate that click

trains that begin, persist and end with inter-click intervals less than 10 ms are used in
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echolocation. This does not exclude the possibility that an echolocation function may be

associated, but rather implies that burst pulses, as defined here, form a class of click

trains distinct in occurrence from those typically linked to echolocation. Additional

broadband recordings coupled with underwater visual observations of socializing and

echolocating animals are needed to verifY whether burst pulses indeed represent

functionally distinct signals.

Nomenclature

Given that burst pulses are predominantly ultrasonic signals, we propose that the

practice of discussing them in terms of their aural qualities should to be reconsidered in

favor of a more quantitative approach. Terms such as "squawks", "squeaks", "creaks"

and "yelps" commonly used to describe and distinguish burst pulses can result in

misleading conclusions, as they primarily describe the subjective impressions oftime

separation pitch experienced by human listeners (McCellan and Small, 1965). Dolphins

have better auditory time, resolution capabilities than humans (Vel'min and Dubrovskiy,

1976; Ketten, 1992), so attempting to classifY burst pulses on the basis ofhuman

perceived aural qualities likely misrepresents how dolphins hear the sounds. As a start,

forming classes on the basis of temporal characteristics, such as inter-click intervals and

total number of clicks, would lead to more meaningful comparative discussions between

authors.
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Species distinctions:

Although some differences were noted in the broadband spectral properties of

spinner and spotted dolphin signals, no attempt was made to formally define these

distinctions due to the potentially confounding influences of signal directionality

mentioned previously. However, differences in the more narrowband and temporal

properties of their whistles and burst pulses merit further comment.

Frequency of the fundamental

The fundamental whistle contours of spinner dolphins were on average 3 kHz

higher in mean and maximum frequency than those of spotted dolphins. This can in part

be explained by the disparity oftheir adult sizes. Hawaiian spinner dolphins range in

length between 170 and 200 cm (Norris et aI., 1994), whereas Atlantic spotted dolphins

are between 166 and 229 cm in length (Perrin et aI., 1994). Ding et al (1995) established

that a linear relationship exists between the typical body length of delphinid species and

the maximum frequency of their whistle fundamentals. Larger species tend to produce

whistles with lower fundamental frequencies. According to the formula they derived, the

maxima of spinner dolphin whistles should fall between 14.9 and 15.9 kHz and those of

spotted dolphins between 14.0 and 16.1 kHz. The fact that spinner dolphins consistently

produced whistles higher in frequency than expected (95% C.l.= 16.9-17.9 kHz) whereas

spotted dolphins conformed to predicted values (95% C.l.= 14.1-14.9 kHz) may reflect a

response on the part of spinners to the noisy inshore waters typically found in Hawaii.
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Most of our recordings of spinner dolphins were made in shallow waters « 100 ft) near

reefs where snapping shrimp produced a continuous stream ofbroadband clicks (Au and

Banks, 1998). The resulting background noise in these areas was greatest below 10kHz

and decayed with increasing frequency. Bahamian waters were comparatively quieter, as

spotted dolphins primarily occupied vast stretches of sandy bottom were snapping shrimp

were rare. By producing whistles at higher frequencies, spinner dolphins improve their

SIN ratio and may thus increase the range or "active space" of their signals (Janik,

2000b).

Amplitude modulation

Interference resulting from surface and bottom reflections can confound

differences in the AM properties of whistles. However, the clear distinctions we found

between the two species were sufficiently consistent to make us believe they were not

simply artifacts of sound propagation. The pulse-like qualities that characterized many

spotted dolphin whistles support a contention previously made by Murray et al. (1998)

that delphinid sounds are produced as a continuum of signals graded between

exponentially damped sinusoidal pulses (clicks) and continuous sinusoidal tones

(whistles). The AM whistles of spotted dolphins appear to be intermediary signals

between the two ends of this continuum. To our knowledge, this is the first description of

such signals obtained from the wild.

Whistles characterized by tonal pulses were produced commonly by spotted

dolphins but rarely by spinners. This says something about the type of information that
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might be associated with the whistles of each species. Amplitude modulations in a tone

degrade and become indistinct with increasing distance from the source (Urick, 1983).

Spotted dolphin whistles with a high degree of AM may therefore be used more for

communication with nearby listeners than for long-range signaling between individuals.

This is consistent with their social structure, as spotted dolphins in the Bahamas occur in

fairly small groups of 2-15 animals characterized by strong relationships between

individuals (Herzing and Brunick, 1997). Communicating via AM cues about a

behavioral, emotive or referential condition to a nearby pair-mate or kin could be a

primary function of their whistles. In contrast, spinner dolphins typically occur in much

larger, dynamic aggregations of20 to 100+ individuals (Ostman, 1994) and rely heavily

on the group's cohesion and coordination for defense against predators and cooperative

foraging at night (Norris et aI., 1994; Benoit-Bird and Au, 2001). Spinner dolphin groups

often travel with individuals spread over many hundred ofmeters. Based on their social

structure, communicating over longer ranges using signals designed to favor localization

of the signaler is probably more adaptive and thus results in whistles produced with less

AM but longer duration.

Click number and ICI

The typical number of clicks and the average inter-click interval in burst pulses

differed between the two species. Both produced relatively short burst pulses with less

than 70 clicks, but spotted dolphins also produced many high quantity (> 70 clicks) burst
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pulses whereas spinner dolphins did not. In addition, the inter-click intervals of spotted

dolphin burst pulses were somewhat shorter than those of spinner dolphin burst pulses.

Our surface behavioral observations were too limited in detail to match signals

with the occurrence of specific behaviors; therefore our ability to speculate on the

significance of these differences is limited. We suspect, however, that they may be tied

to the daily patterns of activity characteristic of each species. Spotted dolphins were

generally active during the day, spending much of their time foraging and socializing.

Spinner dolphins, on the other hand, predominantly engaged in these activities in the late

afternoon and at night, choosing to rest quietly during the middle of the day (Norris et aI.,

1994). It is possible that spinner dolphins produced more high quantity burst pulses at

night. However, since all spinner dolphin recordings were obtained during the day, we

presently cannot address this question further.

Similarly, the difference in inter-click intervals may also be a function of

behavioral state. If burst pulses are indicators of emotive disposition, as has been

suggested, then it is to be expected that variations would be tied to behavioral activities.

Attempting to classifY the fine scale temporal characteristics of burst pulses on the basis

of their occurrence in specific behavioral contexts could be a fruitful avenue of future

investigation.

Conclusion:

If we presume that dolphins pay attention to the harmonic composition ofwhistles

and ifwe accept that burst pulses play an important social role, then the evidence



105

presented here indicates that there is considerably more to the social acoustic signaling

behavior of spinner and spotted dolphins than meets the human ear. In future efforts to

better understand the function of whistles and burst pulses we will need to more fully

explore and appreciate their design. This will require that we take into account their

broadband patterns of production and adopt methodologies that reflect the dolphin's

auditory acuity. Recording signals in a manner consistent with how they are produced

and ultimately heard by their intended listeners will be an important key to future efforts

to accurately match them with their social context. Doing this will be as important for

efforts to study spinner and spotted dolphin signaling as for those involving other species

of delphinids.



106

REFERENCES

Au W.W.L. 1993. The Sonar of Dolphins. Springer-Verlag, New York, NY. 277 p.

Au W.W.L., and Banks K 1998. The acoustics of the snapping shrimp Synalpheus

parneomeris in Kaneohe Bay. J. Acoust. Soc. Am. 103:41-47.

Au W.W.L., Lammers, M. 0., and R. Aubauer. 1999. A Portable Broadband Data

Acquisition System for field studies in bioacoustics. Mar. Mamm. Sci. 15:526-531.

Benoit-Bird K., and W.W.L. Au. 2001. Foraging behavior of the Hawai'ian spinner

dolphin, Stenella longirostris, Abstracts of the 14th Biennial Conference on the

Biology of Marine Mammals, Vancouver, B.C., December 2001.

Brownlee S.M. 1983. Correlations between sounds and behavior in wild Hawai'ian

spinner dolphins (Stenella longirostris). Masters Thesis, University of California

Santa Cruz. 26 p.

Busnel R.G., and A. Dziedzic 1966. Acoustic signals of the Pilot whale Globicephala

melaena, Delpinus delphis and Phocoena phocoena. In: Whales, Dolphins and

porpoises, edited by KS. Norris. University of California Press, Berkley, CA. pp.

607-648.

Caldwell M.C., and D.K Caldwell. 1967. Intraspecific transfer ofinforrnation via the

pulsed sound in captive Odontocete Cetaceans. In: Animal Sonar Systems: Biology

and Bionics, edited by R.G. Busnel. Laboratoire de Physiologie Acoustic: Jouy-en

Josas, France. pp. 879-936.

Caldwell M.C., and D.K. Caldwell. 1971. Underwater pulsed sounds produced by captive

spotted dolphins, Stenellaplagiodon. Cetology 1:1-7.



107

Caudron A.K., Kondakov, A.A., and S.V. Siryanov. 1998. Acoustic structure and

individual variation of grey seal (Halichoerus grypus) pup calls. J. Mar. Biolo.

Assoc. U.K. 78:651-658.

Charrier 1., Mathevon N., and P. Jouventin. 2002. How does a fur seal mother recognize

the voice of her pup? An experimental study ofArctocephalus tropicalis. J. Exp.

BioI. 205:603-612.

Dawson S.M. 1991. Clicks and communication: the behavioural and social contexts of

Hector's dolphin vocalizations. Ethology 88:265-276.

Ding W., Wursig, B., and W.E. Evans. 1995. Comparisons of whistles among seven

odontocete species. In: Sensory Systems of Aquatic Mammals, edited by R.A.

Kastelein and J.A. Thomas. De Spil Publishers, Woerden, Netherlands. pp. 299

323.

Evans W.E., and B.A. Powell. 1967. Discrimination of different metallic plates by an

echolocating delphinid. In: Animal Sonar Systems: Biology and Bionics, edited by

R.G. Busnel. Laboratoire de Physiologie Acoustic: Jouy-en- Josas, France. pp. 363

382.

Handel S. 1989. Listening: An Introduction to the Perception of Auditory Events. MIT

Press, Cambridge, MA. 597 p.

Herman L.M. and W.N. Tavolga. 1980. The communications systems of cetaceans. In:

Cetacean Behavior: Mechanisms and Function, edited by L.M. Herman. Wiley

Interscience, New York, NY. pp. 149-209.

Herzing D. L. 1988. A Quantitative description and behavioral association ofa burst-



108

pulsed sound, the squawk, in captive bottlenose dolphins, Tursiops truncatus.

Masters Thesis, San Francisco State University. 87 p.

Herzing D. 1. 1996. Vocalizations and associated underwater behavior of free-ranging

Atlantic spotted dolphins, Stenellafrontalis and bottlenose dolphin, Tursiops

truncatus. Aqua. Mamm. 22:61-79.

Herzing D.L, and B.J. Brunnick. 1997. Coefficients of association of reproductively

active female Atlantic spotted dolphins, Stenellafrontalis. Aqua. Mamm. 23:155

162.

Janik V.M. 2000a. Whistle matching in wild bottlenose dolphins (Tursiops truncatus).

Science 289:1355-1357.

Janik V.M. 2000b. Source levels and the estimated active space of bottlenose dolphin

(Tursiops truncatus) whistles in the Moray Firth, Scotland. J. Compo Psych.

186:673-680.

Jouventin P., Aubin, T., and T. Lengagne. 1999. Finding a parent in a kingpin penguin

colony: The acoustic system of individual recognition. Anim. Behav. 57: 1157-1183.

Kastelein R.A., Hagedoorn, M., Au, W.W.1., and D. deHaan. In press. Underwater

audiogram of a striped dolphin (Stenella coeruleoalba) measured with narrow-band

frequency-modulated signals. Accepted for publication in the 1. Acoust. Soc. Am.

Ketten D.R. 1992. The marine mammal ear: Specializations for aquatic audition and

echolocation. In The Evolutionary Biology of Hearing, edited by D. Webster, R.

Fay and A.N. Popper. Springer-Verlang, New York, NY. pp. 717-754.



109

Lilly J.e., and A.M. Miller. 1961. Sounds emitted by the bottlenose dolphin. Science

133:1689-1693.

Lammers M.O., and W.W.L. Au. In press. "Directionality in the whistles of Hawaiian

spinner dolphins (Stenella longirostris): A signal feature to cue direction of

movement?" accepted for publication in Mar. Mamm. Sci.

Lammers M.O., Au, W.W.L., Aubauer, R. and P.E. Nachtigall. In press. A comparative

analysis of echolocation and burst-pulse click trains in Stenella longirostris. In:

Advances in the Study of Echolocation in Bats and Dolphins, edited by J. Thomas,

C. Moss, and M. Vater. University of Chicago Press, Chicago, IL.

Masters J.C. 1991. Loud calls of Galago crassicaudatus and Galago garnettii and their

relation to habitat structure. Primates, 32:153-168.

McCelian M.E. and A.M. Small. 1965. Time separation pitch associated with correlated

noise bursts. J. Aeous!. Soc. Am. 38:142-143.

McCowan B. and D. Reiss. 1995. Maternal aggressive contact vocalizations in captive

bottlenose dolphins (Tursiops truncatus): wide-band, low frequency signals during

mother/aunt-infant interactions. Zoo BioI. 14:293-309.

McCowan B. and D. Reiss. 2001. The fallacy of 'signature whistles' in bottlenose

dolphins: a comparative perspective of 'signature information' in animal

vocalizations. Anim. Behav. 62:1151-1162.

Miller PJ.O. 2002. Mixed-directionality of killer whale stereotyped calls: a direction-of

movement cue? Behav. Ecol. Sociobiol. 52:262-270.



110

Morozov B.P., Akapiam, A.E., Burdin, V.I., Zaitseva, K.A., and Y.A. Solovykh 1972.

Tracking frequency of the location signals of dolphins as a function of distance to the

target. Biofisika 17:139-145.

Murray S.O., Mercado, E., and H.L. Roitblat. 1998. Characterizing the graded structure

of false killer whale (Pseudorca crassidens) vocalizations. 1. Acoust. Soc. Am.

104:1679-1688.

Nachtigall P.E, Lemonds, D.W., and H.L. Roitblat. 2000. Psychoacoustic studies of

dolphin and whale hearing. In: Hearing By Whales and Dolphins, edited by W.W.L

Au, A.N. Popper, and R.R. Fay. Springer-Verlag, New York, NY. pp. 330-363.

Norris K.S., and T.P. Dohl. 1980. The structure and function of cetacean schools. In:

Cetacean Behavior:. Mechanisms and Function, edited by L.M. Herman. Wiley

Interscience, New York, NY. pp. 211-261.

Norris K.S., Wiirsig, B., Wells, R.S., and M. Wiirsig. 1994. The Hawai'ian Spinner

Dolphin. University of California Press, Berkeley, CA. 408 p.

Overstrom N.A. 1983. Association between burst-pulse sounds and aggressive behavior

in captive Atlantic bottlenose dolphins (Tursiops truncatus). Zoo BioI. 2:93-103.

Ostman J.S.O. 1994. Social organization and social behavior of Hawai'ian spinner

dolphins (Stenelfa fongirostris). Unpublished dissertation, University of California,

Santa Cruz.

Perrin W.F., Caldwell, D.K., and M.C. Caldwell. 1994. Atlantic spotted dolphin, Stenella

frontalis (G. Cuvier, 1892). In: Handbook of Marine Mammals. Volume 5: The



III

First Book of Dolphins, edited by S.H. Ridgeway and R. Harrison. Academic Press,

London.pp.173-190.

Popper A.N. 1980. Sound emission and detection by delphinids. In: Cetacean Behavior:

Mechanisms and Functions, edited by L.M. Herman. Wiley-Interscience, New

York, NY. pp. I-52.

Rasmussen M.H., and L.A. Miller. 2002. Whistles and clicks from white-beaked

dolphins, Lagenorhynchus albirostris, recorded in Faxafl6i Bay, Iceland. Aqua.

Mamm.28:78-89.

Urick RJ. 1983. Principles of Underwater Sound, 3'd edition. McGraw-Hill, New York,

NY.

Van Parijs S. M. and PJ. Corkeron. 2001. Vocalization and behavior of Pacific

humpback dolphins, Sousa chinensis. Ethology 107:701-716.

Vel'min V.A., and N.A. Dubrovskiy. 1976. The critical interval of active hearing in

dolphins. Sov. Phys. Acoust. 2, 351-352.



113

CHAPTER 4 - A COMPARATIVE ANALYSIS OF THE PULSED EMISSIONS OF
FREE-RANGING HAWAI'IAN SPINNER DOLPHINS (STENELLA LONGIROSTRIS) t

INTRODUCTION

Extensive research has focused on the pulsed acoustic emissions of dolphins since

the discovery of their biosonar system (Kellogg, 1958). While not all dolphins whistle,

they all produce click trains that vary widely in click duration, inter-click intervals and

spectral composition (Popper, 1980). In general, two functional categories of click trains

are recognized: 1) Echolocation signals used in sensory tasks (Au 1993) and 2) burst

pulse signals associated with social communication (Herman and Tavolga, 1980;

Herzing, 1988, 1996). While much has been experimentally learned about echolocation

clicks, comparatively little is known about the characteristics and function of burst-

pulses. Burst pulses are often described with such qualitative terms as "yelps", "creaks",

"squawks", and "blasts" (Herman and Tavolga, 1980). Signals are perceived in this

manner when the interval between clicks in a train drops below 5 ms, at which point

humans no longer resolve individual pulses and the signal is heard as a single continuous

sound (Murray et ai., 1998). Variations in the click repetition rate are perceived by as

qualitatively different signals. Such labels have resulted in most analyses ofburst pulses

focusing on the audible spectral components of these signals (Caldwell and Caldwell,

1966; Overstom, 1983; Sjare and Smith, 1986; Herzing, 1988, 1996).

The relatively narrowband « 20 kHz) recording equipment generally used to collect

t This manuscript was co-authored with Whitlow Au, Roland Aubauer and Paul Nachtigal! for
publication in the book Advances in the Study ofEcholocation in Bats and Dolphins.
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burst pulse data has yielded peak and center frequency estimates well below those found

for echolocation click trains. However, these measures may represent artifacts of the

recording equipment's b<UJdwidth limitations and be underestimates of the actual spectral

energy distribution in burst pulses. Dawson (1988) using broadband equipment to

examine the "cry" burst pulse produced by free-ranging Hector's dolphins

(Cephalorhynchus hectori), a non-whistling species, reported clicks with energy centered

around 120 kHz and source levels around 150 dB re IIlPa. Au et al. (1987), while

studying echolocation in a captive beluga (Delphinapterus leucas), collected burst pulses

with peak to peak click source levels of about 206 (± 6) dB re lllPa. Although no peak or

center frequency values were reported, those source levels are comparable to echolocation

click source levels. These findings suggest that burst-pulses may be spectrally more

similar to echolocation click trains than previously reported for many species.

An issue that remains uuresolved concerns the accurate labeling of click trains as

either functional echolocation signals or socially meaningful burst pulses. In other words,

what specific characteristics define these classes of signals? Most efforts to date have

relied primarily on qualitative aural distinctions andlor visual inspections of narrowband

« 20 kHz) sonograms to classify signals. Such methods, however, make comparisons

between workers difficult and can arguably lead to biologically questionable conclusions.

A more quantitative and broadband approach is therefore necessary.

Experimentally, burst pulses have received little attention from workers studying

echolocation. Often, the label of "burst pulse" is simply given to signals that do not

conform to the types of click trains known to have an echolocation function. Target
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detection experiments show that bottlenose dolphins (Tursiops truncatus) temporally

space pulses in an echolocation click train to focus their attention at a particular distance

(Penner, 1988). When scanning a target, clicks are spaced to account for the two-way

travel time to and from a target plus an echo processing period between 19 and 45 ms

long (Au, 1993). Signals that do not conform to this pattern present a puzzle for

researchers and raise the question: Should trains with inter-click intervals less than the

minimum echo processing period be treated by default as non-echolocation, social burst

pulses?

To clarifY the relationship between the various kinds of click trains produced by

delphinids, this study examined the pulsed acoustic emissions of free-ranging Hawai'ian

spinner dolphins (Stenella longirostris). This is a species for which pulsed signals have

previously only been qualitatively described (Norris et ai, 1994). The objectives of this

work were to: (I) quantitatively characterize pulsed signals during social situations when

acoustic activity is at a peak (Norris et al, 1994) and (2) look for evidence of definable

classes (i.e. burst pulse vs. echolocation trains) in the pulsed signaling repertoire of this

species. To accomplish this, the temporal, spectral and source level parameters of click

trains were used to quantitatively relate signals to one another.

METHODS

Data collection:

Spinner dolphins are an abundant and accessible species in Hawai'ian waters. A

population of several hundred animals resides along the leeward coast of the island of
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Oahu, and is readily reached by small boat. Using a 5.2 m, outboard-powered Boston

Whaler, groups of spinner dolphins were approached and recordings made on 28 July, 11

August and 13 August 1998. Group sizes ranged from 10 animals on 28 July, to 80-100

on II August and 60-70 on 13 August. Animals were approached as they milled about in

waters between 5 and 18 m deep over a mostly flat, sandy bottom substrate. Upon

encounter, the boat was either anchored or left to drift with the engine off. Behavioral

observations were made using the sampling protocol described in chapter 2 to establish

the general behavioral state of the animals. In each case, group activity was classified as

moderately to highly social. Distance to the animals at any given time ranged between 5

and 100 m. All recordings were made under Beaufort Sea State 1 or less.

Based on work with a captive false killer whale (Pseudorca crassidens), Murray et

al. (1998) proposed that all Pseudorca signals are best modeled along a graded

continuum, rather than categorically. Similar ideas have been suggested in the past for

the tonal signals of belugas (Delphinapterus leucas) (Sjare and Smith, 1986), pilot whales

(Globicephala melaena) (Taruski, 1979) and common dolphins (Delphinus delphis)

(Moore and Ridgway, 1995). In light of this, an effort was made to keep a priori

assumptions about the presence of signal classes (burst pulse vs. echolocation) in the data

to a minimum, so as to allow for a graded pattern, if present, to emerge. By relying on

visual (a flashing LED) rather than aural cues to detect the presence of a signal (see

below), bias towards collecting anyone type of signal over another was minimized.

Therefore, the signals collected should accurately represent what free-ranging Hawai'ian

spinner dolphins produce in a moderate to highly social behavioral state.



117

Recording equipment:

Recordings were obtained using a custom-built (Au et ai, 1999), laptop computer

based, digital recording system with a bandwidth of 130 kHz. A custom-built

hydrophone consisting of a 20 mm diameter spherical piezoceramic element with an

omni-directional, flat frequency response (± 5 dB) from 10 kHz to 160 kHz and a

sensitivity of210 dB re 1 ~Pa was placed 3 m below the surface. Incoming signals were

detected visually on an LED meter activated by peak to peak sound pressure levels>134

dB re 1 ~Pa. Upon detection, the operator of the recording system pressed a trigger

signaling the event to the computer, which in turn stored I sec of pre-trigger data and 2

sec ofpost-trigger data. Data were stored on the computer's hard disk drive. Water

depth was recorded using an Under Sea Industries hand-held personal dive sonar.

Data analysis:

Inter-click interval, click center frequency and rms bandwidth were obtained for each

train using a custom-written Matlab 5.1™ analysis program. Spectral measurements were

made using either a 1024 or 512-point FFT window, depending on the interval between

clicks (512 points were used when a larger window size would have overlapped two

clicks). Peak to Peak source levels of clicks were estimated by geometrically localizing

phonating animals using arrival time differences between the direct click, the 1800 phase

shifted surface reflection and the non-phase shifted bottom reflection (Fig. 1) (Aubauer et
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aI., 2000). Using c as the speed of sound in seawater, the distance of the phonating animal

(r) was estimated using the following equation:

The source level (SL) of a click was established using:

SL = SPLR + 20·logr + a·r

where, SPLR is the sound pressure level relative to I IlPa ofthe recorded signal and athe

absorption coefficient of the water measured in dB/m. Only click trains with very distinct

surface and bottom reflections were used to estimate source level. Within these click

trains only the five clicks with the highest amplitude were chosen for the calculation. No

information was available on the orientation of the phonating animal so it could not be

established if the signals were measured on the beam axis. Therefore, the spectral and

source level values reported here are only estimates for the signals produced by spinner

dolphins.
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rib phonating dolphin

Figure 1 - Multi-path propagation in shallow water of dolphin clicks. Where: a = hydrophone depth, b = water depth, r =

distance of phonating animal to the hydroplane, d = depth of phonating dolphin, 'tlb = time delay of first order

bottom reflection relative to direct click, 'tIs = time delay of first order surface reflection relative to direct click.

119
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RESULTS

A total of 133 click trains were analyzed. Figure 2 shows the distribution of mean

inter-click intervals (lCls) for each train. The distribution is strongly bimodal, with two

peaks centered at 3.5 ms and 80.0 ms and a gap at 10 ms. To investigate how consistent

ICls remained within a train, the relationship between the first and last ICI was examined.

A linear regression (Fig. 3) revealed that the two are correlated (r = 0.87), suggesting that

within a train ICls tended not to change very much. Beginning ICI was a good predictor

of ending ICI for trains with a mean ICI < 10 ms ((! = 0.76) and somewhat less so for

trains with greater mean ICls ((! = 0.53).

Spectrally, the mean center frequency of a train tended to increase (r = 0.65) with

increasing mean ICI (Fig. 4). For all trains, the mean center frequency was never below

30 kHz. The average rrns bandwidth of click trains ranged between 13 and 33 kHz and

did not have a strong association with mean ICI (r = 0.4). Thus, while trains with small

ICls generally had lower mean center frequencies, their bandwidth was comparable to

trains with higher ICls.

Ofthe 133 trains analyzed, 33 (25%) were suitable for estimating source levels (i.e.

had clear, distinguishable surface and bottom reflections). Calculated peak-to-peak

source levels ranged between 191 and 216.5 dB re I flPa (mean = 205 dB). Linear

regression revealed that ICI was a rather poor predictor of source level (? = 0.2). A two

sample t-test between the converted pressures (in flPa) of source level (SL) values for

trains with ICls greater than 10 ms (mean SL = 206 dB) and less than 10 ms (mean SL =

203 dB) did not reveal a significant difference between the two (P = 0.093). A somewhat
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better predictor of source level was the mean center frequency of the click train (~ =

0.46). As the mean center frequency of clicks increased, so did the source level.

DISCUSSION

Although a distinction between burst-pulse sounds and echolocation trains has long

been made in the literature, the characteristics that distinguish and unify these two classes

of signals have seldom been quantified. Our results suggest that while certain features of

click trains do define two apparent classes of signals, other characteristics are shared.

Interpretations must be made with caution, however, in light of the fact that no positional

information was available on phonating animals. It is impossible to say how much

variation was introduced in the data from off-axis signals. The central assumption made

in this study is that all click trains had an equal probability of being on or off-axis and

that relative comparisons are therefore justified. Defining the clear boundary of a

functional distinction between burst-pulse and echolocation click trains will require

further experimental study, but some provisional guidelines can be derived from the

results obtained here.

Inter-click intervals:

The bimodal distribution of mean click intervals indicates that two general modes of

click train production are present: trains that begin and maintain a consistently short (1.5

to -10 ms, mean = 3.5 ms) ICI throughout the train (Fig. 5) and trains with longer, more

temporally variable ICls (Fig. 6). Although some signals were collected that
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Figure 5 - Spinner dolphin burst pulse. Mean leI = 3.4 ms, center frequency = 63.3

kHz, rms bandwidth = 22.9 kHz and maximum peak to peak source level =

215.5 dB re 1 ).!Pa.
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Figure 6 - Spinner dolphin echolocation train. Mean ICI = 32 ms, center frequency =

52.1 kHz, rms bandwidth = 18.4 kHz and maximum peak-to-peak source level

= 203.5 dB re 1 IlPa.

seemed to "bridge" the two modes (as predicted by the model presented by Murray et al

(1998), these composed only a small part (6 %) of the data set.

The conspicuously low number of trains with ICls between 10 and 20 ms suggest

that this might represent a functional and/or cognitive transition point in the way spinner

dolphins produce and process click trains. Schotten (1998), studying the echolocation

clicks of spinner dolphins using a four-hydrophone array, calculated a minimum echo-

processing delay of about 16 ms, which supports this assertion. Therefore, in the wild
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target scanning appears to takes place in the same manner as described under

experimental conditions. A change may occur, however, when an animal approaches a

target at close range. Morozov et al. (1972) showed that shortly prior to the capture of a

fish « 0.5 m away) the echo processing delay in Tursiops click trains could be as low as

3 ms, suggesting that upon final approach to a target a change may take place in the way

echoes are processed. This would explain the rapid drop in ICls that were observed in the

few "bridging" signals mentioned above.

It appears that the inter-click interval of a train can in some cases confound the

functional distinction between burst pulses and echolocation click trains. However,

considerable evidence suggests that the behavioral contexts in which burst pulses are

usually recorded are social in nature (Caldwell and Caldwell, 1966; Overstrom, 1983;

Herzing, 1988, 1996). Consequently, until further evidence about the functional

occurrence of burst pulse signals suggests otherwise, it appears reasonable to presume

that, in the case of spinner dolphins, those click trains with consistent ICls between 1.5

and approximately 10 ms represent a class of signals functionally distinct from typical

echolocation trains. On the other hand, trains characterized by variable ICls considerably

greater and less than 10-15 ms probably represent a type of echolocation not yet well

understood rather than a functionally separate class of signals.

Spectrum and Source Levels:

The spectral and source level results reported here are likely to be underestimates

because of ambiguity with respect to the orientation of animals. Nonetheless, the values
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obtained are similar to results reported by Schotten (1998), who measured the clicks of

animals echolocating directly on the hydrophone array. His mean estimated source level

0[208 dB re 1 f-lPa (n ~ 131 clicks, maximum 222 dB) is only 3 dB higher that the one

obtained here, while his mean center frequency estimate of 80.4 kHz (n = 851 clicks) is

approximately 17 kHz higher than what was obtained in this study for trains with mean

ICls> 10 ms (presumed echolocation signals). The correlation between increasing source

level and center frequency agrees well with similar results reported for Pseudorca (Au et

al., 1995). This suggests that the spectral composition of clicks is related to the intensity

with which they are produced, regardless of the inter-click interval.

All the signals collected in this study contained most oftheir energy well above the

human hearing range. This has implications with respect to the sensory and recording

equipment that must be employed to successfully study these signals. Burst-pulses are

not always audible and therefore could be missed with some regularity if narrowband

equipment is used to record them. Although burst-pulses tended to have lower center

frequencies and slightly lower source levels, they were not as far removed from

echolocation trains as reported in studies employing band-limited equipment (Caldwell

and Caldwell, 1966; Overstom, 1983; Sjare and Smith, 1986; Herzing, 1988, 1996).

Diercks et al. (1973) have argued that recording broadband signals with band-limited

equipment results in the appearance of low frequency artifacts not present in the original

signal. Further investigation should establish whether these differences are species

specific, behaviorally related or, in fact, undesired artifacts of methodology.
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Conclusion:

While the results presented here do not layout a clear functional role for all the

pulsed signals recorded, they do provide a framework for the further study of the

signaling of spinner dolphins and other delphinids. It is clear that dolphins produce click

trains in a variety of ways. How some of them are used, however, remains ambiguous.

Important questions persist regarding the occurrence of burst pulses. For example,

while the variability found in echolocation click trains is attributable to the different sonar

tasks encountered by the animals, what, if anything, does the variability in burst pulse

signal production represent? Burst pulses cannot be discounted from possibly also having

an echolocation function, but little evidence exists at present to suggest this. Future

efforts to clearly define functional distinctions between burst pulses and echolocation

signals will need to employ methodology to closely examine associated behavioral

patterns of individuals and control for the directional and broadband nature of these

signals. Advances in the technology available to researchers studying these signals will

help to overcome many of the limitations in bandwidth, localization and portability

encountered in the past.
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CHAPTER 5 - DIRECTIONALITY IN THE WHISTLES OF HAWAI'IAN SPINNER

DOLPHINS (STENELLA LONGIROSTRIS): A SIGNAL FEATURE TO CUE

DIRECTION OF MOVEMENT? t

INTRODUCTION

Dolphins live in fluid social groups and produce complex FM whistles that play an

important role in maintaining communication between individuals and other groups

(Herman and Tavolga 1980). One likely function of whistles is to provide conspecifics

with information about the identity and location of signaling animals. There is

compelling evidence to suggest bottlenose dolphins (Tursiops truncatus) and possibly

also other species use individually distinct "signature" whistles to identitY one another

(Caldwell and Caldwell 1965; Tyack 1986; Caldwell et at. 1990; Sayigh et at. 1990;

Tyack 2000; but see McCowan and Reiss 2001, for a divergent view). These whistles are

produced in a manner consistent with promoting social contact between group members

both in captivity and in the wild (Smolker et al. 1993; Janik and Slater 1998; Janik 2000).

For animals dependent on group membership, however, maintaining contact with

others is only one part of the challenge of staying integrated with the group. Establishing

physical coordination and synchrony with other members is another important

requirement. Many species of dolphins travel in pods over large distances while foraging

and protecting themselves from predation in a coordinated and/or cooperative fashion

(Norris and Dohl 1980; Norris and Schilt 1988). Individuals in such groups must not

only know the location of their pod-mates, but must also be able to detect alterations in

t This manuscript was co-authored with Whitlow Au for publication in the journal Marine Mammal
Science.



134

their trajectories. It is thought that during the day and at close range visual cues play an

important role in this regard among dolphins (Madsen and Herman 1980; Pryor 1990,

Wursig et al. 1990). However, at night or over larger distances it is generally assumed

that whistles, in addition to maintaining contact, also serve to facilitate coordination. But

exactly how they function in this regard is not yet clear.

A commonly held belief among many researchers studying dolphin social acoustic

behavior is that whistles ,are more or less omnidirectional signals (see Norris et al. 1994,

p. 168). However, this assumption has never been empirically verified and is inconsistent

with the directional transmission properties of the dolphin's anatomical sound generating

and focusing structures (Aroyan et al. 1992, 2000; Cranford 2000). Directional cues

could playa role in providing information to listening animals about the orientation of the

signaler, and as a result convey information about direction of movement. Consequently,

such cues could represent a salient feature of whistles that promotes group cohesion and

the coordination of behavior.

In the present study, we examine the transmission characteristics of whistles produced

by free ranging Hawai'ian spinner dolphins (Stenella longirostris). Spinners are

gregarious and at times vociferous animals that epitomize the kind of delphinid that

would depend on acoustic signaling to promote the coordination of a group. They are

most active while foraging at night, relying heavily on group membership for cooperative

foraging and protection from predators such as large sharks, false killer whales

(Pseudorca crassidens) and pygmy killer whales (Feresa attenuata) (Norris et al. 1994).

Spinner dolphins are tropical to sub-tropical in their distribution and occur worldwide
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(Perrin and Gilpatrick 1994). They can be found in both pelagic waters and associated

with continents, islands and reefs.

In Hawai'i, spinner dolphins usually occur in aggregations of20 to 100 animals

(Ostman, 1994). They are often found quietly resting inshore along the leeward coasts of

the main islands during the morning and mid-day hours. Groups tend to become very

active behaviorally and acoustically in the late afternoon as they join other pods and

begin travel toward their evening foraging grounds further offshore (Norris et al. 1994;

pers.obs.). Whistling activity reaches a peak during travel and stays high throughout the

night while the animals are feeding (Brownlee 1983). Unlike some species of dolphins,

spinners never occur alone. In fact, their dependence on the group is thought so great that

Norris and his colleagues, in their 1994 review of spinner dolphin natural history,

suggested that a single spinner, " ...when taken from the group, is much less than an

complete animal" (p. 347). Recent studies of spinner dolphin foraging behavior highlight

this dependency. Observations of foraging pods using a modified echosounder have

shown that spinners almost always occur as pairs while feeding and coordinate their

behavior within the context of a larger group to actively concentrate their prey (Benoit

Bird and Au 2003).

Given these life history traits, we expected that if dolphins convey orientation of

movement information via directional cues in whistles this would be apparent in the

signals of spinners. The objectives of this study were two-fold: First, to determine

whether spinner dolphin whistles exhibit directional properties, and second to infer how
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the transmission pattern ofwhistles might contribute to their communicative value as

coordination promoting signals.

We investigated whistle transmission using both an empirical and theoretical

approach. To establish whether whistles exhibit directional characteristics, signals were

collected from free-ranging animals using a towed, three-hydrophone line array. This

allowed us to localize signaling animals in two dimensions and compare the properties of

whistles as they were received on separate, spaced hydrophones. Then, to infer the form

of whistle directivity we used known and assumed properties ofthe dolphin's anatomical

sound emission structures to approximate the beam pattern of dolphin whistles.

METHODS

Empirical approach:

The presence or absence of directivity in signals obtained from the field was

established by examining signal propagation in two separate recording contexts. Each of

these had alternative outcomes dependent on the transmission properties of the signals.

In the first situation, we examined the whistles of animals moving in opposite directions

with respect to the array. The two scenarios compared were of animals swimming with

or towards (WIT) the array with those moving ahead or away (AIA) from it. Signals for

each scenario were evaluated for source level and harmonic content. We expected that if

whistle transmission were omnidirectional no significant differences would be found

between each scenario, whereas notable disparities would be present in the case of signal

directivity.
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The second recording context considered was of whistles produced by animals

localized to a position near the array (within 20 meters of the middle hydrophone) where

the differences in propagation angles from the dolphin to each hydrophone would be

relatively large. Here we expected that if whistles were omnidirectional in their

transmission, the estimated root mean square (rms) source level from each channel would

be the same for a particular signal. Alternatively, if whistles were emitted in a beam,

estimated source levels for the three channels would be different, particularly between the

two most widely spaced hydrophones.

Data collection

The towed array (Fig. I) was composed of three spherical 2.5 em hydrophones flat (±

3 dB) to 150 kHz spaced 11.5 m apart from each other along a neutrally buoyant 1.2 em

thick nylon line. Two ofthe hydrophones (A & C) were identical ITC 1094A models

with a calibrated sensitivity of-200 dB re I flPa, while the third (hydrophone B) was a

custom model with a sensitivity of-197 dB re I flPa. Each hydrophone was coupled to a

custom-built amplifier-line driver stage that provided 20 dB of gain and also high-pass

filtered the signal at 3 kHz. At the front of the array, a custom-made 15 em x 30 em PVC

"tow-fish" with downward-angled wings and 5 kg ofattached lead weight was used to

sink the array to an operating depth of approximately two meters. At the end of the array,

a 3 meter, 1.0 em-thick nylon "tattletale" line with 20 em-long cable ties attached 10 em

apart was placed to create drag and maintain tension on the array. To account for stretch

in the nylon line while being towed, we measured the tension on the array while traveling
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Figure 1 - Schematic of the towed three-hydrophone line array system. On the vessel the system is composed of a signal-

conditioning unit with variable gain and low-pass filters, a four-channel AID board operated with a desktop

computer running custom LabView 6i data acquisition software, a manual TTL trigger (a) used to initiate the

recording process, an LED meter (b) to monitor the level of incoming signals and a headset (c) to alert the system's

operator to the presence of signals. Below water, a PVC "tow-fish" (d) is used to sink the array. Signals are

collected on three hydrophones (A, B and C). Each channel is coupled to an amplifier-line driver (e) that provides

20 dB of gain and high-pass filters received signals at 3 kHz. A tattletale if) at the end array is used to maintain

tension and prevent undulations. Above water, a 40-cm diameter buoy (g) is towed to mark the end of the array as

a reference for the observers.
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at different speeds using a hand-held scale. We then compensated our hydrophone

distance measurements according to the corresponding displacement. At our typical

operating speed of 3 knots, the distance between hydrophones A & B and B & C

increased by 5 cm and 10 cm, respectively.

The signal from each channel was filtered and amplified using a custom-built signal

conditioning unit. A variable gain amplirying circuit provided up to 35 dB of additional

amplification in 5 dB steps. We used a Lattice SemiconductorsTM ISPpac80 filter chip as

a 5th order, 50 kHz lowpass filter. To detect the presence of signals, the middle

hydrophone (channel B) was monitored using both headphones and an LED meter. Each

channel was recorded using a Measurement Computing™ PCI-DAS4020/12 analog to

digital converter capable of simultaneous sampling on four channels. This board was

operated using custom LabView 6i™ software and a Pentium 133 MHz desktop

computer. Each channel was sampled simultaneously at a rate of 125,000 samples/sec,

providing a Nyquist frequency for all recordings of 62.5 kHz. Upon detection of a

signaling bout, a manual trigger was used to initiate a 10 second sampling period. The

resulting data files were stored on the computer's hard drive.

The array was towed using a 32' motorboat with a single, inboard 120 hp diesel

engine. A team of three individuals was used for data collection. Two observers were

positioned on the vessel's flying bridge, approximately five meters above the water line,

while a computer operator was located in the cabin below. Communication between the

bridge and cabin was maintained via two-way radios. During a recording session, one of

the observers would log the number and position ofvisible animals relative to the array
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every two minutes or when prompted by the computer operator. As a reference, a

separately towed buoy was used to mark the end of the array. Direction of movement of

the animals relative to the array was also recorded.

Spinner dolphins were acoustically sampled on ten separate occasions along the

leeward coast of the island of Oahu between February and June of2001. We generally

sought out groups of animals traveling from their daytime resting grounds in shallow

waters to their evening, offshore foraging grounds. Animals were usually recorded in

waters greater than 30 m deep where ambient noise from snapping shrimp was reduced or

absent. Recorded noise levels were approximately equivalent across all ten sampling

periods. Noise from the vessel's engine could not be detected above 3 kHz.

The dolphin pods that were recorded ranged in size from 15 to 80+ animals. Our

approach was to position the vessel to one side and ahead of a traveling group. This

placed the array more or less adjacent and moving parallel to the animals. Ifapproached

properly, a group could be maintained in this relationship for several minutes. At times,

groups and individuals would make sudden turns and swim out of our view. When this

occurred their position and orientation to the array was logged as uncertain. When

recording larger groups, the animals were often too spread out to maintain the same

relationship with the entire group. The array was then oriented relative to the largest

visible subgroup. Recordings of signals were only made when the vessel and the array

were traveling in a straight line, as indicated by the towed buoy.
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Data analysis

Localizations were made using time of arrival difference cues. Differences in the

time of arrival of whistles at each hydrophone were measured by cross-correlating

segments of the data files containing signals obtained for channels A & C with the ones

obtained for channel B (Spiesberger and Fristrup 1990). The largest peak in the resulting

cross-correlation vector was used to establish the time lags between channels A & B and

C & B. Freitag and Tyack (1993) have shown that multipath reflections from the surface

can produce ambiguous cross correlation results with multiple peaks. In addition, poor

signal to noise ratio on one or more of the channels can result in low and/or uncertain

cross-correlation results.· Therefore, to maintain a high degree of confidence in the

localizations, signals with low cross-correlation maxima or more than one equivalent

peak were not considered. Once the time delay between channels was established,

standard equations (see the Appendix) were used to model the location ofthe signaler on

an X-Y coordinate axis. This provided the animal's position relative to the array and its

distance to each hydrophone. Signals that localized to a position closely in line with the

array (ahead or behind) were not considered in the analysis because even small errors in

their time of arrival measures would result in considerable range estimation errors.

The system's ability to localize signals was tested using an artificial, omnidirectional

source producing dolphin-like FM tones. While maintaining the array stationary at a

depth oftwo meters, the source was placed at different angles and distances (maximum

30 m) away from the middle hydrophone. In each case, localizations were determined to

be accurate to within 1-2 m ofthe actual location ofthe source. Calculated estimates of
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the test signal's nTIS source level for each channel were consistently found to be within I

dB of one another.

All localization and analysis algorithms were implemented using custom-written

Matlab 6.0™ programs. Cool Edit 96™ was used for the initial visualization of

recordings and for comparing the spectrum of signals across the three channels. All FFT

calculations used a I024-point Hanning window. The speed of sound used for

localizations was 1533 mls. This was calculated assuming a typical local salinity of 34.9

ppt and a water temperature of24.5°C (Urick 1983). All source level calculations

assumed a 20 log (R) spherical spreading loss model and an absorption coefficient of

0.001 dB/m.

Theoretical estimation ofwhistle directiVity

Directivity is a meas1,lfe of how much more a directional source concentrates its

available acoustic power in a specific direction than an omnidirectional source. The

directivity factor (d) is defined as the ratio of the intensity of a source at a particular point

along its acoustic axis (lax) to the intensity at that same point due to an omnidirectional

source (lo) radiating the same total acoustic power. Mathematically, this can also be

expressed as:
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Where Pax andPo are the respective rms pressure values. A source's directivity is usually

represented in terms of its directivity index (0.1.), which is simply:

OJ. = 10 log (d)

By definition, an omnidirectional source has a directivity index of zero. Any source with

a 0.1. value greater than zero is directional and therefore has a definable beam. The

larger the directivity index, the sharper the signal's beam.

To infer the transmission characteristics of dolphin whistles we assumed that both

clicks and whistles originate from the same location in the dolphin's head. Using high

speed video endoscopy, Cranford et al. (2000) recently provided evidence of this by

demonstrating that both classes of sounds are produced at the so-called "phonic lips"

(formerly the monkey lips; Cranford et al. 1996) in odontocetes. We interpret this

finding to suggest that the transmission path into the surrounding environment of both

whistles and clicks is likely very similar. Consequently, a circular disk transducer can be

used to estimate a whistle beam pattern. Au (1993) calculated a directivity index of25.8

dB for an echolocating Tursiops producing clicks with peak frequencies close to 120

kHz. He also determined that a 4 cm radius circular disk projector emitting a continuous

wave (cw) signal at 120 kHz would have the same directivity index as the dolphin.

Therefore, beam patterns for a 4 cm radius disk projector operating at typical whistle

fundamental and harmonic frequencies were calculated to gain insight on how a dolphin's
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beam might change with frequency. All the calculations were based on equations

presented in Au (1993, pp 109-111).

RESULTS

Field data

A total of 1136 whistles of varying signal to noise ratio quality were collected on one

or more of the three channels. Of these, only 79 (7%) met the criteria required for a

confident localization of the animal's position. Out ofthese, 38 were deemed to be

repeated whistles in a signaling bout, leaving 41 separately occurring whistles to be

analyzed (Fig. 2).

An approximate direction of movement (either WIT or AlA) was established for 22

signals using either the log entries made by the observers at the time of the recording or

the track provided by consecutive localizations of an animal repeating its whistle during a

signaling bout. Eleven signals were associated with each orientation. The mean distance

from the middle hydrophone to the signaling animals was 31.2 m (SD = 13.0) for WIT

signals and 32.4 m (SD = 9.4) for AlA signals.

There was a significant difference in the mean source levels estimated at the middle

hydrophone in each case (Two sample Hest, P = 0.03). Whistles from animals moving

with or towards the array had a mean source level of 153.9 dB (SD = 4.47), while those

moving ahead of or away from it were on average only 150.2 dB (SD = 2.78). The

harmonic content of the whistles in each case was also notably different. Fig. 2 illustrates

how often a second, third, fourth and fifth harmonic were present in the recordings.
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Ten out of eleven (91 %) of the WIT whistles had a visible second and third harmonic.

This was only the case for three out of eleven (27%) of the AIA whistles (Fisher's exact

test, P = 0.008). In addition, fourth and fifth order harmonics only occurred in whistles

produced by animals moving with or towards the array. On average, WIT whistles had

3.3 (SD = 1.0) harmonic elements (including the fundamental) while AlA whistles only

had 1.9 (SD = 0.8) (Two sample t-test, P = 0.003).

0%

2nd 3rd

Harmonic

4th 5th

Figure 3 - The occurrence of higher order harmonics in the whistles of dolphins

confirmed to be swimming either with/toward (WIT, n = 11) or aheadlaway from (AlA, n

= 11) the array.
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Although most animals tended not to approach the array very closely, whistles from

nearby « 20 m) signalers were obtained on a total of eight occasions. Fig. 4 depicts the

sonogram and spectrum ofone of these whistles as it was received on charmels A & C.

This signal was localized to a dolphin swimming in an unknown direction relative to the

array at a distance of 19, 17 and 23 meters from hydrophones A, B and C, respectively.

Although the animal was only 4 meters closer to hydrophone A than to C, the signal was

received quite differently on the two channels. The source level estimated on charmel A

was 155.8 dB re II!Pa, while on channel C it was 146.1 dB, an almost 10 dB difference.

Moreover, the harmonic structure of the two recordings is visibly different. The level of

the second harmonic, even when adjusted for the additional transmission loss, is at least

17 dB lower on channel c:: than on A, and the third harmonic appears to be completely

absent from the recording on charmel C.

Source level estimates calculated for each of these eight nearby signals revealed a regular

disparity between charmels A & C. While neither channel had significantly different

source level estimates overall (Paired t-test, P = 0.12), each individual signal always

resulted in unequal estimates between the two charmels. The difference between them

was on average 6.3 dB (SO = 2.8 dB). The charmel with the higher source level had a

mean value of 156.0 dB (SO = 4.0 dB) while the lower one was 149.7 dB (SO = 3.2 dB).

An analysis ofthe spectrum of each of these eight signals further showed that the

harmonic structure received on the two charmels was also not equivalent. Measurements

of the level of the second harmonic made at the beginning, middle and end of each signal

revealed an average difference of 8.0 dB (SO = 5.5) between channels A & C. The third
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harmonic was usually too attenuated on one or both of the channels for such

comparisons.

Beam pattern ofa circular disk

To account for the bandwidth of a whistle with multiple harmonics, the beam pattern

and directivity index of a circular piston transducer was calculated for cw signals with a

frequency of 10, 20, 30 and 40 kHz. This approximated the frequencies typically

observed for the fundamental, second, third and fourth harmonics of spinner dolphin

whistles (Lammers et aI., 1997). The theoretical beam pattern obtained assuming a 4 em

radius disk is presented in Fig. 5. The beam is relatively broad at 10kHz, but narrows

considerably with each increasing octave. The directivity indices of the source at each

frequency are presented with the figure.

DISCUSSION

The results obtained from the field data do not fit an omnidirectional whistle

transmission model. Whistles from dolphins swimming toward the array were on

average higher in amplitude and richer in harmonic structure than those from animals

moving away from it. Furthermore, the levels of attenuation observed on separate

channels for nearby whistles indicate that, particularly at harmonic frequencies, spinner

dolphin whistles have directivity. We therefore conclude that a whistle beam is present.

This finding does not come as a surprise. Simple physics dictates that only a

spherical source could produce an omnidirectional signal with a bandwidth equivalent to
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a spinner dolphin's whistle (Urick 1983). No spherical tissue structure or air space exists

in the spinner dolphin's head that could be associated with whistle production (Dormer

1979; Cranford 1988). In addition, shading from cranial bones and nasal air sacs would

make it very difficult for a broadband signal to radiate equally in all directions (Aroyan et

aJ. 1992, 2000; Cranford 2000). Therefore, some level of directivity should be expected

regardless of the precise anatomical origin ofwhistles.

A more dubious issue concerns the actual form of the whistle beam. The field data

obtained did not allow us to empirically derive the spinner dolphin's whistle beam pattern

because the orientation of signaling animals could not be precisely established. However,

the source level differences observed between the end hydrophones (A & C) when

animals were nearby (mean = 6.3 dB) are consistent with the directivity predicted from

the theoretical 10kHz beam (D.I. = 6.3 dB). Ten kHz corresponds well with the typical

fundamental frequency of the whistles we analyzed. Moreover, the mean difference (8

dB) in the levels observed for the second harmonic at hydrophones A & C is not far from

the directivity predicted for the 20 kHz beam (D.I. = 10.8 dB). Therefore, in the absence

of an empirically measured transmission pattern, the theoretical beam we've presented

does seem to serve as a reasonable proxy.

Biological significance

The results presented suggest that spinner dolphin whistles have what is referred to

as "mixed directionality" (Larsen and Dablesteen 1990; Miller 2002). This term was

initially coined to describe the transmission properties of certain bird songs that were
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found to be omnidirectional at low frequencies and directional at higher frequencies

(Larsen and Dabelsteen 1990). In the case of spinner dolphin whistles, we apply it to

mean that the lower frequency elements of a whistle radiate with less directivity than

those of higher frequency. In other words, the fundamental is less directional than the

second harmonic, which is less directional than the third, and so on. This finding is

consistent with the results reported by Evans et al. (1964) who found a similar trend by

projecting artificial sounds through the heads of both Stenella and Tursiops cadavers.

An important consequence of this type of transmission is that nearby listeners will

not always receive the same signal equally. Rather, they will hear it in a manner

consistent with their position relative to the signaler's transmission beam. Our recordings

on the three spaced hydrophones illustrate this point. What each hydrophone received

when a signaling dolphin was close by was determined by its location relative to the

animal's beam. Coincidentally, this helps explain why so many whistles were too faint

on one or more channels to be localized.

A direction ofmovement cue

The relative presence or absence of harmonic energy in a whistle is potentially a

valuable source of information for animals listening nearby. Assuming pod-mates are

familiar with one another's on-axis whistle structure (its typical harmonic composition

and source level) and transmission beam, a change in the perceived level of harmonics

received off-axis would provide information to the listener about a signaler's orientation.

Consequently, whistles with harmonics probably contain an inherent direction of
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movement cue. We propose that, by simply interpreting the spectral composition of a

received whistle, a listening dolphin would be able to infer its own position relative to the

whistling animal as well as detect changes in the signaler's direction oftravel. The

whistle beam of a dolphin may therefore provide an important acoustic cue that facilitates

the coordination of movements between animals (Fig. 6).

By being broadband. and increasingly directional with frequency the whistles of

spinner dolphins make better carriers of direction of movement information than simple,

narrowband, omnidirectional whistles. This is because the orientation-dependent changes

in the amplitude ofharmonics produce a more qualitatively distinguishable signal feature

than does the attenuation ofthe fundamental alone. An attenuated fundamental does not

allow a listener to distinguish between an increase in distance to the signaler and a

change in its orientation. Conversely, the relative level of one or more harmonics will

result in a change in the perceived timbre ofthe whistle that is indicative of the signaler's

orientation relative to the listener.

In addition, the directivity of the dolphin's receiving beam may also come into play

(Au and Moore 1984; Au 1993). For Tursiops, hearing directivity increases with

frequency in a manner similar to the outgoing sonar beam (Au 1993). At 30 and 60 kHz

(frequencies commonly associated with harmonics) the directivity indices are 10.4 and

15.3 dB, respectively. Consequently, a listening dolphin will probably hear a whistle as

the product ofthe interaction between the signaler's emission beam and it's own

receiving beam. This will most likely result in the perceived timbre of repeated signals to



154

A
4~

3~

2~

F~

t
...

a
Signaling animal

> than visual range ..
t

b

Listeners c

8

((( ~

~ t~ ---.-
"'-::6 ~ t

----....-"'-::6
a

b
c

C
(((-----+

((-.

(r:--
c

b

!~

a

Figure 6 - A simple model for the function of whistle harmonics in coordinating

group navigation. The gray ovals represent dolphins while the

chevrons symbolize the fundamental (F) and higher order harmonics

(2,3 and 4) of a whistle contour. A) A whistle with a specific
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hannonic composition is received by adjacent listeners in a manner

detennined by their relative position to a whistle beam pattern. B) As

the signaler's orientation to the listeners changes so does the perceived

level ofhigher frequency harmonics. C) The listeners respond to this

cue by re-orienting themselves relative to the whistle beam, re

establishing the original condition.

change as a function of even small changes in the spatial relationship between signaler

and listener.

Other species

Harmonics are a common feature in the whistles of many dolphin species. Yet until

now, most researchers have paid little attention to them, mostly because of the challenge

of obtaining broadband recordings in the field (Au et al. 1999). If the ideas presented

above prove correct, the presence ofhannonics could represent an adaptive signal design

trait shared throughout much of the Delphinidae family. There is evidence from at least

one other species to suggest this may be the case. Miller (2002), working independently

of our group, recently presented findings of mixed directionality in the calls of killer

whales (Orcinus orca). Using a towed beamfonning array to localize calling whales, he

demonstrated that the higher frequency (> 5 kHz) elements of calls are considerably more

directional than the lower frequency (l - 5 kHz) components. His conclusion mirrored

ours: the mixed directionality of killer whale calls is likely a direction of movement cue

that facilitates group coordination.
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Conclusions andfuture research

A common observation is that dolphins are capable ofmaintaining tight coordination

and synchrony even when spread out over large distances or restricted visually (Norris et

al. 1994). An acoustic direction of movement cue is the most likely explanation for this

ability. Assuming that the cue is signal directivity, a whistle (signature or otherwise) not

only identifies the location of an individual, but also inherently informs others of that

animal's direction of travel. We propose that dolphins probably listen to one another's

whistle spectral structure in order to infer both the present and future locations of their

pod-mates.

It is still too early to fully appreciate all the biological consequences of whistle

directionality. However, a theoretical basis for its role in delphinid communication

certainly exists. Whether dolphins actually attend to the information present in the

directional cues of their whistles remains open for debate and further study. Clearly,

more work is needed to fully evaluate the merits ofthe ideas presented here and by Miller

(2002). An empirically established whistle-beam must be obtained to improve the one

estimated here. Also, controlled experiments need to be performed to establish whether

dolphins in fact discriminate changes in the harmonic structure of whistles. Finally,

additional field observations and localization data will be needed to better understand the

behavioral contexts in which whistles are produced.
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CHAPTER 6 - DISCUSSION AND CONCLUSION

The aim ofthe work presented in this dissertation has been to further our

understanding of the design of dolphin social acoustic signals by addressing the question:

how have dolphin signals been adapted to the physical, sensory and social environments

inhabited by these animals? To achieve this goal, three objectives were addressed in the

preceding chapters. The first was to characterize the local occurrence of spinners

dolphins and provide the life history background necessary to interpret the design

characteristics of their signals. In chapter two a rhythmic pattern of behavior was

described for a population of spinner dolphins resident off the island of Oahu. It was

shown that the population on this island is tied to both trophic and physiographical

resources associated with the island's coastline. Groups of spinner dolphins were found

to fuse and fragment in predicable patterns over the course of the day. Acoustic

signaling, particularly whistling and burst pulsing, was found to be especially high during

periods of aggregation, separation and when traveling offshore. It was therefore

proposed that an important function of acoustic signaling among spinner dolphins is the

coordination of animals within groups as well as their periodic association with other

groups.

A second objective of this dissertation was to detail the full bandwidth spectral

characteristics of dolphin whistles and burst pulses. In chapters three and four, a

broadband analysis of these signals revealed that they span a much broader range of

frequencies than typically discussed in the literature. A considerable amount of energy

was found in the higher frequency harmonics of whistles, as well as in the ultrasonic



163

bands of burst pulses. Many burst pulses in fact had energy exclusively at ultrasonic

frequencies and were thu.s inaudible to human hearing. It was concluded that most if not

all of the frequency hearing sensitivity typical for dolphins appears to be exploited in the

design of social acoustic signals.

The third and final objective of the dissertation was to assess the locatability of

dolphin whistles. In chapter five, empirical evidence was presented on the directionality

of whistles along with a discussion on how the directional transmission ofharmonics

could provide important cues to listening animals about the orientation and direction of

movement of the signaler. The so-called "mixed-directionality" of dolphin whistles was

proposed as a signal design feature that may be very important for the coordination of

individuals within groups.

In this final chapter we will discuss how the findings that have been presented fit

together to give a more complete picture of the nature of dolphin social acoustic signals.

We will fist consider the functional design of dolphin signals and discuss the features that

make them well suited for the purpose of echolocation and communication underwater.

We will then examine how well the design of dolphin signals conforms to two commonly

cited explanations for why acoustic signals have specific properties, namely the acoustic

adaptation hypothesis and Morton's (1977) motivational structural rules. Finally, we will

conclude by providing a roadmap for the future of investigation into the design of dolphin

acoustic signal.
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Thefunctional design ofdelphinid acoustic signals:

We have seen that spinner dolphins live in a complex social matrix that from hour to

hour is in flux and can change in size from a handful to a hundred or more animals.

Within this matrix, individuals rely on each other for vigilance and coordinated defensive

actions against predators, as well as to find and subsequently herd their prey (Norris et

aI., 1994). Ofparamount importance to individual spinner dolphins is the need to be

vigilant of the surrounding environment and to remain in the group. Throughout the

course of this work no instances or reports of healthy lone spinner dolphins were ever

recorded and accounts of predation were rare. This suggests that, as a group, spinner

dolphins are quite good at remaining aware of their surroundings and, as individuals, at

not getting inadvertently separated. Taken together with the fact that they are typically

on the move and occupy an environment poorly suited for long-range visual

detection/signaling or long-term olfactory markings, it is not surprising that the use of

sound evolved to play such a prominent role in the biology of these animals.

Delphinids and other odontocetes have been evolving in both marine and fresh water

habitats for over 50 million years. Over such a long period of adaptive radiation one

might expect that a variety of acoustic signaling strategies should have evolved among

the approximately 65 species of small toothed whales and dolphins. Yet, remarkably, the

vast majority of these species, including spinner dolphins, either conserved or converged

on the production of two types of sounds: very short clicks and frequency modulated

whistles. This begs the question: why specifically these sounds?
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It's difficult to say whether the ability to echolocate using clicks evolved out of the

production of communication signals like whistles or vice-versa. There is still

uncertainty over the precise anatomical structures involved in sound production in

modem delphinids, so little can be inferred about this topic from the fossil record. We

cannot therefore retrace the evolutionary ontogeny of modem day whistles and clicks on

the basis of ancestral morphological characters. However, we can explore their modem

day design properties to help answer the question: What about clicks and whistles make

them so well suited for facilitating mammalian life at sea?

Echolocation signals:

The functional design of dolphin echolocation signals can only be understood in the

context of the task for which they are used. Au (1993; p.114) summarizes this task as

follows:

The sonar task for dolphins perceiving their environment involves detection,

localization, discrimination, and recognition of objects of interest. Target

information such as range, azimuth, direction of movement, speed, and size

should also be of interest. .. The signals must have sufficient energy to detect

small targets at large ranges. They must also have sufficient information

carrying capacity so that fine features and characteristics of objects and targets

can be determined by analyzing their sonar echoes. At a minimum, a dolphin

sonar system should be able to detect and recognize prey, obstacles and

predators. The sonar task is usually performed in a noisy or highly reverberant
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environment associated with shallow water, or during searches near the bottom

or in the presence of many obstacles.

Dolphin clicks have been ideally designed for their purpose. They are short (40-70

}!sec), impulsive sounds allowing dolphins to project very high pressure levels (up to 220

dB re I j.1Pa) over a very short period of time. This has several important functional

consequences. First, because the outgoing signal is high in energy, the returning echo

maintains sufficient amplitude to be detected over the background noise (depending on

the range of the target, of course). Second, by being short in duration, clicks cover a

broad· range of frequencies, allowing dolphins to discriminate targets of a variety of sizes

(the shorter the wavelength, the smaller the detectable target, but also the shorter the

detection range due to increased attenuation). Third, the short duration of clicks limits

the confounding effects of multi-path propagation resulting from reflections off the

surface, the bottom and nearby objects. These could otherwise distort the properties of

returning echoes in unpredictable ways. Finally, the short duration of clicks allows them

to be repeated in rapid succession, providing fast updates about the changing range,

orientation and speed of a target.

The basic structure of delphinid echolocation clicks is highly conserved across most

genera (Au and Nachtigall, 1997). Among a few of the smaller delphinids, including

members ofthe genus Cephalorhynchus, as well as the family Phocenidae echolocation

clicks are somewhat longer in duration (100-150 }!sec) and more narrowband. These

species are limited in their ability to produce high amplitude signals because of their

smaller size and therefore compensate by projecting more energy into the water over a
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longer duration (Au and Nachtigall, 1997). Their signals have comparably less acoustic

energy and as a result have shorter detection ranges, but tend to be higher in frequency

providing good resolution of small prey species. Phocenids and Cephalorhynchus

typically lack the ability to whistle and are therefore believed to also use clicks for

communication (Dawson, 1988).

Pulsed social signals

The use of pulsed signals by dolphins in social contexts has been documented since

the first modern recordings of their sounds were made (Caldwell and Caldwell, 1967).

However, limitations in recording and analysis technology until recently did not permit a

comprehensive examination of their properties and occurrence. Chapters 3 and 4

presented one of the first assessments of the full-bandwidth characteristics ofburst pulses

as they are produced under free-ranging conditions. The findings reported lead to three

important conclusions.

The first is that the clicks in burst pulses, for all intents and purposes, are

acoustically the same as those used in echolocation. The waveform, bandwidth and

estimated source levels of burst pulse clicks are each remarkably similar to those of

echolocation trains. Burst pulses typically have slightly lower amplitudes and center

frequencies than echolocation trains. This may reflect an equilibrium between the

amplitude individual clicks can have and the rate at which they can be produced. A

finite amount of nasal air pressure is most likely available per unit time for the production
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of clicks, resulting in a physiological tradeoff between investing more energy per click

and the production of clicks at a higher rate.

The close relatedness between echolocation and burst pulse clicks also suggests that

the production of the latter has been underreported in the past due to the traditional

emphasis on audio range signals. Echolocation signals often have little or no energy in

the human audible frequency range and must typically be detected using broadband

equipment. Between 30% and 40% ofthe burst pulses recorded from spinner and spotted

dolphins in this study contained virtually no energy in the human audible range. It was

rare that periods of whistling were not also coupled to burst pulse production, albeit

inaudible to the human ear.

A second major conclusion that can be drawn is that burst pulses are a class of

signals distinctly defined by their inter-click intervals and not by their aural or spectral

properties, as has been presumed in the past. Specifically, burst pulse click trains are

those in which inter-click intervals never exceed 10 ms. This classification was found to

hold true for both spinner dolphins and Atlantic spotted dolphins.

Within the burst pulse category, there was great variation in the number of clicks in a

train and, to a lesser extent, in the inter-click interval. Burst pulses were recorded that

contained anywhere from three to hundreds of clicks. Given that dolphins have temporal

discrimination abilities well within the range required to resolve individual clicks in a

burst pulse (Vel'min and Dubrovskiy, 1976), it seems quite feasible that the quantity of

clicks and their temporal spacing could form an important basis for communication. In

other words, information may be coded in the abundance and temporal occurrence of
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clicks in a train. If present, such a signaling strategy would probably only be of use at

close range due to the directional nature of dolphin pulsed emissions and the rapid

attenuation ofhigh frequency energy. Animals peripheral but near the transmitting beam

of a signaling individual can probably hear at least the temporal structure of click trains

quite well. However, even at a range of200-300 m these signals typically become very

faint and difficult to resolve (pers. obs.).

The third and final conclusion is that in both species examined, three distinct modal

patterns of click production exist: the burst pulse pattern described above (click intervals

< 10 ms), the echolocation pattern typically observed during standard detection tasks

(click intervals = 2-way transit time to target + 19-45 ms echo processing period), and an

intermediary pattern with long inter-click intervals (> 20 ms) at the beginning of the train

and very short ones « 10 ms) at the end or vice versa. This latter mode was observed in

the field usually when animals were foraging, during the final stages of prey capture

(pers. obs.) and has been reported in the context of so-called'genital buzzes' produced by

Atlantic spotted dolphins (Herzing, 1996). Evans and Powell (1967) and Morozov et al.

(1972) also described this mode of signaling in captivity during the final moments of

approach to a target by a blindfolded dolphin. Given their context of occurrence, these

intermediary click train types denote a form of echolocation not yet well understood, but

very similar to the 'terminal buzz' pattern used by bats during the final stage of prey

capture (Griffin et aI., 1960). Although often referred to as burst-pulse signals, click

trains of this intermediary mode probably serve a different role than the signals defined as

burst pulses here, which are not implicated in echolocation. Additional field
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observations ofthe specific behavioral contexts associated with all three modal patterns

of click production are needed to make more definitive conclusions.

Whistles

Whistles are arguably the most variable signals produced by dolphins. Both within

and across species they range widely in duration, bandwidth and degree of frequency

modulation. The significance of their variability has been the subject of intense debate

for many years. Some have argued that variations in whistle types represent primarily

individually distinct 'signature' traits (Tyack, 1986, Caldwell et aI., 1990; Tyack, 2000),

possibly superimposed with context-specific information (Janik et al., 1994). Others

have disputed this fnnction and have suggested that whistle variability is too great to be

explained simply by a signature fnnction (McCowan et aI., 1999, McCowan and Reiss,

1995 and 2001). To be sure, no consensus presently exists and it is unlikely that the

significance ofwhistle diversity will be resolved nntil controlled perceptual experiments

are carried out to test the discrimination abilities and classification tendencies of the

dolphins themselves. In the meantime, some important clues about the commnnicative

usefulness of whistles can be drawn from what has been learned so far about their design

properties.

Whistles take more nasal air pressure than click trains to produce (Cranford et al.,

2000) and presumably present a greater long-term energetic cost to the individual. So,

why do the majority of dolphin species whistle when others are clearly able to

commnnicate via the pulsed modality alone? The answer almost certainly lies with the
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social ecology of the different species. Non-whistling odontocetes typically occur in

small groups ofless than five animals. As pointed out previously, social pulsed signals

are likely to be only useful over short ranges due to the focused projection of most of the

click's energy. While this may be sufficient for the communication needs of smaller

stable groups of animals, it probably isn't for larger, fluid schools. For example, spinner

dolphin groups of tens of animals can spread out over many hundreds of meters,

particularly while traveling. During this time, individuals display remarkable

coordination with one another, even when spaced well out of visual range. It is during

these times and at night that the highest rates of whistling are usually recorded

(Brownlee, 1983), suggesting that one of the primary functions of whistles is for

communication while out of visual contact.

Whistles make better signals for communication over larger distances because they

are much longer in duration than clicks and have their energy very focused in a lower

frequency band. Longer signals are easier to localize than more transient ones. In

addition, because the energy is concentrated at lower frequencies, whistles refract well

around obstacles (like nearby conspecifics) and the transmission of the fundamental is

less directional and influenced less by absorption.

In chapter 5 another important characteristic of whistles was presented: the mixed

directionality of broadband spectral elements. Whistle harmonics were demonstrated to

become increasingly directional with each higher octave. This was proposed as a

potentially valuable cue that listening animals might use to infer the orientation and

direction of movement of a signaler. In chapter 3 it was argued that to dolphin ears,
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which are most sensitive at frequencies between 40 and 80 kHz, harmonics could even

become the dominant frequency of a signal.

Whether harmonics are a functionally significant design feature of dolphin whistles

remains to be tested experimentally. However, some empirical support already exists for

at least one prediction ensuing from the ideas presented in chapter 5. If the frequency

dependent directionality of whistle harmonics is indeed a design feature that dolphins

attend to and use to facilitate coordination and cohesion, then it would be expected that

dolphins should produce whistle types that maximize the mixed-directionality effect. The

best whistle type for this is a frequency upsweep. An upsweep produces the greatest

amount of bandwidth for a given amount ofnasal pressure and as a result creates the most

effective directionality cue. Greater frequency modulation can help add other forms of

information to the signal, such as individual identity, but for maximum bandwidth an

upsweep is the most efficient signal to use (Fig. 1).

Driscoll (1995) and also Bazua-Duran and Au (2002) examined the occurrence of

Hawai'ian spinner dolphin whistles and found that out of seven contour categories,

upsweeps were the most common whistle type produced (38.7% reported by Driscoll,

47.0% reported by Bazua-Duran and Au). Similar results have been reported for

common dolphins (Delphinus delphis) in the wild (Moore and Ridgway, 1995) and for

captive bottlenose dolphins during periods of isolation (McCowan and Reiss, 2001). In

addition, Ding et al (1995) found that pelagic species of dolphins generally produce

whistles higher in frequency and with a broader modulation range (max. freq. - min.

freq.) than coastal and riverine species. Marler (1955) suggested that signaling in open
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Figure 1 - The sonograms of two artificial whistles with hannonics. Whistle'a' is a

simple frequency upsweep with the fundamental ranging from 1 to 3 kHz.

Whistle 'b' is a more modulated signal with the fundamental frequency

ranging between 0.5 and 1.5 kHz. Note that although there is only a 1.5 kHz

difference in the maximum frequencies of the two fundamentals, there is a 7.5

kHz difference in the overall bandwidth of the signals.
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spaces (such as the open ocean) "should favor the use of higher frequencies and wider

frequency ranges because it allows for greater utilization of binaural cues for

localization". If the mixed directionality ofharmonics is taken into account, these two

signal characteristics become even more advantageous.

Acoustic adaptation and motivational structural rules:

Two principles sometimes used to explain the design characteristics of airborne

avian and mammalian sounds are the acoustic adaptation hypothesis and Morton's (1977)

motivational structural rules. The acoustic adaptation hypothesis (AAH) proposes that

signals should be designed to maximize their performance under the stresses of the

environmental acoustics typical of the habitat in which they are usually produced (Brown

and Handford, 2000). Motivational structural rules, on the other hand, maintain that

frequency and bandwidth variants constitute a graded system of acoustic displays for the

expression of different ratios of aggression and fear (Morton, 1977; Bradbury and

Vehrencamp, 1998). Both principles are relevant to a discussion of dolphin acoustic

signals.

Acoustic adaptation

The AAH has been used to explain the observation that the songs of open habitat

bird species tend to possess rapid amplitude modulation (AM), whereas those of closed

habitats (under a forest canopy) are mainly tone-like (Morton, 1975). According to the

hypothesis, these traits have evolved because open habitats are more susceptible to
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irregular amplitude fluctuations (creating unintended intensity variations) caused by

pockets of differing air temperature and velocity, whereas closed habitats are more

affected by reverberations that can blur distinctions between closely spaced signal

elements (Brown and Handford, 2000).

The acoustic habitat of dolphins does not lend itselfwell to a direct comparison with

terrestrial analogues. Arguably, all but riverine species would appear to occupy 'open'

habitats. This, however, is not the case. The primary environmental stressors for the

signals of dolphins are the air/water boundary (the surface) and the ocean's bottom.

Although they may be able to get away from the influences of the bottom by swimming

over deep water, dolphins are air breathing and can therefore never fully escape the

acoustic mirror-like property of the surface. Consequently, the acoustic environment of

dolphins (and indeed all open water organisms) must be viewed differently from that of

terrestrial vocalizing animals. It is neither truly open nor truly closed. Nevertheless, the

basic principles of acoustic adaptability are worth exploring.

The fact that dolphins use whistles for long-distance signaling runs counter to what

would be expected based on predictions for terrestrial systems (Brown and Handford,

2000). However, in the aquatic context it makes sense. Unlike the earth's atmosphere,

the marine habitat is not prone to rapid fluctuations in temperature and currents, which

introduce unpredictable variability in signals. Physical gradients are also common in the

sea, of course, but these tend to be much less dynamic over the short term (seconds) than

on land.
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Over short distances, the aquatic environment behaves acoustically like an open

terrestrial habitat in the sense that pulses remain discrete provided signaling animals are

not directly at the surface. Whistles with amplitude modulation, like the ones produced

by spotted dolphins in the Bahamas (chapter 3), maintain their structure over the short

distances usually separating members of their small pods. Not surprisingly, however, the

whistles of spinner dolphins lack any evidence ofpurposeful amplitude modulation. This

is probably because over· long distances the aquatic acoustic environment resembles more

that of a closed terrestrial habitat with respect to pulsed signals. Individual pulses

become increasingly blurred with range as surface and bottom reflections interact with

the original clicks in a train in unpredictable ways. Hence, we reach the same

conclusions as we did previously: pulsed signals are useful for communication over short

ranges, while whistles are better suited for long-range propagation.

Motivational strnctural rules

The basic premise in Morton's (1977) motivational structural rules is that: " ...

natural selection has resulted in the structural convergence of many animal sounds used

in 'hostile' and 'friendly' contexts. Simply stated, many birds and mammals use harsh,

relatively low frequency sounds when hostile and higher frequency, more pure tone-like

sounds when frightened, appeasing, or approaching in a friendly manner." In other

words, there appears to be a general relationship between the physical structures of sound

and the motivation underlying their use. 'Harsh', or broadband, low frequency signals
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used in agonistic contexts and more tone-like, higher frequency sounds in affiliative

contexts are thought to represent endpoint of a behavioral spectrum.

Dolphin signals, at least in structure, appear to fit this principle remarkably well.

Although perhaps not always low frequency, burst pulses do have a 'harsh' quality to

them, and not surprisingly they are often associated with aggressive confrontations

between individuals. Herzing (1996), as well as Overstrom (1983) describe burst pulsing

during so-called 'head-to-head' encounters between dolphins in highly escalated

aggressive situations. This behavior is common between coalitions of Atlantic spotted

dolphins as well as among Hawai'ian spinner dolphins (pers. obs.). The function of the

burst pulses produced in this context is not clear, but given their ability to reach source

levels close to those measured for echolocation trains (216.5 dB re I IlPa; chapter 4) it is

reasonable to presume that they could serve some fonn of dominance display function.

Perhaps such encounters are decided in favor of individuals or coalitions that produce

burst pulses with the greatest energy flux density. Future research efforts are needed to

examine this behavior pattern and burst pulsing in general more closely.

The use of whistles in social contexts is also very consistent with Morton's rules.

One of the more acoustically active periods for spinner dolphins is the period following

rest before groups move out towards their foraging grounds (Brownlee, 1983). During

this time, lengthy periods of chorusing usually take place with multiple individuals

whistling at the same time (Driscoll, 1995). In these situations, groups are typically still

quite cohesive, so it is unlikely that whistles are being produced to signal one another's

location or to coordinate movement. Rather, iftrue to Morton's motivational rules, they
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probably represent affiliative signals meant to re-affirm social roles or relationships prior

to the transition out to sea. During this time, burst pulses are equally common, as would

be expected during a situation of social re-ordering.

A roadmapfor future research:

Perhaps the most important message future investigators of dolphin acoustic

signaling behavior should heed is that dolphin communicative signals need to be

considered in light of the perceptual sensitivity of their intended receivers. In other

words, the dolphins' tendency to both produce and hear very broadband signals should be

factored into efforts to link whistle and burst pulse characteristics with specific functions.

To date, relatively little attention has been paid to the relationship between the properties

of these signals and the dolphins' own perception of them. In other taxa, studies of

signaling behavior that did not lend sufficient consideration to the receiver's perceptual

sensitivity led to costly mistakes in the past. One example is the role that ultraviolet

(UV) vision plays in the production and reception ofvisual signals. Although well

known to exist in the invertebrate world, UV-vision and its role in signaling was largely

overlooked in other taxa for many years. Mounting evidence for how widespread UV

vision is among birds has required a re-assessment of many previously held views on

mate choice, foraging ecology, and intra- and inter-specific signaling (Cuthill et aI.,

2000). A similar process is underway among fish behavioral ecologists who are

discovering that despite limited penetration in the water column, UV light can play an

important role in the sensory umwelt oftheir research subjects (Losey et al, 1999).
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The contribution of high frequency energy beyond the range of human hearing in

the harmonics of whistles and in burst pulses should similarly not be overlooked in future

efforts to infer the communicative function of these signals. Limiting recordings and the

analysis of these signals to cover only features discernible in the human hearing range

could result in some of the same misinterpretations that have been made with respect to

visual signals involving DV.

An important avenue of future investigation will involve assessing whether the

broadband harmonics of dolphin whistles are in fact functional design features that were

selected for over the course of evolution. Whether dolphins attend to the direction of

movement cue inherently present in the harmonics of whistles will require empirical

testing to establish. Experiments designed to interrogate dolphins on their perception of

changes in the harmonic content of whistles will be an important first step. Further

examination of the occurrence of harmonics in the whistles of different dolphin species

will also provide important insight. Presumably, ifharmonics have been selected for as

signal design features, they should be most prevalent in the whistles of species highly

dependent on group cohesion and coordination and perhaps less so in less gregarious

species. Finally, deriving an empirically established whistle beam pattern will be

important in understanding how whistles are actually heard by listening animals at

various positions relative to the beam. If indeed harmonics do sometimes become the

dominant frequency over the fundamental, as was suggested in chapter 3, many of the

conventional ideas regarding modulation of the fundamental frequency contour will need

to be re-examined.
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Epilogue:

The work presented in this dissertation represents a step forward in our

understanding of the kinds of signals dolphins and other odontocetes use for

communication, and hints at why so much convergence exists across species. As is

typical of this type of endeavor, more new questions have been raised than have been

answered. However, one thing seems clear: dolphins have adapted their acoustic

signaling to fit the aquatic world in a remarkably elegant way and have pushed to an

extreme the limits of mammalian sensory adaptability.

It seems only fitting to end this dissertation with a quote from the late Kenneth

Norris who pioneered much of the modem acoustic research work on dolphins and who

was the first to open the door into the lives of spinner dolphins. He wrote:

There is much more to understand about these thoroughly group dwelling

animals, the spinner dolphins. This is not too surprising when it took on

the order of 50 million years for them to evolve and we have been at work

trying to understand them for only a little over two decades... Future

workers will have to listen in three dimensions in order to unravel the

complexity of their social signals, communication that remains largely

babble to us but which obviously contains keys to much that goes on in

their lives.

We will continue to listen.
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APPENDIX

A detailed discussion of the theory associated with localizing an acoustic source

using a sparse array is beyond the scope of this appendix. Interested readers should refer

to Watkins and Scheville (1972) and Spiesberger and Fristrup (1990) for a more detailed

treatment on how to localize and track signaling whales and dolphins.

The localizations reported here were obtained using a linear equation approach

adapted for a three-hydrophone line array after Spiesberger and Fristrup (1990). This

approach allows simple, two-dimensional locations to be established along an x-y

coordinate plane. To use this approach, one of the hydrophones is assumed to be at the

origin as shown in Figure A-I. By convention, the origin is placed at the middle

hydrophone, but any of the three hydrophones could be used.

Using the relationship t = ric, where t is the time for an acoustic signal of speed c

to travel over a distance r, and the Pythagorean theorem, the distance between the sound

source and hydrophone hi (dl in Fig. A-I) can be expressed as

(I)

where Sx and Sy are the x-axis and y-axis coordinates of the source. Likewise, the

distances ofhydrophones h2 and h3 from the source (d2 and d3, respectively) are

equivalent to

(2)

(3)
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where t21 is the difference in the time of arrival of the sound between hydrophones h2 and

h1 and t31 is the time of arrival difference between hydrophones h3 and h1. Using liner

algebra, the above equations can then be used to solve for the three unknown variables: t1

(the time it took the signal to travel to hi), Sx and Sy. These become

_ +~ 't' _ 2Sy - _ C 1 Sx

(4)

(5)

(6)

It should be noted that the solutions for tl and Sx contain "poles" that will cause equations

4 and 5 to explode to infinity when t31 = -t21. This situation cannot be avoided with a

three-hydrophone line array, and there will be locations on the x-y plane where t31 = -t21.

When these occurred in the present study, the signals associated were not considered for

analysis.
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Figure A-I - Geometry of a three-hydrophone line array for localizing a sound

source at position s(x,y).

187




